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ANALYTIC AND EXPERIMENTAL STUDY OF
REENTRANT STREAM CROSSED-FIELD AMPLIFIERS
by G. E. Dombrowski and W. C. Price

University of Connecticut

SUMMARY

Electronic interaction in an injected beam forward-wave
amplifier was analyzed by simulation in a digital computer.
The computations show that gains as high as 15 db with efficiencies
in the range of 50 to 70 percent can be attained with a proposed
design which uses a network 6 wavelengths long. Attempted simu-~
lation of high gain operation with low rf input signals was
hampered by instability. After considerable study it was concluded
that reentrant stream feedback was the cause, although fluctua-
tions are normally present in the simulation.

Studies of a second design of the amplifier, using 13 wave-
lengths, show higher gain and greater computational stability with
- less stream feedback. Early indications are that the efficiency
of this design is greater.

The analysis of the injected reentrant beam crossed-field
amplifier is not complete. Further computations are required to
cover a wider range of parameters. Such work, however, should be
more closely related to the actual device development.

Amplitron noise power measurements were made on type QKS-1300
tubes. Spectral density of total noise was found to be -68 dbm/Hz
for a broad range of frequency in the Amplitron pass band. Near
the carrier (within 70 KHZ) the noise is higher, reaching -~58
dbm/Hz 10 KHZ from the carrier. Attempts to measure the f-m noise
failed. The reason is thought to be that a microwave limiter used
was too noisy.
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1. OBJECTIVES
1.1 ANALYTIC STUDIES

1.1.1 General QObjectives

The general objeétives of this phase of the research are the develop-
ment and application of a computer model to the study of high-efficiency,
high power crossed-field amplifiers using reentrant electron streams.

The operational characteristics of the amplifier of interest are:

a. Gaing

b. Output:

c. Efficiency;

d, Bandwidth;

e. Linearity;

f. Phase distortion.

~ A determination is to be made of how these characteristics are affected by
such operating variables and design parameters as

a. dc magnetic field intensity;

b. dc anode voltage

¢. dc anode current;

d. rf input level;

e. rf interaction space length;

f. rf network impedance;

g. rf network phase characteristics;

h. rf network attenuation;

i. number and shape of anode electrodes;

j. 1length of demodulation (drift) section, if any.

1.1.2 Specific Objectives

Originally, the amplifier device on which calculations were to have
been made was the Amplitron. This crossed-field amplifier uses a reentrant
beam derived by thermionic or secondary emission from a cylindrical
cathode. Its rf network encompasses the entire perimeter of the inter-
action region (there is no drift region), but is itself not reentrant. It
may be thought of as the result of severing the straps of a conventional
strapped—-vane magnetron.

Inasmuch as Amplitrons have been well understood and in widespread
use for many years, and also because a computer program for its large-
signal analysis had been in existence, these computations take on the
nature of the collection of a body of information for design refinement.

Subsequently, however, the application for which the Amplitron was
intended was modified to the extent that the Amplitron was no longer
desired. It was replaced in the intended application and this study by a
different reentrant-stream crossed-field amplifier. The new device uses
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a forward-wave network, has a demodulating section, and obtains its elec-
tron stream by axial injection of a hollow beam. The scope of the study
therefore is extended to consider the effects of injection parameters on
the amplifier performance.

The new form of amplifier is at an early stage of development, how-
ever. The applicability of the computations thus to some degree takes on
the character of pointing out the directions for further device develop-
ment rather than design refinement.

1.2 EXPERIMENTS
1.2.1 Amplitron Performance

In conjunction with the numerical analysis, measurements were to have
been made, especially at high magnetic fields and with such parameters as
indicated by computer results, on a commercial Amplitron of medium power.
The objective of this phase was to verify as much of the computer optimi-
zation as possible.

When the Amplitron was discarded as a candidate for the application
as the transmitter tube, this phase of the project was abandoned.

1.2.2 Amplitron Noise Measurements

As a separate issue, measurements were to be made of the noise
inherent in the Amplitron as a transmitter tube for general application.
The total noise was to be measured as a function of frequency relative to
the amplified signal, and was to have been resolved into its f-m and a-m
components.



PART I. ANALYTIC STUDIES

2. INTRODUCTION

There is a clear need for information with which to optimize
the design of high power microwave tubes. This is especially true
of such highly efficient ones as crossed-field devices, sincée the
dissipation within the device--and consequent heating and heat dis-
sipation problems--is more radically affected by a given change in
efficiency for them. ' '

Because high power devices inevitably involve nonlinear inter-
actions, numerical analysis is usually necessary. Large capacity,
high speed computers are readily available for this purpose. The
primary limitation involved in resorting to numerical work is the
difficulty in making generalizations from the specific cases studied.

The computers presently available are attractive instruments for
making simulations of a wide variety of complex systems, of which the
microwave electron device 1is surely a member. Such computer experi-
ments are much cheaper to run than tests on actual high power tubes.
Parameter changes can be more easily made in the computer, and the
results thereof more readily discerned. The computer, however, is
limited by the validity of the model used to represent the real device.

2.1 Self-consistent Field Calculations

Some of the earliest numerical analysis of electron tubes was the
application to the magnetron of Hartree's method of self-consistent
fields, 1In its use here, the calculations proceed somewhat as outlined
below: ‘

a. The space-charge configuration is assumed (by guess~-educated
or otherwise);

‘b. the electric potential of the interaction region is computed
from the space-charge and the applied rf and dc potentials.
This is the solution of Poisson's equation;

e. electron trajectories are computed from the cathode in this
field;

d. the currents carried on each trajectory are adjusted so that
the potential gradient at the cathode is zero. Space-charge-
limited conditions are thus assumed;

e. the resulting total space-charge configuration is compared
with that from which it was derived. 1In a series of itera-
tions, new configurations are generated with which to repeat
the sequence outlined above.

According to the simple theory of the Amplitron, the space-charge

is very much like that in the magnetron in spite of the amplification
of the rf signal with azimuth. The reasons for this are the absence
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of a drift region to allow for debunching and the rather short recir-
culation time of the electroms. A good self-consistent field calcula-
tion would thus be a starting point for Amplitron analysis.

The success of the self-consistent method obviously depends on
one's ability to make wise guesses of the space-charge. It also
requires freedom from instability in the sense that small deviations
from the correct answer must not lead one into making guesses that are
even wilder. Unfortunately, previous workers in this area have not met
success. The underlying cause seems to be the presence of dense space-
charge, its consequent effect on the electric field, and the critical
dependence of the electron paths of the electric field through the
partial balance of the Lorentz force. There is, indeed, considerable
doubt whether the magnetron is really a stable device.

2.2 Traveling-Wave Tube Calculations

Subsequent to the invention of the traveling-wave tube by Kompfner
and the development of an elegant small signal theory by Pierce, large-
signal computer studies were made. At that time computers were in a
very early stage of development, and many approximations were made in
order to get solutions. One of these is that interaction takes place
only with the circuit component wave traveling in near synchronism with
the electrons. This is reasonable only with injected beam devices such
as the O-type traveling wave tube and the injected beam class of crossed-
‘field amplifiers (non-reentrant). It does not seem to be applicable to
the Amplitron, which has important nonsynchronous components and a multi-
velocity stream. Another assumption is that of small gain rate, which
. allows the computation of space charge forces without regard to the
variation from one bunch to the next and an overall calculation as an
integration pass from input end to output end of the system. In such
crossed-field devices as the Amplitron and other emitting sole tubes,
the gain rate is quite high and space-charge forces cannot be computed
this way. Moreover, stream reentrancy without demodulation makes it
impossible to know the conditions at the input end of the system until
the output conditions are determined. This method, nevertheless appears
to be quite applicable to handling the forward-wave CFA with the injected
beam.

2.3 Transient Calculations

The self-consistent field technique not only fails in the case of
the magnetron, but as with all iterative methods, the intermediate
stages fail to yield any physically meaningful results. In the transient
method one attempts to simulate a physically possible situation, such as
the start-up of an oscillator, and then to follow its development into
steady state. It eliminates the need to guess at any charge configura-
tion. Rather one starts with, say, no charge at all, from which one
computes the fields, thence the emission,. and the resulting charge con—
figuration a very short time later. The fields of the new configuration
are then computed, and the calculation marches on with time.



Transient calculations had been made during the course of early
magnetron research to determine the static distribution in the cut-
off magnetron. The extension to include time-varying fields has been
made only recently.

In the case of the Amplitron and other crossed-field amplifiers,
this technique appears to be quite promising--assuming that steady
state is reached, as it has in many cases. An additional factor
involved in amplifiers is the variation of space-charge and circuit
fields from spoke to spoke and with distance along the signal path.
This can be handled in 'modern computers without the restrictions of
the past to only one or a few Hartree (space) harmonics. Indeed, the
transient calculation may properly be regarded as a case of simulation
of both the stream and the network in the computer.

The transient calculation, or more generally, computer simulation
in the time domain, is the method that was applied to previous analysis
of the Amplitron. It is used in the present research and is described
fully in Section 4.

It must be remembered, however, that the magnetron and related
crossed-field devices are critically dependent on space charge and on .
the balance between electrostatic and Lorentz forces for focusing. The
self-consistent field calculations failed because of these factors,
i.e., because the calculated electron paths did not go where the elec~
trons were supposed to have been. 1In the computer simulation this is
not a problem: the electron positions are known, and their effects on
the fields are known. The difficulty of the calculation appears in
attaining a steady state and in the fluctuations and/or oscillations
therefrom. To some extent the determination of steady state results is
a statistical problem because of the fluctuations. It is expected that
if a large enough system of particles is used to simulate the actual
electron stream, these fluctuations will be small. This certainly
depends on the inherent stability of the system under simulation.

3. FORMULATION OF THE COMPUTER SIMULATION
3.1 Nomenclature

Figure 3.1 shows the nomenclature of the interaction region. 1In
the computer it is possible to keep account of a large number of vari-
ables, hence the electrodes are numbered, starting with #1 at 6=0, and
proceeding counterclockwise to #NE. Of these electrodes, the first NG
are active; the remainder have only d-c potentials as a drift section.
In the Amplitron, NG=NE, i.e., there is no drift section. The r~f
signal is applied at #1 for a backward-wave network, as most Amplitrons
use, and propagates counterclockwise. The electrons move in the clock-
wise direction with positive anode voltage and axial magnetic field.

Figure 3.2(a) shows the rf network typical of Amplitrons. It is
essentially a balanced two-wire line (the straps) with resonator (vanes)
loading. A balance-to-unbalance transition is usually connected to the
ends of the network to transform to the external signal paths. TFigure
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3.3(a) shows the phase characteristic of such a network.

Figure 3.2(b) shows an elementary forward-wave network used to
simulate the injected beam, forward-wave amplifier. Precise details of
the network used in the actual tube are not known, but this represen-
tation is considered to be the best known one inasmuch as its dispersion
is minimal. Its phase characteristic is shown in Figure 3.3(b).

The analysis of the injected beam forward-wave device is based on
Figure 3.1 with the specification that electrons are emitted at some
intermediate radius and have clockwise angular velocity. The signal
input is at the NGth electrode; propagation is also clockwise, the load
being connected to the first electrode.

3.2 Assumptions
The following assumptions are made:

a. The dc magnetic field is uniform and axial.

b. Cathode is circular cylinder concentric with the anode.
c. All anode electrodes are identical and equally spaced.
d. All network elements are identical and ideal.

e, Cathode emission is uniform.

f. Electron motion is nonrelativistic.

g. No neutral or ionized gas atoms are present.

h. Electric field retardation effects are negligible.

i. Rf magnetic field forces are negligible.

j. No secondary electron emission takes place.

These .are the basic assumptions necessary for expeditious handling
of microwave tube problems. It is of course necessary that the network
representation used be a realistic model for the actual microwave network;
this is a matter of degree of approximation.

In the analysis of the injected beam device, assumption (e) is to
be replaced by

(e) injection takes place equally at equally spaced sites located
on the injection circle. All injected electrons have the
same axial velocity, which is such that after TLIFE rf cycles
they emerge from the interaction process and are eliminated
therefrom;

In addition to the basic assumptions made above are added the specific
-assumptions below, which are subject to modification as the problem
changes or the model improves:

a. All anode electrodes are identical and equally spaced. They
have circular inner faces and radial sides. The field is
assumed to be purely azimuthal between radial faces of adja--
cent electrodes;

Other restrictions in the model take on the nature of the approxi-
mations made; they will be described in connection with the specific
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portions of the analysis below.
3.3 Notation
3.3.1 Interaction Space Geometry
As indicated in Figure 3.1, the following notation applies:

ra Anode radius
rc Sole radius

S, Ratio: sole radius/anode radius

h  Axial length of interaction system

GAP Fraction of anode circle for intervane gap
NE Number of anode electrode sectors

NG Number of active anodes

3.3.2 Normalization

For reference purposes only, a reference frequency and mode number
are defined. Voltages are normalized with respect to the synchronous
value, which is the electron kinetic energy for synchronism in the
reference mode at reference frequency. This voltage is described in
Table 3.1. A reference capacitance, Co’ is also listed. The reference
current, I,, is the rf current flowing through C, with V, applied at
frequency v,. Other scaling values follow.

Table 3.1 Normalizing Variables

Voltage Vo (vaora/ko)Z/Zn
Capacitance Cg wgegh

Charge Qo CoVyo

Current Ig vgQg

Power Py IoVy
Conductance Gog Ip/Vg= voCp
Inductance Ly Rg/vg

1/Inductance Ty vpGg = V2C0
3.4 Laws Governing Simulation

The laws that govern the computer model are mainly the same as those
of a physical system: Poisson's, Newton's, and Kirchoff's.

In the computer model, using normalized potential, charge, and dis-
tance, Poisson's Law takes the form

V2V = p, (3.1)
where the Laplacian operation is in the normalized coordinate system.

The charge density P is positive for electrons (it is like a number den-
sity), accounting for the odd algebraic sign of this equation.
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In dealing with the equations of motion in the computer it is
convenient to define a velocity variable which is directly commensu-
rate with the electric field. This is done with the machine veloci-
ties

Uy = u (raB/VO); UX = u (r B/V ) 3.2)

Then, using normalized electric fields and cyclotron time, e°_m t
Newton's nonrelativistic equations become

ideﬂo-—- EY + UX
(3.3)
d UK _ px - wy
ae°
Normalized distance along a trajectory is
8- = [%':‘0075)2 [z d6° (3.4)

and kinetic energy of a charge is, normalized to QOVO,,
2
W,

B =

{Ux2 + Uy?}

The Kirchoff node equations are quite straight-forwardly scaled in
terms of charge, admittance elements, and time, to yield equations of
the type

=GV + CV' + 'I'JVdT, (3.6)

where the prime denotes the derivative with respect to normalized time,
TEvOt. '

For reference purposes, the Hartee voltage in the normalized
system is

W 2
V. =%k —(1 -s) -1 3.7
H Uwo 0

Aside from some assumed law of emission (cathode for Amplitrons;
injection for the injected beam device), these three laws are the only
ones built into the computer model. The use of the frequency v, and
the mode number k are solely for reference; nothing is assumed as to
the frequency or fode of interaction, if indeed there is any.

4. The Computer Program for the Simulation
4.1 Outline
The transient calculation has the following steps:

1. The space-charge force between each electron and all others
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is calculated;

2. The induced charge on each electrode is calculated;

3. From the previously known induced charge, the induced
currents are calculated. With this information and the
network variables and parameters, the new network rf
voltages are calculated;

4, From the r-f voltages and the d-c voltages, the circuit
field forces on each particle are calculated. This is
added to the space-charge force to get the total electric
force;

5. From the known electron velocity at the beginning of the
time step and the electric force, the trajectory is computed
at the end of the next time step;

6. From the known electric field at the cathode the cathode
thermionic emission is computed;

7. The emitted particles are merged into the set of all partic-
les, intercepted particles are eliminated, and time is
advanced one step;

8. After printout of the intermediate results, the computation
returns to step #1.

The above outline governs the Amplitron calculation. For the injec-
ted beam, step #6 is replaced by computing new charges not dependent on
r-f conditions. Charges are also removed after expiration of - their tran-
sit (life) through the interaction space. The problem with an injected
.beam has some three-dimensional aspects. 1In order to treat it as a two-
dimensional one, the axial variation of forces on an electron during its
transit through the interaction are neglected. Details of the various
steps in the calculation process are given in separate sections below.
The program listing is given in Appendix A,

4.2 Details of the Computer Program
4,2.1 Computation of Space-Charge Fields

The choice of the method for calculation of the space-charge fields
is a critical one. In most analyses, this is the most time-consuming
portion of the program. In crossed-field devices, the role played by
space—-charge forces is not completely understood, yet is heavily involved
in the performance of the device, especially when high power is required.

The method used here is the evaluation and summation of the binary
forces between particles. For this determination the anode and sole are
considered to be perfectly circular cylinders at zero potential. The
binary force is computed by taking the gradient of a Green's space-charge
potential function, defined by

v26(x,r') = 2r 8(z-r")

(4.1)

#

G(,x') = 0 on s=so,1

where r is the position vector at the point at which the field is to be

‘evaluated, and r' is the position vector of the source charge. Hence,
the space-charge potential of a charge element is the Green's function
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multiplied by the normalized charge, Q, of the source.

The Green's function is one of three variables: the radial coordi-
nates of source and observation points, and the azimuth between them.

The Green's function is needed N2 times for an ensemble of N charges.
It would be completely impractical to compute it directly each time it
is needed. The technique used here is to compute and store the function
for the mesh points of a three-~dimensional grid covering the ranges of
the three variables in which the force is appreciable. The gradient com-
ponents are computed when required by interpolation using the mesh point
values of the potential.

This technique has the speed of table look-up and interpolation as
developed for computers. The table look-up involves storage address
arithmetic; the interpolation, a few floating point operations. These
have been optimized for speed by machine-language programming (IBM 7040
MAP and IBM 360 Adsembler). The powerful instruction set and register
structure of modern computers make this attractive.

The accuracy of this method depends mainly on the accuracy of the
Green's function, on the mesh size, and on the interpolation formula
used. The first of these three is related to the time spent in "set-up"
calculation. The second is limited by machine storage capacity. The
last factor-~the use of simple or complex interpolation methods-- affects
the execution time during the simulation, and is the most critical.

The program for pre-computing the Green's functions is based on an
expansion of the source charge (the Dirac delta function in Equation 4.1)
in a Fourier series in azimuth. Although the series is infinite, a
finite number of terms is adequate in view of the fact that the charge
to be represented is not a true line charge, but has finite size. To
each Fourier term there is a well-known and easily-computed potentialj;
these are summed to yield the Green's function. The program to do this
is listed in Appendix A.3; it is called SPACH.

When two electrons are close to each other the use of the precom-
puted Green's functions poses difficulties because of its logarithmic
singularity. In handling this situation, the existence of the anode and
sole electrodes is ignored and the Green's function is taken to be its
limiting expression

lim'G(Lsr_') = 2n]£—£' | . (4.2)
" g

When two 'electrons' are so close that the diffuse charge groups
which they represent actually are emmeshed, the average force between
the groups is diminished by comparison with the force between line
charges. In the computer the average 'diameter' of an 'electron' is
designated PS. This value is used to compute a linear reduction of
the interparticle force when the electrons interpenetrate one another.

Another consideration in the calculation of space-charge forces
concerns particles just after emission from the cathode, at which time
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it behaves more as a curved sheet than a rod (line). The computer
then calculates the space-charge field as that between the sheet and
its image in the cathode, which is approximated by a plane surface.

The program for evaluating the space-charge forces under the
above conditions is a subroutine named COOL. It is written in IBM 360
Assembler language, as shown in Appendix A.6.

4.2.2 Computation of the Circuit Fields and Induced Anode Charge
The circuit components of the electric fields on the particles

are also calculated from Green's functions. In this case the Green's
function satisfies the equations

2 =
v Gk(z) 0
1 onS§
¢ = N (4.3)
0 on Sj’ jfk

S, is the surface of the kth electrode; all others, including the sole
(cathode) are designated S.. 1If, as is assumed here, all electrodes
of the anode are identical and equally spaced, the Green's functions
are all alike when a suitable multiple of azimuthal sector angle is
used for rotation. In any case, the circuit potential at any point, r,
is

V@ =] VK 6 (® (4.4)

where the summation is over all NE electrodes and, if necessary, the
cathode (sole) as well.

The anode electrode Green's functions serve another purpose in the
computation. Ramo's induced charge theorem is invoked, according to
which the induced charge on the kth electrode is given by

Q;®) = ] q 6 (x)), (4.5)

the summation being taken over all charges.

The circuit fields and the induced charges are computed by inter-
polation from stored mesh point values.

There is a number of methods that can be used for the calculation
of the Green's functions. Relaxation is quite generally applicable; it
would be used for irregular or irregularly spaced electrodes. In the
present case, calculations were made for a simple anode shape: the
inner faces of the vanes are assumed to be segments of the anode circle;
the side faces are assumed to be purely radial. Also, the potential is
assumed to vary linearly with azimuth from vane tip to adjacent vane
tip. The Green's function at the anode circle is completely specified.
It can easily be resolved into Fourier components in azimuth, each term
of which series can be extended inward toward the cathode (sole). Com-
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plex variable theory could also have been used. The program for pre-~
computing the electrode Green's function is listed in Appendix A.4.

The program for using the precomputed Green's functions proceeds
in three steps: (1) the induced charge is computed; (2) new network
potentials are computed from induced and externally applied currents;
(3) the circuit fields are computed. These steps are executed in the
sub-routine listed as Appendix A.7.

4.2,3 Network Computations

In many numerical analyses it is assumed that the electron stream
interacts primarily with the dc fields and the rf field of a synchro-
nously traveling wave. This wave is only one of the several components
referred to by the term Hartree harmonic. It is valid where there is
essential synchronism over a long period of time, i.e., where travel-
ing-wave interaction occurs and is predominant. This may not be a very
good assumption however, even in the traveling-wave tube, for in the
high-level regions the non-synchronous components (as part of the total
wave) {Dow} are large, and the interaction may be rather diode-like
more than of a traveling-wave type. In the emitting-sole crossed-field
tube or in the magnetron, rf fields are present at the cathode and
influence emission as well as beam-forming. It seems necessary to
account for all components of the field, both rf and dc here.

The computer program written with the idea of simulation in mind
is pertinent here. ©No assumption of synchronism or selection of field
components more important than others is made. What is assumed is
first, that retardation effects are negligible, and second, that a
lumped-constant network can be found that reasonably well resembles the
actual one. The first assumption is certainly fulfilled when the inter-~
action space dimensions are small in comparison with the free-space
wavelength, This is in turn true when the electron velocities are small
in comparison with that. of 1ight, and this is a characteristic feature
of crossed-field tubes. The second assumption is increasingly well
satisfied with the networks being used with more recently developed
amplifiers.

The network equations are based on the nodal formulation of
Kirchoff's equations, i.e., on the continuity of current. For each node
of the network, an anode electrode, the equation of continuity may be
written

I =G _V +C V' +T_ [VdT
n nmn nnn nn’ n

(4.6)
. T
+ g(G V. +C V' +T SV dT)

where the symbols G, C, and T have their usual meanings as normalized
conductance, capacitance, and (1/inductance); where the subscript nn
denotes the self-parameter, and where the subscript nm denotes a mutual
parameter. The term on the left consists of impressed currents enter-
ing the node. These consist of externally impressed currents (at the

-15-~



end nodes) and the electron stream induced currents. The externally
applied current is assumed to be sinusoidal, but no assumption is other-
wise made as to the time-variation of any network quantity. This allows
the calculation of all components of signals that the interaction might

generate, including harmonics, subharmonics, and cyclotron frequency
phenomena.

An equation of the above type can be written for each node. The
set of equations has the matrix form

I1=6V+CcV' + I [VdT, (4.7)

where each doubly underscored quantity is a matrix. These equations are
regarded as a set from which the time-derivative, V', can be determined
from a knowledge of the currents, the present state of the network (V),

and the past states (VdT). To do this the equations are rewritten in
the form

oy

I
fi-

-GV - I/VdT =

=

> (4.8)

which defines W. Multiplying this equation by c”!, the inverse of c,
yields the derivative

-1

(=<

o
=

. (4.9)

C is a large matrix (it is NG square), but it need only be inverted
once. This is done at the same time that the Green's functions are
computed.

The actual equations to be solved are difference equations rather
than differential equations. The quantity V' corresponds to .an average
derivative over the time step. To improve accuracy, terms such as GV
are written

GV(T) =GV() +GV'(0) T (4.10)

When this is averaged over the time step, HT, there results a term pro-
portional to V'(0); its coefficient, G HT/2, is added to the correspond-
ing capacitance. $imilarly, the inductance element yields a contribu-
tion given by I'(HT2/6); the result is that the capacitance matrix con-
tains elements given by

C' = C + G HT/2 + T HT?/6. (4.11)
4.2.4 Trajectories

The problem is: given the initial position and velocity of an elec~-
tron at the start of a short time interval in which the electric field
is assumed constant, to determine the particle position and velocity at
the end of the interval. It is also necessary to determine if the
particle hits the cathode (sole) or any anode electrode and, if it does,
to collect bombardment data and to generate secondary particles if they
are to occur,
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Some improvement became necessary for the trajectory calculation
in the course of the development of crossed-field programs. Previously,
the trajectories could be computed as segments of cycloidal-trochoidal
motion based on constant, uniform fields in the time interval. This
is adequate if the time interval is small in terms of cyclotron periods
as well as rf periods, and if the field is truly uniform. The last
requirement is not met by a dc field if the cathode has much curvature.
It has been found that both trajectory and energy balance are lost if
the magnetic field is high enough to make the time interval more than
1/4 cyclotron period even though this may be only a much smaller frac-
tion of the rf period. This is particularly true near a small cathode,
where the radial field vector rotates along the trajectory in the
Cartesian frame fixed relative to the initial point.

As shown in Figure 4.1, a fixed Cartesian coordinate system is set
up at the initial point, P, at the beginning of a time step. As the
electron moves along its trajectory to some point such as Q, the radial
vector, r, rotates by a small angle, 0'. Assuming that the field EY
at point P represents a radial field (as in a static device), the Y—0
component of field at point Q is

EY(8') = EY,cos8' - EX sin8', (4.12)
which for small angles is
EY(6') = EY, - EX, o' (4.13)

Similarly, the X-component of electric field is approximately written
EX(6') = EX; 6' (4.14)

These approximations were incorporated into the differential
equations, Eq. 3.3. To solve them, a power series in 6° was assumed
and the coefficients thereof evaluated. A new algorithm using five
terms in the series was thus obtained. This method of trajectory calcu-
lation is clearly superior to previously used ones, as can be seen from
Figure 4.2. The energy balance is also much improved.

Also, in order to handle trajectories for which the time interval
is small in comparison with the signal period but long in terms of
cyclotron periods, the above algorithm is applied to submultiple
intervals of the full time step.

4.2.5 Cathodg Emission

Thermionic cathode emission is not involved in the injected beam
device; this section may be skipped by those interested solely in that
device. It is presented here for the sake of completeness.

Figure 4.3 shows the relation between the fraction of saturation
current escaping the potential minimum in a nommagnetic diode and the
potential gradient at the cathode surface. The relation can be reason-
ably well approximated by a linear function. It is then considered to
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Figure 4.1, Construction for Trajectory
Calculation, -

-18-



"PISTF 4/T DT3BIS UT 3TQIO UOIIDS[S FO SUOTIBINDI[BD 3S9] 'z-4-0iInSt14

981"
L - GWIL
MGv ~\-..— l4 ..P.: N o
' —. \ Q-' ? A )
# .‘ _— -\ Mw—
I * ¢ \
A ! Y N ] X
,.. : _,, .w M i
y ! \ ; \
v K ) ] |
wyitiodTe meN 1 P \
n@ .mu o: U. 02 oﬁ \ /— \- 4—
o/ LW
2 poyis|
q POY3ISKW

*DTEBD PIOTIDA)

HLVNIGQHOO0D TVIAVY

Og-.g=d -
19~



B=(2nkT) " '=11600/T

-2, -1.5 -k, ~.5
9

Potential Gradient at Cathode Wg// —5
0X €9 n VB

Figure 4,3, Net cathode emission as a function of
cathode field.
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apply in the present case (since velocities are so small as to result
in no appreciable Lorentz force) to determine the net current passing
the potential minimum. Actually, since the computer does not simulate
the charge between cathode and potential minimum, the cathode gradient
is modified by the amount of missing charge.

4,2.6 Beam Injection

The injected beam is represented by a set of NK charge elements--
as few as 5, as many as 10 or 20--equally spaced on the same injection
circle. They all have the same injection velocity. While the injected
stream is thus monoenergetic, the stream resulting from space-charge
forces after a few time steps nevertheless has a finite width and energy
spread. It would be desirable to inject a stream with velocity spread,
but this has not yet been done. This process is done'in the subroutine
MARGE, listed in Appendix A.9. MARGE also merges the injected or emit-
ted electron into the total charge array, ''cleans out" injected parti-
cles after their transit through the interaction space, and prints out
results of the time step. It then advances time and returns control to
the space-charge force evaluation routine.

4.2.7 Waveform Analysis

At intervals in the simulation, a Fourier analysis is performed on
all electrode potentials and induced charge waveforms. The results are
of interest in themselves and also as an indication of steady state.
Dc, fundamental, second and third harmonics are calculated.

The analysis is a rather simple-minded one in which the waveforms
are multiplied by trigonometric functions and integrated using Simpson's
rule. The integrations are extended over the rf cycle just completed,
however, since it would obviously be incorrect to include the transient.
The one-cycle integration range also gives a good indication of depar-
ture (fluctuation) from steady state.

4.2.8 Graphic Output

Miscellaneous programs are also listed in Appendix A. They serve
various housekeeping chores and are of no special interest scientifically;
the listing is for the sake of completeness.

The graphic output program deserves special mention, however, because
of its value in providing a quick check on the operation of the program
and for valuable insight into the interaction itself. A specimen of the
display of the Amplitron's electronic ensemble is shown in Figure 4.4;
that for the injected beam amplifier, in Figure 4.5. The annular inter-
action space of the injected beam deyiceé: idcso slender.that the polar
plot is impractical. The annulus is therefore split into its four quad-
rants, each of which is plotted in Cartesian r-6 coordinates.

These plots can be of even greater use if viewed sequentially, as
in a motion picture.
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When the Amplitron plots are to be interpreted, it should be
noted that the star characters represent varying amounts of charge,

depending on cathode emission.
ever, these marks generally represent equal charges.

In the injected beam amplifier, how-
The exeeption

occurs when two charges are too close together to be resolved by the

printer.

4.3 The Running of a Computation

4.3.1

Input Data

The principal variables which are entered into the computer are
described here.

Sz
THM

GAP
THMP

NE
HT

G

GG
PS
TMAX
VDC
NG
VDD
CNST
NK

PIN

PDIN

THDIN
TLIFE
CA,CB,CC
GA,GB,GC
TA,TB,IC
CINL,COUTL,
CIN2,COUT2
G1,C1,GL1
G2,C2,GL2
FREQ

8o, the ratio of anode diameter to sole (cathode) diameter;
Azimuth beyond which the space-charge force between two
electrons is negligibly smallj;
Fraction of anode pitch taken by intervane gap;
Azimuth (degrees) beyond which electron is not affected by
an electrode's field;
Number of anode sectors;
Time step, fraction of period at reference frequency, HT =
Vohes
.g(wcko/w);
we/2v,; Magnetic field parameter;
Particle average diameter, normalized to anode radius;
Ending time for the calculations;
Dc anode voltage, normalized to V _;
Number of active anode segments;
Dc voltage(s) on drift anode segment(s)
Charge (normalized) emitted at each cathode site;
Number of cathode sites. Normalized emission current =
CNST*NK/HT;
Location, relative to sole (cathode) { Normalized};
Radial
Azimuthal
Transit time through interaction, rf cycles;
A: Self parameter,
Network elements { Normalized} B: Mutual to adjacent node,
C: Mutual to alternate node;
Current sources feeding lines 1 or 2 at input or output
ends;
G, C, of load (including matching elements) on line 1;
Ditto, for line 23
Frequency { Normalized}.

velocity of injection;

4.3.2 Computer Qutput

4,3.2.1 Graphic Display

The computer prints out a graphic representation of the anodes,
the sole, (as + characters), and the electrons (rod charges) as * char-

acters.

There is a problem of resolution here, and one star (¥) may

t
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represent more than one electron. In the Amplitron calculations, not
all stars represent the same amount of charge; in the injected beam
device, they generally do. The graphic display comes at controllable

intervals, but comes once each step within the last 2 cycles of the
end.

4.3.2.2 Anode Electrode Data

Each time step the computer prints out the following data for
each anode electrode:

Number; RF Inst. potential; induced charge; induced current (the
difference from the previous induced charge); amount of charge collected;
energy of bombardment. The total induced charge, total anode collection
current and total anode bombardment energy are printed on another line.
Similarly, the potential, collection charge and bombardment energy for
the sole are printed. The injection charge and current are also printed.

If particles are removed from the interaction on account of having
passed through it axially, the collector statistics are printed: amount
of each charge element, its radial location, velocity components and
kinetic energy. Within the last cycle of a computer run, these data are
also punched for use in possible further computations.

The computer also prints out the value of the autocorrelation func-
tion

acF = [ () Q(t-1)
%
computed for the previous rf cycle, where Q is the induced charge at the

electrode #1. This quantity is unity for a steady-state, and is used to
determine whether that condition has arrived.

4.3.2.3 Further Manipulation and Interpretation of the Computer Output

It is first of all a good idea to plot the variation with time of
some such key quantity as the Fourier amplitude of the output voltage.
This generally shows slow variation for the first few rf cycles after
a parameter is changed. It then begins to vary rapidly and over the
space of a few cycles exhibits a wild oscillatory transient oscillation.
After a total of about 2k, cycles the oscillatory transient begins to
disappear, and the Fourier amplitude approaches some steady state.

There is usually some fluctuation about this level, however, and it may
be so severe as to obscure the steady level or render it impossible to
determine accurately.

In those cases where steady state failed to appear with reasonable
certainty, considerable study was made to determine the cause. 1In some
cases the root was not found, but a detailed Fourier analysis covering
many cycles disclosed a reasonably precise value for the spectral com-
ponent at the signal frequency. This is but one of many possible
statistical approaches to the use of the computer output. Another is
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simply to take the average value of the Fourier fundamental amplitude as
determined by examining the plot. The use of such averaging methods is
to be avoided, however, ’

Further analysis of the computer output consists in summing the
collection of charge and bombardment energies for the various electrodes
over the space of one cycle after steady state is attained. These figures
yield the convection currents and bombardment powers associated with the
several anodes, the anode as a whole, the sole and the collector. 1In the
case of the collector, it is assumed that electrons are intercepted at
the radial locations at which they emerge from the interaction region,
without further acceleration or deceleration., This might be accomplished,
for example, by use of a collector having infinitely many segments, each
at the dc potential corresponding to its radius.

The dc input power to the device is thus given by the sums of the
anode dc¢ input power, VbIb, and the collector dc input power, in V.Q, or

<V.>L.. The usefully generated rf power is the difference between the

output power, V%GI/Z, and the input power, C /2G,. These are funda-

2
outl
mental frequency values. The efficiency is calculated as the ratio of
this usefully generated power to the dc input power. For the purposes of
establishing an energy balance, account must also be made of harmonic
power (negligible here) and the fundamental power transmitted to the input
source by virtue of the so-called "hot mismatch." The latter is also
negligible in these devices.

5. Amplitron Calculations
5.1 Parameters
The first Amplitron calculations were intended to simulate the type
QKS-1300 medium power Amplitron, a tube developed by Raytheon Company.
The interaction space parameters, as furnished by the manufacturer, are

listed in Table 5.1.

Table 5.1 QKS-1300 Amplitron Parameters

Anode diameter da .184 inch
Cathode diameter dc .078 inch
Axial length h .210 inch
No. of anodes NE 11
Anode vane width w .032 inch
Operation:

Frequency Vo 2282.5 GHz

Magnetic field B 2100 gauss
Anode voltage vV, 1800 volts
Anode current I, 18 ma.
Mode number ky 4

The network is as shown in Figure 3.2(a). 1Its characteristic impedance

is approximately 120 ohms; the interaction (coupling) impedance is not
known. '
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Preliminary calculations were made with computer network parameters
from previous Amplitron research which provide the proper phase constant,
viz. 49.0909...degrees per cell. The characteristic impedance of this
network, however, was high (1480 olms), and the rf input power level was
also high (3.17 P ). These exaggerations provide for strong rf fields
with which to start the computations quickly; they can be relaxed once a
large-signal configuration is obtained.

5.2 Results

The calculations were run initially with a time step of .1 cycle.
After reaching steady state the time interval was reduced to .05 cycle
and further calculations were made for refinement. The space~charge con-
figuration is shown in Figure 4.4. The computed output voltage wave-
forms were used to compute total rf output power from the simple average
of V2(T)G. The results are shown in Table 5.2.

Table 5.2  Results of Amplitron Calculations
Nos. 7/19/67 & 7/24/67

Time interval .1 .05

Anode current, Ij 210 337 ma.

Dc input power 310 500 watts
Rf output power 291 450 watts
Gain 8.3 10.2 db
Efficiency 86. 83, percent.

The dc anode currents are greater than in the actual Amplitron by
an order of magnitude; the rf output powers are correspondingly high.
This is the result of computation with high impedance and high rf input
power. This magnitude of impedance probably cannot be realized in a
real tube, nor could the cathode emission be obtained.

It was noted that the energy balance in this calculation was poor;
the total dc and rf input power does not account quantitatively for the
total rf output power and the anode bombardment rate. This is at least
in part caused by errors in the trajectory calculations, which are
aggravated by the smallness of the cathode and by the relatively high
cyclotron frequency. '

5.3 Termination of Amplitron Computations

Shortly after the preliminary calculations reported above, notice
was received that the Amplitron was no longer of interest for the particu-
lar application requiring its numerical analysis. The Amplitron com-~
putations were therefore terminated and alaysis of the injected beam
forward-wave amplifier commenced.

6. Injected Beam Forward-Wave Amplifier Calculations

The calculations made for the injected beam forward wave amplifier
had the immediate objective of providing information relative to a
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proposed design (subsequently revised) for tube development on the one
hand, and the more remote objective of exploring the device operation
and optimizing the configuration.

6.1 Parameters

The two designs mentioned above were similar in many respects;
calculations were made with many parameters unchanged as, for example,
the sole-to-anode diameter ratio and the network constants. The para-
meters used in the calculations are listed in the table below. 1In the
table, single values denote unchanged parameters. Multiple values de-~
note that a range was covered. Values corresponding to the first design
are underlined once; those for the second design are double underlined.

Table 6.1 Injected Beam Forward-Wave Parameters
Anode/sole diameter ratio 1.22

Interaction height h 1.

Vane gap-to-pitch ratio GAP .328

Total number of anodes NE 28, 30, 64

Number of active anodes NG 24, 27, 30, 52
Phase constant at v, 8. 90 0/cell"
Network attenuation 0 o, .17, 1.35, 2.7 db
Coupling impedance at v, K, 80, 160, 200 ohms

Table 6.2 Operating Parameters

Magnetic Field:

Relative cyclotron frequency 5.5
Dc anode voltage, V 12,.5-27.8
Injected beam current, I .8-5.
Axial transit time, cycles 2-7.5
Rf input power, P; .2-5.
Frequency .9-1.0

These parameters are normalized. For reference, the two amplifier
designs have the following scaling parameters: '

Table 6.3 Scaling of Proposed Designs

First  Second
vg  Frequency 800 800 MHz
kp Mode number 7.5 16
Vo  Voltage 625 945 volts
I Current .695 1.05 amperes
Py Power 434 1000 watts
Ry Impedance 900 900 ohms
By Magnetic field 233 109 gauss

The value of anode-sole diameter ratio renders the interaction space
essentially linear. Accordingly, the graphic display was revised to
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provide better resolution; typical output is shown in Figure 4.5.

This magnetic field is high for the frequency involved, i.e., the
cyclotron frequency is high relative to the signal frequency. Fortu-
nately, the trajectory computation difficulty it poses had been solved
as described in Section 4.2.4.

The number of anode segments and wavelengths is much larger for this
amplifier than for the Amplitron calculations for which the program was
originally developed. Computer storage requirements are increased be-
cause of the greater number of electrodes and also because the simulation
requires a niminum number of electrons per wavelength, and there are
more of these. Fortunately, the new computer has adequate capacity.

The execution time is also affected, however, and this is more serious
than storage problems. The time required for each time interval increases
as the square of the mode number, k,, because more electrons are involved.
In addition, more rf time is required for the entire calculation; this

is proportional to the mode number. The execution time thus is roughly
proportional to the cube of the mode number. Again, it is fortunate that
the new computer (IBM 360/65) is much faster than the older one (IBM

7040) and has a more powerful central processor which affords a further
increase in speed.

6.2 Results
6.2.1 Preliminary Calculations

Because it can accommodate no more than 20 electrodes, the original
program written for the Amplitron was used for preliminary calculations
" with a network which simulated the actual one rather imperfectly. It
contained 15 active cells, rather than the required 24, each of which
had phase shift of 3m/4, rather than 7/2. This network model thus had
the same total electric length (all at reference frequency) as in the
design.

Steady state failed to appear in these calculations. A sizeable
variation of the output amplitude occurred at a slow rate, 4s shown in
Figure 6.1. This appears to be an amplitude modulation of the carrier
input signal. The frequency of the upper side band indicated that this
was in fact a band-edge phenomenon--an oscillation or sustained transient.
It is attributed to the placement of the input signal frequency high in
the pass band of the network in order to obtain the desired phase rate,
as reference to Figure 3.3(b) will show. The band edge is actually only
8.3 percent higher than the signal frequency. Subsequent use of network
models having lower phase rates, especially those containing dissipative
elements, were free from such large oscillatory transients.

Tests were made to determine the effects of such computational
parameters as time interval and number of emission sites. It is well to
maintain a balanced relation between these two: the time interval
governs the number of electrons emitted per cycle from one site; the
number of cathode sites governs the number of particles emitted per wave-
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Figure 6.1. Extension of CFA calculation #010268:
Failure to Reach Steady State
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length at each time. Together, they control the total number of elect-
trons. It was generally found that a time interval of .1 cycle and one
emission site per wavelength describe the stream fairly well. Better
precision would on occasion be needed; it would be more expensive.

6.2.2 Demodulation & Feedback Through the Stream

It became apparent in the preliminary stage that considerable rf
current was being induced in the anode segments of the drift region.
When this stream reaches the input region of the rf delay line, there is
a strong signal fed back into the electron stream-network system,
affecting the performance of the amplifier.

Information relative to the actual device was lacking at the time,
hence preliminary computer experiments were made with schemes for arti-
ficially removing the stream modulation in the stream as it passes through
the drift region. This consists in replacing reentering electrons with
newly-injected ones in the drift region. Although artificial in the sense
that the energy balance is destroyed for those electrons, computations
were made which showed that the rf stream feedback was indeed reduced.

It was not eliminated completely, however, because although the velocity
modulation and the radial displacement modulation were eliminated, the
azimuthal modulation was not. This is inevitably tied in with the fact
that an electron is present at some azimuthal position and the computer
has no information as to where it would have been had there been no rf
signal. Even if it did, and the electron were moved to such a location,
the fact that some electrons reentered and some did not (because of their
rf interaction in "favorable phase') would furnish a density modulation
of the reentering stream.

Details of the actual device demodulation system were finally ob-
tained. This consists of a variation with azimuth of the dc electric
field in the drift region. It is simulated in the computer rather
readily by assigmment of different dc voltages to the several segments
of the drift portion of the anode. Computations made with this computer
model, which represents a physically realizable scheme, have a validity
concerning energy balance and efficiency that the others do not. The
collector statistics, i.e., the information as to where electrons are to
be collected and at what bombardment energied, are no longer subject to
the errors of the artificial scheme. The results still showed, however,
that the rf stream current persists, although it is reduced to about the
same degree as observed in the artificial scheme, viz., a reduction of
about 15 db in current-squared.

6.2.3 Instabilities at High Gain

The previous, prelimimary calculations had been made with relatively
high rf input power and therefore resulted in low gain (c. 6-10 db).
The course of the calculation program was thus to reduce the input power
to attain the gain level of approximately 20 db reported for experimental
tubes. As this was being done, further failure of the calculations to
reach steady state were noted. Figure 6.2 shows such behavior. Consid-
erable effort was made to determine its cause and to eliminate it; this
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has not been completely successful.

The apparent a-m of the output signal does mnot appear in this case
to be related to the band-edge.

It was thought at first that a computational instability might be
involved. The time interval, HT, and the number of emission points, NK,
were varied. Halving HT or doubling NK results in doubling the number
of electrons in the problem. This increase in precision had no notice-
able effect on the instability. Indeed, the variations in output were
remarkably alike, indic ating that the stream was well represented to
begin with. Moreover, halving the time step has the additional effect
of improving the accuracy of the trajectory calculations and also of the
network calculations. It was concluded that the computer program was not
seriously involved.

On the possibility that the apparent instability might be a mani-
festation of some kind of plasma or cyclotron wave instability, calcu-
lations were made without computing space-charge forces. This showed
the same degree of fluctuation as those with space-charge taken into
account. Neglect of space-charge forces, incidentally, appears as a
distortion of the spoke configuration, as shown in Figure 6.3.

The calculations were also run with increased dc anode voltage.
Such a parameter change would alter the degree of traveling-wave inter-
action and hence change the nature of any instability related to the
principal mode of interaction. In this computer experiment, no appreci-
able change was seen with a 57 increase in dc anode voltage as compared
with the original dc anode voltage, which was the Hartree voltage.

The oscillations were observed both with and Wighout;the dc voltage
taper in the drift section.

The network was in one computer experiment deliberately mismatched
with a resistive load having a reflection coefficient of 1/3. at both
ends. As seen in Figure 6.4, a standing-wave pattern appears internally
at the wavelength dictated by the network characteristic, and the input
signal level is greatly increased by the presence of internal network feed-
back, while the output level remains much the same. It is concluded that
network mismatch is not related to. the instability of concern here.

Calculations were in one case run for a much longer period than
previously, with the result shown in Figure 6.5. The variation suggests
presence of a signal at about 307% higher and lower frequencies relative
to the signal. Fourier analysis of the waveform obtained from the com-
puter resulted in the spectrum shown in Figure 6.6. This indeed verifies
the existence of a component at 1.3 vy, which is of the same order of
magnitude as the second harmonic. There is no particular significance,
however, to this frequency in terms of network properties. (The band
edge is at V2 v,.)

From all the above evidence, it began to appear that the long period
(c. 16 cycles) of the rapid oscillations was related to the signal transit
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time through the network (6 cycles) or to the total time required for
synchronous electrons to circumnavigate the cathode (7.5 cycles when
no drift section dc voltage taper is involved, approximately 8 cycles
when the voltage variation was used). The long period thus appears to
be about twice one of these tramsit times. What appears to be happen-
ing is that stream feedback allows a fluctuation in the output level
to pass through to the input and excite a network transient; this con-
sists of a ringing oscillation at band edge. The stream current that
causes it propagates along with the stream, taking 6 cycles to pass
through the network and somewhat longer to pass through the drift sec-
tion (attenuated) where it then can re-excite a transient. The fact
that the ringing has a period of about two tramsits around the loop is
perhaps related to the phase of the feedback stream current.

Figure 6.7 shows the transition from a calculation without a drift
voltage taper to one in which the dc voltage abruptly drops to 1/2 the
Hartree level as the electron enters the drift region, and then linearly
rises to full anode voltage. For the first 6 to 8 cycles the original
output condition persists, as the changed feedback conditions (mostly
phase) cause a new signal to be propagated from the input toward the
output. Much the same situation would appear if the input signal had
been changed rather than the drift parameters. After the new feedback
signal arrives at the output, there is a rapid and large swing to a
lower level and, with rapid ringing, a slow, saw-tooth-like transient
to a new steady state. The period of this saw~tooth is 15 cycles,
indicative of the feedback path involved in electron reentrance. It
appears, however, that it takes much longer for the steady state (or
semblance thereof) to arrive than had previously been realized.

As attention was focused on stream feedback as the root of the
instability, computer experiments were run to study the role of the drift
region and the phasing and attenuation in it. This has the further
objective of studying the effects of length of network and drift spaces
on the amplifier performance. More will be said on this subject in Sec-
tion 6.3, but the effect on the appearance of transient oscillations will
be discussed here. The length of the active section (NG) was first
varied in steps at the expense of the length of drift space; the results
are shown in Figure 6.8. The level at the start is that for the designed
case (NG=24, NE=30). After some rather violent transients, the Fourier
amplitude is seen to settle down rather well. This is attributed to the
difference produced by changing the feedback properties of the drift
region relative to the entire signal path. It is somewhat difficult to
specify the feedback more precisely because the phase shift depends on
electron stream parameters, including the rf level.

Additional evidence of the role of feedback is presented in Figure
6.9, which pertains to a reduction in the electrical length of the circum-
ference from 7.5 wavelengths to 7.0. This allows comparison in relative
terms primarily. It shows that the 7.0 wavelength system has higher
gain--probably because of the different feedback phase, but is also less
stable.
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Finally, Figure 6.10 shows two calculations which differ in that.
by accident a potential barrier was placed in the drift space practi-

cally eliminating the reentrance of the stream.

This appears to elimi-

nate the large oscillations that appear in the usual reentrant stream

case.

The feedback is also related to the particle lifetime: if the elec-
trons make very rapid transits through the interaction space, relative
to the time required for them to pass through the drift region, then the

stream feedback will disappear.

Some computer experimentation was done

with reduction of the electron lifetime parameter, but the results are
inconclusive because of the simultaneous reduction in gain that occurs.

The overall assessment of this series of calculations is that a
combination of transients occurs, involving the ringing imposed by the

network itself, and also feedback through the stream.

It is generally

necessary to protract the calculation through about 2k, cycles before

steady state can be reached or perceived.

Random fluctuations in the

steady state may still occur, and in some cases the transient may be so
violent that steady state may never be seenmn.

6.3 Amplifier Performance at Moderate Gain

Because considerable effort was devoted to study of the instability
(Section 6.2.3) and also because of the changing type and design of
amplifier to be studied, complete data on any one design were not

obtained.

The study had to be limited in scope to obtaining a better

understanding of the operation of the injected beam amplifier rather

. than optimizing it in all respects.

It was finally possible to obtain a reasonably certain steady state

at high gain in some instances.
the parameters listed in Table 6.4.
cially demodulated.

Table 6.4 Calculation #6007:

Anode Voltage

Injected current

Axial transit time
Number of anodes (tot.)
Number of active anodes
Frequency Vv/vg
Coupling impedance
Network loss

Rf input power

Rf output power

Gain

One of these is described here; it had

The reentering stream is artifi-

Parameters & Results

12.5 (Hartree)
1.67

7.5 cycles
30

24

1.

160 ohms

0

.5

13.4

14.3 db

Figures 6.11, 6.12, and 6.13 show the space-charge configurations at

successive times.
level electrodes.

Anode collection takes place only on the 13 highest
Substantial penetration of the intervane gaps occurs

only for the half-dozen highest level gaps.
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Figure 6.14 shows the internal rf voltage and rf induced current
distribution on the network. Severe standing waves as shown in Figure
6.4 are absent here, indicating absence of appreciable mismatch. Further
evidence of this is the fact that the input electrode, #24, is close to
that of the incident signal. There does, however, appear some voltage
disturbance having a slow space-variation. This is a symptom of the
instability discussed in Section 6.2.3; the disturbance propagates and
appears as an oscillation of the output signal amplitude.

Figure 6.15 is an histogram of the collector data. These are
sketchy; averaging over several cycles would improve them. There appears
to be a grouping of collected particles at low potentials. This must be
viewed with caution, however, as it is probably exaggerated by the arti-
ficial demodulation process.

6.4 Effect of Parameters on Operation

It has not been possible to cover the entire range of parameters
thoroughly. The discussion below is mecessarily incomplete, particu-
larly with respect to high gain conditions.

6.4.1 Dc Anode Voltage

Operation as a function of dc anode voltage is of interest because
of the effect of electron stream velocity--and hence on the traveling-
wave interaction-—and also because of effects on emission from cathodes
(magnetron & Amplitron).

The dc anode voltage was increased from the Hartree level to 10%
above it at an early stage in the calculations. There was practically
no effect on gain or power output at the 6 db gain level obtained at
the time. The amplifier was close to saturation, and small-signal gain
conditions were absent. The increase in dc anode voltage, 1.25 V,, was
in this case somewhat less than the peak input voltage, which was 1.78
Vo. It ispossible that variations of the dc anode voltage have more
effect at lower power levels.

The principal changes noted with the increase in anode voltage were
reduction in efficiency (because the dc input power increased without
increase in rf output) and a small change in output phase. This phase-
pushing due to dc anode voltage was approximately -1.3° per 1% increase
in the anode voltage.

6.4.2 Dc Injected Current

Increasing the injected current provides greater stream current,
other factors remaining constant. This increases the gain and corre-
spondingly shortens the small-signal region, lengthening the saturated
region (or causing one to appear if at the verge of saturation). Figure
6.16 shows this.

The stronger rf fields shorten the transit time to the anode for
favorably interacting electrons, however, tending to provide an offsetting
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reduction in the total stream current. Furthermore, the unfavorably
focused electrons gain more energy from the stronger rf fields, and
sole current is larger. Another factor complicating the efficiency
picture is the fact that because the large-signal region is longer, the
efficiency is higher. The plot of computed efficiency is shown in
Figure 6.17. This plot, even more importantly, shows that the output
signal is linearly related to the injected current.

Use can be made of the relation shown between rf output and
injected current by using in conjunction with it the relation between
the rf level and the injection current, as reported experimentally.

This information is not known here. The actual injected current, to the
extent that it is controlled by the rf fields extending from the network
toward the cathode, is probably sorted by the process. It thus would
appear to be similar to provision of a prebunched beam in a traveling-
wave device. There are many unknown factors involved, some of them

raising questions as to the adequacy of the two~dimensional model used
here.

The computations showed a phase-pushing due to injected current
variation of +0.3°/1,.

6.4.3 Rf Input Power Level

The rf power input was reduced to take the amplifier from the satu~
ration region of its operation toward the linear region. Figure 6.18
shows the network rf current distribution as the power level was reduced
from 3.5 to .2. The disappearance of the saturated region within the
interaction is clear. The input-output relation for the amplifier is
shown in Figure 6.19. 1In these calculations progressive instability was
encountered as the input power level was reduced. This is probably
because of the feedback problem noted in Section 6.2.3.

In one trial calculation the rf level was reduced to about 20 db
below the output levels heretofore observed. This level is about the
level of voltage induced by the reentering rf stream current. The cal-
culation was started from empty interaction space, with the result shown
in Figure 6.20. Large-signal conditions appear rather quickly in spite
of the small input signal and the amplifier--probably because of stream
feedback--behaves as an injection-controlled (locked) oscillator.

6.4.4 Rf Impedance Level

Most of the injected beam forward-wave amplifier calculations were
made for a characteristic impedance at reference frequency equal to 400
ohms; this corresponds to an interaction (coupling) impedance, EE*/282P,
of 160 ohms at the anode surface. A few calculations were made for the
higher design value of 200 ohms. The results are compared in Table 6.5.
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GAIN, db, or OUTPUT VOLTAGE AMPLITUDE, V(1)

-
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Figure 6.17 Effect of Injected Current.
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Figure 6.19 Power Transfer Characteristic., 2000-3000 Series
Calculations; Iy = 1.67.
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OUTPUT VOLTAGE AMPLITUDE, V(1)
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Figure 620 Start-up transient with very small rf input
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Table 6.5 Effect of Network Impedance

Run No. 4012 7003
Characteristic

impedance 400 500 ohms
Coupling

impedance 160 200 ohms
Injected current 3.75 3.75
Anode current 2.50

Rf input
Rf output
Gain 7.9 8.9 db

The higher network impedance results in higher circuit fields,
tending to overcome space-charge debunching effects; it is therefore
advantageous. No optimum impedance level was observed. Such an optimum
probably does exist, however, since excessive transverse velocities would
result, and this would indicate high anode bombardment and lowered effi-
ciency. It probably would be tolerated only if there were no better way
to get higher power.

6.5 Second Design of the Injected Beam Amplifier

As in the design of magnetrons and other crossed-field devices,
there exists some degree (not excessive) of freedom in meeting the objec-
tives. Use of scaling techniques is common. By suitable choice of
dimensions and mode number, the scaling voltage can be varied over a
considerable range. Similarly, the scaling current can be varied so that
~the device can be a low impedance one or high. This is especially useful
when one encounters space-charge effects that limit performance, as by dc
current limits or spurious oscillations or noise. It is the function of
the analysis to determine these limits, of course, and the limits are
most generally stated in normalized terms as has been done in this report.

The second design of the injected beam amplifier raises the anode
voltage and lowers the current level. The mode number was increased from
7.5 to 163 this reduces the azimuthal electron velocity and hence reduces
the scaling magnetic field, B, (cf Table 6.3). For a given applied
magnetic field, then, the synchronous (Hartree) voltage is much higher
(esp. when normalized) and higher efficiency is indicated. 1In this design
a depressed sole is used; this should make it virtually impossible for
electron interception there.

The computer program was again rewritten to allow for the larger num-
ber of electrodes. It was used both with artificial and with physical
demodulation of the reentering stream; some results are shown in Table
6.6‘ ‘
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VOLTAGE AMPLITUDE, Vy(N)
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Figure 6.21 Calculation #7004: Internal voltage distribution
T = 19.5



Table 6.6 Calculations with High Mode Number (Second Design)

Run No. 5000 5010 5011

Anode voltage 27.8 27.8 27 .8 (Hartree)
Injected current 1.67 1.67 1.67

Axial transit 10 10 10 cycles
# of anodes 64 64 64

# active anodes 52 52 52 _
Coupling impedance 160 160 ohms
Network loss .7 .7 .7 db

Rf input power 3.6 3.6 2.0

Ef output power 24.9 22.8 21.8

Gain 8.46 8.08 10.4 db

The charge configurations are shown in Figures 6.22, 6.23, and 6.24.

These calculations appear to be relatively free of the instability
that was so troublesome in calculations of the first design. This is
considered to be the result of better demodulation in the drift region,
which is longer and which allows electrons to move transversely toward
the sole. The efficiency figures obtained are suspect; poor energy
balance was encountered. The calculations should be made with a smaller
time interval; this is costly because of the high mode number.

7. CONCLUSIONS OF PART TI.
7.1 Conclusions

) Computer results for relatively low gain operation (6 to 12db) of
the injected beam forward-wave amplifier were obtained. They show that
gain can be increased by increase of injected current and/or rf impedance
level. Stream feedback is important in regard to high gain, but moderate

gain can be obtained for a wide range of feedback conditioms.

Some calculations were carried through for higher gain conditions,
but these were restricted by appearance of instabilities in the computa-
tions. After considerable effort, it was concluded that the instability
was caused by stream feedback. Means for eliminating the feedback both
in the electron tube and the computer model of it are needed.

7.2 Recommendations

Further study of the amplifier is needed to answer the questions
left unanswered here, viz., questions as to the effects of varying the
magnetic field, the frequency, on the amplifier performance. More
thorough exploration of the range of variable than has been possible in
the present limited program.

More basic questions need to be answered concerning this new
amplifier. Typical are: how does the rf field influence the injection
current and the axial transit velocity? What are the precise details of
the drift region? the collector? the network? Any future work should
be done by those in a position to obtain this information. It is not
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JUNE 28, 1968 SER. NO. 5010 STEP NO. 408 TIME L40.797
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Figure 6.22 Calculation #5010: Configuration at T = 40.8
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Figure 6,23 Calculation #5010: Configuration at T = 41.2



JUNE 28, 1968 SER. NO. 5010 STEP NO. 418 = TDME 41.797
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Figure 6.24 Calculation #5010: Configuration at T = 41.8



realistic to expect useful results from isolated analysts. E.g., the
computer at best will only tell one what happens when certain parameters
have certain values. They do not generally tell one what values are the
best ones to use; this information can best come from the experimentalist.

It may also be possible that the transient/simulation method may
not work under conditions of severe space charge, as difficulty has
repeatedly been had in the magnetron situation. Perhaps some other com~
putational technique should be used, e.g., those used by Rowe et al. at
the University of Michigan.
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PART 1I. AMPLITRON NOISE MEASUREMENTS

8. INTRODUCTION

This part of the research program is to evaluate the noise
characteristics of a commercially available Amplitron, the Raytheon
type QKS-1300. Two such tubes (nos. 156 and 185) were supplied by
NASA. This tube has an output power rating of 25 watts.

Sources of noise in amplifiers fall into‘two classes: (1) those
of a controllable nature, and (2) the uncontrollable ones. The former
includes power supply ripple, microphonics and outside interference.

A well-designed system takes the necessary precautions against these
sources and is limited only by economics. Further discussion of these
sources will not be made.

The uncontrollable sources are largely traceable to the cathode
and its random emission of electrons with random velocities. Cathode
flicker noise and partition noise also appear in microwave tubes.
These components of noise are usually very broad band, whereas the con~-
trollable ones are usually characterized by frequencies related to the
frequencies characteristic of the ripple or other disturbing forces.
When resolved into a-m and f-m components, a correlation between the a-m
and f-m components often exists.

The purpose of this research, however, is not to investigate the
sources of the noise, but to measure it.

9. MEASUREMENTS
9.1 Scope

Since the Amplitron is to be used as a transmitter device rather
than, say, a local oscillator, the noise must be measured over a wide
range of frequency from several tens of megahertz from the carrier to
as close to the carrier as possible-~on the order of a few kHz. To
define the noise adequately, a resolution into a-m and f-m noise is
required.

9.2 Measurement Techniques

The noise measuring system must be capable of measuring very low
level signals (the noise) in the presence of a very strong ome (the
carrier). While it is possible to reject a strong signal with a pre-
selector, (which is not readily available, anyway), the selectivity
required of such a device to discern noise within a few KHz of the
carrier is impossible to attain. An alternative scheme is required to
prevent the carrier signal from entering the measuring system lest it
"swamp" the noise to be measured.

The method used here consists of use of the bridge arrangement

shown in Figure 9.l1. In this arrangement, the input signal of the
amplifier is balanced against the output signal in amplitude and phase
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so that the carrier signal is nulled. The only signal remaining to be
measured by the detector is the noise and other spurious signals gen-
erated within the amplifier under test. In the present case, the phase
adjustment is made by wvariation of the probe position in the slotted
line in the input arm, - The amplitude adjustment for balance is made in
the attenuator connected to the branch which samples the output arm,
itself connected to a high power load.

Among the difficulties of this technique is the fact that the
probe must be sufficiently deep to couple appreciably so that the noise
signal fed into the detector may be large enough to be observed. On the
other hand, the degree of coupling must not be so large that a signal be
fed back into the input line from the output line or so deep that serious
mismatch be caused in the input line. These measurements were made with-
out any apparent difficulty from these factors.

Measurements are made with the system as shown, and also with a
limiter placed in the output arm signal path. The former measurement
yields the total noise measurement; the latter, only the f-m part. The
a-m noise power density is determined by differencing the two.

The noise measured by the detector after carrier cancellation is
rendered in absolute terms by a calibration procedure in which a known
power level from a signal generator is pasdgsed directly into the detector
(a Tektronix type 1L20 spectrum analyzer) having sufficient bandwidth to
accept the signal. '

The noise power spectral density measurement is limited by the pre-
. sence of the residual carrier and the prospect of its passing into the
spectrum analyzer. The frequency "jitter'" of the input signal was at
best + 3 kHz; the spectrum analyzer bandwidth was adjustable in steps
downward to 1 kHz. Thus, the noise measurements can be considered useful
to within approximately + 4 kHz. of the carrier.

9.3 Results
9.3.1 Preliminary Measurements on Serial No. 185

It was originally planned to perform complete measurements on two
Amplitrons. The first tube tested (#185) failed, however. It exhibited
spurious oscillations when operated, and on cold test showed a large °
internal reflection. Permanent damage had apparently occurred. Gener~-
ally, it was observed that most of the noise is within a few kHz of the
carrier frequency. Over a broad spectrum of several MHZ about the car-
rier--mostly described by the pass band of the Amplitron network--there
was some "white" noise. This noise was strongly dependent on cathode
temperature; even stmall changes in heater current produced severe
changes in this background noise level.

9.3.2 Measurements on Serial No. 156

Noise in the second of the two Amplitrons was also dependent on
heater power, hence on cathode temperature. Figure 9.2 shows the total
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noise spectrum density when the Amplitron is operated under rated
operating conditions with the optimum heater current, Ip=1.23 dec
amperes, and with a slightly different heater current. It should be
noted that the plotted frequency scale changes at 100 KHZ for the sake
of convenience. Beyond 100 KHz from the carrier, the noise is essenti-
ally "white." For reference, the measurement was repeated with the
Amplitron "cold"; the results shown indicate the limits of measurement
reliability. Clearly, the noise in excess of =75 dbm/Hz can be dis-
cerned at frequencies at least 10 KHz from the carrier.

It is perhaps premature to draw significant conclusions from the
heater power dependence of the noise, since the tubes tested were both
known to have thermal peculiarities, having been rejected by the manu-
facturer on this account.

Measurements were also made with normal rf drive power and with
very small drive. The results are shown in Figure 9.3. The fact that
no peaking of noise occurred at the carrier frequency probably means
that the Amplitron was not locked to the drive signal. 1In this case,
the noise observed is probably all thermal noise from the cathode, with
no carrier-—associated noise (which would have strong f-m components as
well as a-m). The large noise level in the + 50 KHz band around the
carrier appears when the drive level is raised to normal levels.

Insertion of the limiter in the bridge as shown in Figure 9.1
produced the results shown in Figures 9.4 and 9.5. It would appear from
Figure 9.4 that the noise measurement is seriously upset near the carrier
frequency, and that the measurement with the Amplitron operating conse-

- quently has little meaning. It is thought likely that the limiter itself
is a source of considerable noise.

9.4 Conclusions

The carrier cancellation system using a slotted line proved usable
for measurement of the total noise power density of the two Amplitrons
tested. The noise power density was measured at frequencies to within
10 KHz of the carrier; the results are given principally in Figure 9.2.
They show that the noise level is -68 dbm/Hz for frequencies more than
75 KHz from the carrier, rising to approximately =58 dbm/Hz at 10 KHz
from the carrier. There is slight asymmetry in the spectrum.

Measurement of the purely f-m component of the noise was not possi-
ble because of system defects which are thought to be limiter noise.
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APPENDIX A. COMPUTER PROGRAM LISTING

Appendix A.1 Listing of Control Program

10

63
- 40

53
64

66

CUNTROL PROGRAM

JUNF 26 ‘

COMMON/PROB/ JP ¢ SZ 4 THM MMy NM,PSyNF,GAP  THMDP , MMP ,NMP , ND yNKD,
IVDC yNG Yy VOR G CAZCB,CL s GAMA, GAMB, GAMC 4 GA yGB 4yGC yC13C2,GAML,GAM2,51,0G7,
2CIN1,CINZ2,COUT1,CNUT2,FREQ, THTC,
AHT 3 5o GR oy TMAX g NKy KMy LNWT o EMINLZCSAT,CNSTLUTHERM,,PIN,POIN,THNDIN, TAU
43KDTS,TO

COMMON/CHARGE/ IM . ;
COMMON/STATUS/TIME ,STEPN, M4 QPP ACGy XXy LGyCCAT,JT,QA,QR
COMMAON/CONSTS/ALP,NANByDCy DNy NAGYDRG,DCGoDNDG g WA 3 MMM, HS JNMM ,HTH ,PS
TSy MMOM HSP yNMPMyHTHP , PL g TPI yMPT yMAZMB ¢yMC gy MDZICHHHT, GU,THLR ,GAM
2P s GAMMy GV 9 GQoy GAMN, OMEGA s THS, PMT 4 GBT g GTHS y PMAX 4yFNS 88, AC,4A,TP,TPT,
DM )

DIMENSION ICHI(15)

INTEGFR STFEFPN

CALL PESFT(L)

CALL TNPUT

CALL RESET(M4)

CALL SETTIM(JT 4ACF)

CALL TIMFGN(L,ICH(1})

K=0

CALL RESETIL)

CALL SPACH

CALL TIMEGN{L,ICH{?2))

CALL RESET{(L)

CALL CKT

CALL TIMEGNI{L,ICH(3))

CALL RESET(L)

K=K+1 o

TFIMONDIKyKDIS) e EQs1aNRTIME,GELTD)CALL DISPLA

CALL TIMEGNAL,ICH(4))

CALL TIMLFY(J,ACF)

CALL RESFET(L)

TF(JLTLICH{LI2)IIGO TO 200

CALL FIVE

CALL TIMEGNIL,ICH{S))

CALL RESETI(L)

CALL PSIPR

CALL TIMEGNI{L,ICH(6))

CALL TIMLFT({J,ACF)

ITFIJLTLLICH(13)) GO TO 300

CALL RESET(L)

IF{K.NF.,1} GO TO 410

CALL KATE _

CALL TIMEGN{L,,ICHIT))

IF(K.EQ.KM) K=0

CALL TIMLFT(J,ACF) .

TF{J.LT,.ICH(14)) GO TO 300

CALL RESETI(L)

CALL NEWT
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320

330

CALL TIMEGNI{L,ICH(8))
CALL TIMLFY(J,ACF)

IF {J.LTLICH{15)) GO YO 300
CALL RESFT{L)

CALL ANAL

CALL MARGE
IF{TIME,GT.TMAXIGO TO 10
CALL TIMEGNIL,ICH{9))

GD T9 41

MA=2

CALL MARGE

GO TN 10

END

73~



Appendix A.l.1

Timing Subroutine (IBM 360 Assembler Language)

TITLE *TIMER!
* CAtL RFSET(L)
* CALL TIMEGNIL,M)
% CALL SFTTIM (L,TMAX)
* Catt, TIMLFT{J,TMAX)
ENTRY RESET TIMEGN  SETTIM, TIMLFY
3ALP 10,0
USING *,10
RESET SAVFE {(14,12)
L 12,0(1)
TIME RIN
T N,01112)
RETURN (14,4120
TIMEGN SAVE  (14,12)
L 11,41
L 12,0(1)
L 11,4(11)
TIMF BIN
S 0,0(12)
ST 0,0111)
RETURN {14,12)
SETTIM SAVE {14,12)
L 12,0(1)
LR 11,1
L 11,4{11)
TIMF  BIN
A 0,012}
<7 0,0011)
RETURN {144,12)
TIMLFY SAVE  {16,12)
L 12,0{1)
LR 114
L 11,4011
TIME  RBIN
LCR 0,0
A 0,0{11)
<7 0,0(12)
RFETURN (14,12)
END
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Appendix A.1.2

TITLE *DATE SUBROUTINE?

ENTRPY DATE
DATE SAVE  (14,12)
BALP 5,0
USING *,5
L 9,0(1)
L 10,411)
L 11,8(1)
TIME
L 2,=X90000000F?
NR 2491
L 2, =X"D000FFFF?
NR 3,1
SRA 1416
SLA ly4
AR 1,2
ST 3,8+4
SR 6,6
ST 648
ST 640D
cvB 3,8
ST A,B+4
ST 14D+4
CVB 1,0
ST 1,8
LA 2:4
AGN L 3, MEND( 2)
TST Cc 3,B+4
BNL ouT
A 2|=F'4'
8 AGN
nuT L 44.8%4
< 4y MEND-4(2)
ST 4,0{10)
SRA 242
ST 2,0(9)
L 248

ST 2;0(11)
RETURN (14,12)

B DS D

D ns D '

MEND DC 13F10,931460991,5121,152,1824213,2444274,305,9335,366"
END -
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Appendix A.2 Input Program

130

1902

1003

1004

1307
113

SUBRIUTINE INP1

JUNE 20

COMMON/ PROB/ JPy SZ o THMy MMy NMy PSy NE y GAP 3 THMP , MMP ,NMP 4 ND y NKD
1VDC yNG s VDR, CAyCByCCyGAMA, GAMB Y GAMC, 52 4GBy 3C 4C1,C2,GAM1,GAM2,51,52,
2CIN1,CIN2,CNUTY,COUT?,FREQ, THTC, -
BHT 4Gy GGy TMAX g NKy KMy LNWT 5 FMING CSAT,CNSTyUTHERM 4PIN, PNIN, THDIN, TAlJ
44KDTS,TD

COMMIN/ STATUS/TTME,STEPN, M4, QPP ACF, XXy LG,CCAT,JT,Q4,08

DIMENSION QA(100),QB(100) |

COMMON/ CHARGE/ IMyCy Py THyUY  UX o ER g ETH, ERSy ETHS

DIMENSTON CLE0N),PLA00) s THI600) ,UXI600) ,UY {5001 4ER(600),ETHIA00) ,
1ERS{5001, FTHS (500

COMMIN/CONSTS/ALP yDA4DB,NCyDDyDAGyDRG NG DNG ¢ WA » MMM, HS g NMMHTH , PS
1Sy MMM LS D NMPMy HTHP y DT, TP yMPT ¢MAZMBMCyMD ,ICHHHT, GU, THCR ,GAM
2P 1 GAMM,GY GOy GAMNy NMEGA s THS yPMT ,GBT y GTHS s PMAX ,FNS, A8, AC, AR, TP, TPT,
annT

DIMENSION I1CH{15)

COMMON/NETHRK/VEVE 4V T,QE4QPy M

NIMENSION VF{RO),VF(RC),VI(80),QF(80),0P(30)

DIMENSTON M(6400) 4LL{RO),PP(30)

DIMENSTON VDD (80)

REAL ™

DIMENSTON MN(12)

DATA MN/'JANLFEB.MAR ,AOR, MAYJUNEJULYAUG.SEP.OCT.NNV,DEC. "/
DIMENSTON ERA(2),ERB(2),FRCI2),FRD(2) ,ERE(2),ERFI2),ERG(2),FRH(2)
EQUIVALENTE (FRA,JP), (ERB,TIME),(ERC,VE) s (ERD,IM),(FRE,F),
1(EPF,PST), (ERGyALP) 4 (ERH, CAN)  (LNWT4ME)

TNTEGER STEPN

ENTRY INPUT

NC 1001 1=1,%4

ERA(I)=0.

ngc 1002 1=1,209

EPB(I)=0,

DO 1003 1=1,6800

ERC(I)=0.

DD 1004 1=1,5401

ERD(I}=0.

no 1007 I1=1, 62

ERG(I)=0.

FORMAT('1 JOB RUN ON *,A4,13,%, 19',12//7)

CALL DATE(JMN,JDA,JYR)

PRINT 113,MN{JIMN),JDA,JYR
READ 111,4P,J7
PRINTIVIY, 4P, J7T

READ 111,MCyMQ
PRINTII1,MC,MQ

READ 111 ,ME, MF
PRINT111,ME, MF

IF(MC.EQ.1) GB 7O 210

READ 110,57, THM MM,NM, ICH(15)
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119

111

112
129

121

621

PRINTYI1045Zy THMy,MM,NM, ICH[15)
FORMAT(2FE15,4,3110) :
READ 110,GAP,THMP,MMP NMP,NFE
PRINTIIND,GAP,THMD ,MMP ,NMP,NE
READ 111,NDyNKD
PRINTIYL,NDyNKD _

READ 111,ICH(12), ICH(13)
PRINTIVYL,,ICH{)12), ICH{113)

READ 112,HT G466y TMAX
pRINTll?.'HTyﬁvGG' TMAX

READ 112,UTHERM,EMIN,CONST,PS
PRINTILI2LUTHERM,EMIN,CQONST, PS
READ 120,VNDC NG
PRINT120,VDC4NG

NGP=NG+]

READ 112,{VDD{T1},I=NGP,NE)
PRINTIL12,{VDDLI), I=NGP,NE)
FORMAT(2110)

FORMAT( 4E18,3)
FORMAT(E20.6,115)

FARMAT( SFEl4.7)

READ 120,CNST,NK
PRINTIZ20,CNST,yNK

EQUIVALENCE (TAU,TLIFE)

READ 121,PIN,PDIN,THDIN,TLIFE
PRINT1I21,PINPDIN,THDIN,TLIFE
RFEAD 111:,KM,KDIS
PRINT1Y1,KM,KDIS

READ 121,CAyCB,CCsGAMA,GAMB,GAMC,GA,GB,yGC
PRINT121,CA,CR,CC y GAMA,GAMB,GAMC ,GA,GB,GC
RFAD 121,CIN1,61,C1,6GL1,C0UT1
PRINT121,CIN14G14C1,GL1,C0UT1
READ 121,CIN2,G2,L2,6L2,C0UT2
PRINT121,CIN2,G2,C2,6L2,C0UT2
READ 121,FREQ,THTC
PRINT121,FREQ,THTC

READ 111,JPR

PRINT111,JPR

IF{MC.NE.2) GO TO 75

READ 120,TIME,JPL

PRINT 120,TIME,JPL

READ 1204, TIME,IM
PRINTY20,TIME,IM

FORMAT(20A4)

READ 621, {CII)yPLI)THIT)UYLTI I UX (1),1=1,1IM)
PRINTI21,{CLI)PLT) o THID),UYL{I)UX (1),1=1,1IM)
READ 621,(QE{J) +J=1,NE)
PRINT 121,{QFE{J4) ,J=1,NE)}
READ 621,1QP(J) ,J=1,NE)
PRINT 121,{QP{J) +J=1,NE)
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READ  A2T,{VEC(I)}) +J=1,NF})
PRINT Y21 ,{VFLJ) +J=14NF)
READ 621, (VFLJ) ,J=1,NE)
DRIMT 121, {(VF(J) 4J=1,N%)
READ A2, (VILJ)Y ,J=1,NF)
PRINT 121,(VI(J} »,J=1,NE)
FLD 1704 XX 9L Gy CCATHSTEPN
PRINT 1204XX 4L GyLCAT,STEPN
READ 621, (QA(K) K=1,L6)
PRINT ]?.1.9((36\(&’,’(:._7[.6’
READ 621 ,{QB(K} X=1,1LG)
PI=3,141593

THCO = PI/FLOATINK]

TF (MY NFL,O)MD=1
TFMY.EQ.0)MD=2

NMM=NM=]

FMMM=F{ NAT (MM~1)

F NMM=NMM

MMOM=MMP-1

NMPM=NMD -1

EMMPM=MMDM

FNMPM=NMDPM
HS=11,-S7)/FMMM
THM=DP[*THM/ 110,
THMP=THMP*P] /140,
HTH=THM/ENMM

TRI=PI+4+PI]
NDT=TPI/FLOAT{NE)
HED=(1,=SZ)/FMMPM
WA==FLOAT{NK)/S?
HTHP=THMP/FNMPM

PSS=PSkDS

TD=TMAX~-2,

ALP=2 (FGGEHT

DB=ALP

Db= 5% Fa®k2
DO=(ALPX%3 ) /b6,
DC=(ALPEEL) /24,

DDG=DD%G

DAG=DA*G

DBG=NR*G

HHT =, 5*%HT

HA= HT®*HHT/3,
GAM1=GL14+GAMA+GAMC +GAMB
GAM2=GL2+GAMA+GAMC +GAMB4+GAMB
GAMN=GAMA+GAMC+GAMC +GAMB+GAMB
H==GAMCXHA-CC —-GC*HHT

D=CA+(CB+C1 +GAMIEHA +CC+{GL4+GA+GB+GC ) *¥HHT
E=-CB -GAMB¥HA-GB¥*HHT
F=CA+CB+CRB+(L2 +GAM2%HA +CC +{G24GA+2,%GB4GC ) *HHT
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A=CA+CR4+T R4GAMNYHA  +CC4CC +(GA#2 %GB +2 ,#GC J#HHT
NET =NG=?
ne 21017 Jg=1,MFT
NI=J+NG®({J-1)
MP2=N1+]
N2=N1+NG
Ne=N1+2
NS =N2+NG
M{MY) =R
M{NZ)=F
M{NZ)=F
M{N4) =H
2101 MINB)Y=H
M(1)1=0D
NI =NG**?
N2 =2 +N7%5
N2=NG~-1+NGR{NG-2)
NM4&=N3+1
ME=NT -]
M{M1) =D
MIN?2)=F
M{N3)=F
M({N4&)=F
M{NS) =F
Cell MINV{M,NG,NELTA,LL,PP})
GAMM=~GAMC
GAMD==GAMB
GU=G1+GAMI%HHT+GA+GR+GC
GV=0G24+GAM2%HHT +GA+2 . kGB+GC
GO=GAMNRHHT +GA+2 . *GB+2 %G
5B==GAMBYHHT~GR
GC  =-GAMCYHHT-GC
D0 76 N=NGP,NFE
VEF{N)=VDDIN)~-VDC
75 VE(N)}=VDDR{N}
210 REFTURN
END
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Appendix A.2.1

SUBROUTINE MINV(AN,DyL M)
DIMENSION A{1),L{1),M(1)
3 N=1.
NK=-N
N0 81 K=1,N
NK=NK+N
LIK)=K
MIK) =K
KK=NK+K
BIGA=A{KK)
D 20 J=K4N
[Z=N&0{J-1)
0 20 I=KeN
[J=17+1
19 IF(23S{RIGA)-ABRS(ALTJI)NNILS,20,20
15 BIGA=A{T1J)
LIK)=T
A{K)=J
20 CONTINUF
J=L{K)
1F{J-K)35,35,25
7?8 KI=K-N
DC 20 I=1,N
KI=KT+N
HOLN=—-A{KT)
JT=KI-K+J
A(KII=A(JT)
30 A{JI)}=HOLD
25 1=MIK)
IF{T1-K)45,45,328
23 JP=N#{T-1)
DO 40 J=1,N
JK=NK+J
JI=JP+J
HOLD==-2{(JK)
A(IK)I=AT1UT)
40 A(JI)=HOLD
45 TF(BIGA)48,446,48
4h D=0,
RFTIIRN
48 DO 55 I=1,N
. IF(1=K)50455,50
50 IK=NK+]
A{IKY=A{IK)/{-BIGA)
55 CONTINUE
DN 65 I=1,N
TK=NK+I
I1J=1-N
DC 65 J=14N
IJ=1J+N
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60
A7

108

118

120

159

TF(1=-K)20465,60
TR(J=KYAZ 465,62
Kd=TJ-T+K

AT =A(TIK)RA(KI)+A(T )
CONTINUF

K J=K~M

N0 T3 Jd=1,N

KJd=K J+N
1F1J=-K)}T70,75,70
A(KJI=r(KJ)/BIGA
CONTINYFR

NN+ 164
A(KKYI=14./781GA
CONTINUE

K=N

K=K=-1
[FIKI150,150,105
I=L{K)
IFUT-K)Y20,120,10°7
JO=N&{K~=1)
JR=N*({1-1)

ne 110 Jd=14N
JK=J39+J

HALD=A LK)
JiI=Jg+d
A{JK)}==210JT1)

AL JT Y =HALD
J=M(K)
IF({J=K)100,100,125
KI=K-N

DG 120 I1=31,N
KI=KT+N
HOLD=AIK]T)

JT=KT =K+ J
A(KI)==ALJ1)
A{JI)=HALD

GO T 199

RETURN

FND
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&0

99
85

e
Q02

9l
93

98
99
101
100

i40

Appendix A.3 Space-Charge Green's Function

SURROUT INF SPACH

COMMON/PRNOB/ JP 4 SZ yTHMy MM NM DS NF g GAD , THMP s MMP (NMDP L NP, MK,

VVDE g NG o VOR g CAyCByCCy GAMA Y GAMBy GAMC e 54 4GB ¢ 3C o C1 402y GAMY , GAM2 457 ,G2,
2CIN1,CIN2,COUTL,COUT? ,FREQ, THTC, i
THT 1G9 GGy TMAX o NKy KMy LNWT o FMIN, CSAT ,CNST UTHERM ,PIN,POIN, THDIN, TAU
4,KDTS,TD

CAMMAN/SOCHEN/F

DIMENSION BK (100),F(18,18,18),FN(5832)

COMMAN/CONSTS/ ALP g DA ¢ DS 4Ny NNy DAG, N3G 4 DEG yDING o WA o MM HS y NMM JHTH o PS
15y MMD My 4 P NMPM HTHP y PT,TPT yMPT ,MA, MR ,MC,MD, ICH,HHT,  GtJy THCR ,GAM
ZPvGAWM»GV-GQoGAMN.OMFGA,THS,PMT,GBT.GTHS.DMAx,FNs,Aa,AC;AA,rp,TpT,
apuM

NTMENSION ICH(15)

[F(MA.EQ.1)G0 TO 220

N=ALIG(SZ)

COT=CNS{HTH)

SPT=3IN(HTH)

N=S7-HS

DA 166 M=1,MM

Q=Q+4S

BR=A.NG(Q)

§=57-HS

DN 166 L=1,M

§=5+4S

CG=ALOG(S)

37=83%{CG/N-1.)

37P=32/1000.

SZK=10

SK=1,.

QK=1.

FK=O.

90 100 K=1,100

FK=FX+1,

SK=SK*S

AK=0K*Q

SIK=SZK*S2Z

IF{S7KeGE1.E=04)G0 TN 902

E=].c

GO TO 91

E=] =S ZKXSZK

FP={IK=1./QK) /E

Gp-':Oo

IF{SK+LTe100004%SZK)
16P=(SZK/SK)%*SZK

BK(K)=FP*{GP-SK) /FK

IF(RK(K)+GE.BZP)GO TO 100

KA=K

G0 TO 140

CONTINUE

KA=100

CT=CDT

ST=-SDT
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153
165
164

209
220

NG 165 N=1,NMM
TE=CT#CNT=§T#SNT
ST=CT®SNT+ST*CDT
CT=TF

B=0,

CKT=1,

SKT=q'

NN 1A0 K=l,KA
CL=CKT*(T-SKTAST
SKT=CKTHST&SKT*CT
CKT=0L
2=RB+B3K(K)®CKT
R=R+37

F(MvL 1N"—'R
FILyMyN)=8
CONTINUF

CONTINUF

MA=1

GO T (200,220),MD
EQUIVALENCF(F,FD)
CALL PDUMP(FD{1),FD{
RFTURN

FND

5832)45)
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Appendix A.4 Anode Green's Function

45

46
50

55

CALCHULATION DOF CIRCUIT PATENTIAL FUNCTION

SUBRNYTINE CKT ‘
COMMAN/OROB/JP ySZ g THM MM GNM DG NF o GAP 3 THMP , MMD (NMP, NN, NKD,
30l
COMMON/STATUS/TIME ySTEON, M4 , QPP ACF XX LGyCCAT,JT,24,QR
COMMON/CKTFCN/DPST

DIMENSTON PSI(2500)
2,¥S{100),VB(100),V{(50,50)

EQUIVALENCE(V,PST) .
COMMON/CONSTS/ZALL ¢ DAL DBy DC DNy NAGy IBGHyDCGyDIG g WAy MMM HS  NMM ,HTH 4P S
1Sy MMOM, HESP yNMPM  HTHP y PT s TPT yMPT ¢MA MR MLy D, ICH,HHT, GU,THC2 ,58M
2P 3 GAMM, GV, GRyGAMN y OMEGA y THSyPMT 4 GBT g GTHS yOMAX JFNS,A8,AC,AA,TO,TPT,
3INUM

DIMENSTION ICH(15)

IF(MB,FRQ,1) GO T2 220

S71SQ=S71#%8Z

FN=NME

CN==1,/7{FN*ALDGI{SZ))

NFELTHBR=PT/EN

NFLGP=GAPRDELTHA

THB=],

GP=0.

NN 30 K=1,100

GP=GP+DELGP

THR=THR+DTLTHR

VK={SIN (GP)/GP)A(SIN (THR)/THR)

VB{K}={VK+VK)/EN

$=52

DO 45 N=1,NMP

V(I,N)=Go

N0 1A0 U=2,MMP

S=S+HSP

VSZ=CN*ALOG(S/S52)

VIiM,;1)=VSZ

SZTK=1,

SK=1.,.

DO KO K=1,100

SK=SK*S§

‘SITK=SZTK*SZSQ

E=1.'SZTKv

R={SK-SZTK/SK}/E

VS(K)=VB{K})*R

VIM,1)=VIM,1)+#VS(K)

IF{R.GE,.0051GD TD 50

KA=K

GO TO 55

CONTINUE

KA=100

DO 70 N=2,NMP
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€0
70
100

250
2720

AH=FLOAT (N~1)%HTHP
SDTH=SIN (AH)
SKTH=0,
COTH=COS (AH)
CKTH=1,
VETH=0,
DO 60 K=1,KA
TE=SKTHACDTH+CKTH*SNTH
CKTH=CKTH*CDTH=-SKTHRSNTH
SKTH=TF
VSTH=VSTH4+VS{K)*CKTH
VM N}=VSTH+VSTZ
CONTINUE
MB=1
GO TN (2504220),+MD

CALL PDUMPIV,V1{50,50),5)
RETURN

END
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Appendix A.5 Graphic Display

SUBROQUTINE DISPLA

COMMNON/PROB/ JPySZyTHM MMy NM,PS NE yGAP 4 THMP . MMP , NMP, NNy NKD,

1IVDC s NGyVDR4CAL,CB,CCy GAMA, GAMB,, GAMC, GA, GB,GC,C],CZ,GAMl,GAM?,Gl,G?,
2CIN1,CIN2,COUT1,COUT2,FREQ, THTC, ;
BHT,G,GG;TMAX,NK,KM,LNWT,EMIN,CSAT,CNST,UTHERM,PIN,PDIN,THDINyTAU.
Q’KDIS’TD
COMMON/CONSTS/ALP¢DA,DB,DCy DDy DAG,DBGH,DCG4DDG y WA y MMM,y HS yNMM yHTH,PS
1Sy MMPMsHS Py NMPMyHTHP y PT, TPTyMPI yMA,MB ML 4 MD, ICH,HHT, GU, THCR ,GAM
2Py GAMM, GV, GQy GAMN, OMEGA 4 THS yPMT ,GB Ty GTHS , PMAX yFNS,» AR, AC, AL, TP ,TPT,
3MDD

DIMENSION ICH(15)

COMMON/CHARGE/ IM4CHyP, TH,UY’UXpERyETH,ERS FTHS

DIMENSION C{600),P{600),THLE00),UX{600),UY {(600),ER(600),FTHIA00),
1ERS(600),ETHS(600)
COMMON/STATUS/TIME STEPNy M4, QPP ACF 4 XXy LGyCCAT,JT,QA,0QB

DIMENSION JFMT(2)

DATA JFMT/*(1X,0000A1}*/

DIMENSION TA(4)4NC(4),WI(B300),XX{600),YY(500),X{500),Y(500)
1,LDIX(250),D1IX{63)

DATA DIX/?' %%k % &k k% k% dkk * gk * ® kR kb
1 * dokk %k *kk kK * kK & kkk * Ak ok ok wkkokok
2 # hdokdokk ook ke kdkdk  kkk ok Kkokk k ok khk dkkkkok *
3%k kK dkk ok dokk & ok skokk kkk ok ok kdkkk x Kkt v/,

4DECPT/v%v/ ,BLANK/Y *7,PLUS/*+Y/
54NC/379%4+53,60/+IM/7/0/

DIMENSION MN{12)

DATA MN/'JAN.FEB.MAR,APR, MAYJUNEJULYAUG.SEP,OCT.NOV.DEC.?/
INTEGER STEPN

LOGICAL*®1 LBLANK,LDIX,LDECPTy;W,LPLUS,LSTAR
EQUIVALENCE (BLANK,LBLANK),,{(DIX,LDIX} {DECPT,LDECPT,LSTAR)
1, (PLUS,LPLUS)

IFLJM.GTL.0 1GO TD 10

IM=5]

NH=61

IX=MOD(NH,10)

1¥=MOD{NH,100)/10

1Z=MODI(NH,1000}/100
JFMT{2)=0FMT(2) +IX+256% 1Y +65536*17

NV=14

NHNV=NH*%NV

NHP=4%NHNV

NH=NH-1

CALL DATE(JMN,JDA,JYR)

X{1)=0.

Y{1)=1,05-S2

Xt2)=P1/2,

Y(2)=Y(1)}

X{3)=X12)+P1

¥Y{3)=0,

Xt4)=TP1
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Y{4)=n,
J=F
FA:Nt
FR=N9
AFC=PT/FA
FR=1,~GAP
ATH=FR*%ARC/FB
CD=NTH
N 210 L=1,NF
I=L+L -1
THC=Z%¥ALL
CC=THC
€Q=CL
Ch=CC
X (J1=CQ
Y{J)=1,=57
J=J+1
NG 200 N=1,ND
CQ=CO+CDH
CB=CR=-CD
X(J)=0C19
Y(J¥=1,-57
J=J+1
X(J)=CB

) Y{J)¥=1.,-%7

7?00 J=J+1
pe=1, -S7
DP=DD¢ .08
X (4)1=C8
y{J)=pPP
J=J+1
X{J)=0CQ
Y{J)=pPpP

219 J=J+1
FC=50,
DTK=PI/FC
SF=0.
DG 300 M=1,100
X{J)=SF
Y{J)=0,
J=J+1

300 SF=SF+DTK

10 DO 60 I=1,NHP

60 WI)=LBLANK
DO 450 N=1,4
JW=1+{N-1)%NHNV
HLFT=FLOATI(NI*PI/2,
HRT=HLFT-PI/2. -

 CALL PLOTS(J=1,NHyNVHLFTyHRTy1,05001=SZ,04 sXsYsLPLUS,W{JIW))
450 CALL PLOTSUIMyNH NV HLFTyHRTy 1,05001-SZ40.yTHyPHLSTAR,,W{JW))
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PRINT 1,MN(JMN),JDA,JYRyJP,STEPN,TIME
1 FORMAT(IH1,A4,13,4H, 19,12, 3X,8HSER. NO. I5,5X,8BHSTEP NQO« 414,
15X, 5HTIMEY ,F7.3)
pRINT JFMT,(W(I"I=1'NHP)
550 RETURN
END



Appendix A.5.1

SUBROUTINF PLOTSINP NH NV yHLF T HRT,VTCP,V3NTyHyVyCHAR W)
DIMENSTON H{T1),V{1},W(1)
LOGICAL*] CHAR, W
HR=HRT-LFT
VR=V30QT=-yTHP
NHDP=NH+1
ne AO0 N=1,NP
RV=(VINI-VTOP)}/VR
TF{RV L T.0.,.,0RPV.GT,1,) GO TO 600
J=PVERFLOAT(NV=-1)+1,5
RH={H(N)-HLFT) /HR
IF(RH L T0.,0RRH,GTL1,) GO TO 600
K=RHE&FLUAT(NH~1)4+2.5
NB=K+NHD#{ j-1)
WINB)= CHAR
600 CONTINUE
RETYRN
END
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Appendix A.6 Space-Charge Field Calculation

SUBROUTINE FIVE
COMMON/STATUS/TIME ySTEPN, M4, QPP ACF, XXsLGyCCATyJT,QA,08
COMMON/CONSTS/ALP DA, DB, DCyDDy DAG,DBG yDCGyDDG o WA o MMM HS o NMM 4 T+
1S yMMP My HS Py NMPMy HTHP , PT, TPT yMPT 4MA ,MB , MC , ¥D
COMMON/CHARGE/TIM,CyP o THyUY, UXER,yETH, EPS,ETHS
DIMENSION C{600),P(600),THI600),UX(600),U¥Y {600) ,FR{600) ETH(6!
1ERS(A00), ETHS {600}
COMMON/ SPCHFN/F
DIMENSION F(2)
CALL CNOL(F)
G0 TO (10,20),MD
10 CALL PPUMP{TIME,TIME,5,IMyIMy4,CyCIM)5,P,P(IM),5,ERS,ERS{TM),
1ETHS( 1) ,ETHS{IM),5)
20 RETURN
END
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Appendix A.6.1

TITLT

AT

14

15

P NN 3 O Y

TCOOLL1D FOR 360 SYSTEM!

REGISTFER

TP N e D

6
RASF RFG, FNR
RASF RFG,., FOR
BASE RFG, FNR
10
11
13
3ASF REG, FOR
BASE RFG,., FOR

ENTRY CONL

conL SAVE

RALR

{(14,12),,C00L

15,0

USTNG *,15
USING CHARGE, 7,8

- - -

-4

-

e

DA AFE AN NN e
o |

ToCHAD
RyCHAD
Be=F14094"
QyCAD
14,172(9)
14, THCP
14,441(G)
14,4, HS
14,521(9)
14,HTH
14,56(°)
14,PSS
14,326(9)
145 WA
94,PRAD
144419)
14,52
14,1219)
14,MM
9,LHAD
9,=F*16804"!
FRS 9

14,9
14,=F*2400"
ETHS,14
1,0(1) '
1,=X780000000°*
1y=Ft33727
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CHARGE
CHARGE
EPS

ETHS
cooL

CONTENTS
=4
H% IM=~4

4¥(1-1)

ax(J=-1)
L
N
M

+4096
ACF(LyMyN))=2372

18%M
324%N



ST 14AD

ST 13,TS
LE -0+ MUN
DE 0,.HS
STE 09 MRHS
LPER 0,0
STE 0y RHS
LE 2 yMUN
DE 2¢HTH
STE 2 yMRHTH
LPER 2,2

STE 2,RHTH
LE 6oHTH

ME 6y=E*16,"
STE 6 9 THMX
LA O0y4
L 1,IM
SLA 1,2
SR 1,0
SR 242
AA C 0,0(2)
BH EA
SER by b

STE 4,ERS(2)
STE 449ETHS (2]}
LE 44P(2)

ME 44RHS
LER 234

AU 4,CON

STE 44 TF

LH  4,TF+2
AE 49=E*'0,!

SER 244
A 4 4 WUN
c 4 o MM
BNL EA
. C . ___4yWUN
BH ACC
A 4,WUN
AE 2yMUN
-ACC_ STE..  2,FL.
SR 3,3 .
_AC L ...15%,C(3)
BH - EC
_ED  LE_ 0.TH(3)
SE- OsTH{2)
EE CE . OqMPI
BNH  EQQ
YC CE  0.PI -~




EQ

EM

ST
Le
CE
BN

AU
ST

F
ER

L
MF
LE®R

F

~LH

LE

Ay
ST

MR
LA
MR
AR
LR
AR
St

A%
SER

ME
LER
£
LM

AE
SER

BNL
STE

BL
BE

LA

A

LE
AE
SE
SE
HER
HER

LER

ME
LE
AE
SE

Oy
Ty

0
=C

Dy
Oy

5

6y

Ay

6y

X}

by

NTH
0
» THMX

OyRHTH
2,0
CON
TF
5,TF+2
Dy=E'0,.*
240
WUN
?24FTH
p{32)
5y RHS
446
CON
TF
64yTF+2
WUN
69=E'Ou'
4ebH
by MM
EC
4,FM
5,700
EF
EGH
WUN
FG
13,324

1245

11

v 18

1046

11

»13

10411
10,4
10,2

104,AD
2+3200(10)
240700(10)
293292{10)
2,0708(10)
292

242

0,2

0yFL
693368{10)
640632(10)
6,0776{10)
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EMM

NX

ECL

EC
EA

EF

SE 6493224(10)

HFR 696

HER 696

ME Ay FM

AER 0,6

LE 643296(10)
SE 6,07041(10)
HFR 646

AER 045

LE 4,2000(10)
AFER 444

LE 6543296 (10)
AE 6,0704110)
SER 64

ME 642FTH

AER 046

ME 0,C(3)

ME 0y MRHTH

C 04DTH

A NX

LCER 0,0

AE OyETHS(2)
STE DL,ETHS(2)
ME 24FTH

LE 0,2004(10)
AE 0,1996(10)
SER 0+4

ME OsFL

AER 0,2

LE 642076(10)
AE 651924{(10)

SE 6,1932(10)
SE 642068(10)
HER hyeb

HER 646

ME byFM

AER 046

LE 642004(10)
SE 691996(10)

HER 646
AER 046
ME 0y MRHS

ME 0,C(3)
AE 04ERS(2)
STE 0,ERS(2)
BXLE 3,0,AC
BXLE 240,AA

L . 13,TS
RETURN {14,12)

CR 243

94—

GB FM + GC FL

E + GB FM &+ GC FL

TFA

E+GB¥FM+GCAXFL+TFA%FTH

GC*FTH

GAXFM+GC*¥FTH+TBB%*FL

A
A+GAXFM+GC*FTH+TBB*FL



YR
U

UEP

RE
L"
o

A

1L
SrER
R
aFED
LA
Mo
LA
MR
AR
1.7
AR
SLA

LF
AER
pED

A

[aliend

anE

£C
11,4
11,4
11, WHUN
23]
11,MIN
UF

Ny 0

69 WUN
FGG
242
]1.,3?’?
12,5
11,18
10456
11,17
10411
10,4
1042
10,00
442000{1D)
4,4
Ay32396110)
65495

2 MM
D,TPT
EQ
N,TPT
ED

44l IN
cL
NyP(2)
NeP{R)
FC

Oy WA
ECL

EN
04P(3)
240
NsSZ
640
NyDTH
0,0
24,P(2)
440
2492
0,2
0,4PSS
NXX
0,PSS
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NXX LE 2.P(2)

- SE 2+P(3)
DER 240
ME 2+C{3)
AFE 2yERS(2)
STE 2yERS{(2)
LCER 2,46
DER 240
ME 23DTH
MER 246
ME 2,C(3)
AE 29yETHS(2)
STE 2+,ETHS(2)
8 FC
EG LE 0yDTH
LPFR 040
CE Ny THCR
BL Urp
] EC
EGH LR 11,4
SR 1146
LPR 11,11
C 11, WUN
BYH EGG
A 59 WUN
LE 2,FTH
SE 2 3FUN
STE 24FTH
B EGG
MUN ne Ft-1,"
MS DC X100FFFFFF!
CON DC Xv46000000!
WUN DC Fr1
09 DC Fi121
MIN ne Fr-11
MP1 ne F1-2,141593"
AD DC Fe0?*
TS DC FO?
THMX DC F10
MRHS DC FiQ?
RHS 0cC Fro?
MRHTH ne FeO
RHTH DC F'O?
AL DC FeO
TF DC Fip?
TFL DC FY0?
DTH DC F10¢
FTH pC FeO?
M DC FiQ?,

FL oc  Feo!
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VR
THC 2
L
LT
peg
WA
Py
TET
<7

A AL
(HAD
AN
pRAN
CHARGF
M

C

p

TH
op
THH
FF
FTH
EP3
£THS
ceNSTS
nenR

ar
ne
e
e
nes
(R
ne
ne
nea
RS

e

D

f\c
ner
0ne
NS
NS
[RRN
ns
NS
[RAN
RN
NS
Na
ne
NS F
END

FY2,14159

30

E14,2931RA1

r
r
V{ICHARGE )
VICNMSTS)
V{PROARY

cT
F

HO0OF

ADOF

ANOF

AQNOF

ADOF

6EQOF

ANNE

ADOF

6&00F

ECT

cT
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Appendix A.7 Induced Charge, Network Response, & Circuit Fields

501

€10

630

640

660

SUBROUTINE PSIPR

COMMON/STATUS/TIME,STEPN, M4,QPP4ACFyXXyLGyCCAT, JT,QA,QB

DIMFNSION QA(100),Q8(100)

COMMON/CHARGE/IM,CyPyTHyUY  UXsERyETH, ERS, ETHS

DIMENSION C(600),4P(600),TH{600),UX{600),UY (600),ER(600),ETH(600),
1ERS{A00),ETHS(600)

COMMON/CKTFCN/PST

DIMENSION PSI(50,50) _

COMMON/NETHWRK/VE yVFyVI QE4QPy M

DIMENSION VE(80),VF{80),vVI{80),QE(80),QP(80})

DIMENSION M(6400),VR(80)sW (80)
COMMON/PROB/JPySZyTHM MMy NMyPS o NE GAP yTHMP y MMP ;NMPy NDyNKDy
1VDC yNGyVDR,CA4CByCCy GAMA,GAMBy GAMCy GA yGByGC yC14C2,GAM],GAM2,G1,G2,
2CIN1,CIN2,COUTL,COUT2,FREQy THTC,
3HT yG 9GO o TMAX ¢ NK g KMy LNWT yEMINy CSATyCNSTyUTHERMyPINyPDIN, THDIN, TAU
44KDIS,TD
COMMON/CONSTS/ALP DAy DBy DCyDDyDAGyDBGyDCG9yDDG 9y WA s MMMy HS ¢y NMM yHTH,, PS
1Sy MMP My HSP yNMPMyHTHP P14 TPIyMPTI,MA,MByMCyMD 4 ICH,HHT, GU, THCR ,GAM
2P s GAMM, GV 3 GQy GAMN y OMEGA ¢ THS ¢PMT 4GBT s GTHS y PMAXyFNSyAByACyAA, TP ,TPT,
3DDT

DIMENSTION ICH(15)

THS=TPI/FLOAT (NE)

GTHS=GAP®THS

IT=1

DO 3 NA=1,NE

QP{NA)=QE (NA)

QE(NA) =0,

DO 61 1=1,1IM

ER{I)=ERS(T)

ETHIII=ETHS(I)

IF(C(I)}61 61,610

AL=P(TI)/HSP

CALL FIXER (ALsFL,L)

IF{L-MMPM}T7,6,630

SIG=TH(I}/THS

ISE=SIG ¢.5

FISE=ISE

PSIP=(FISE~-SIG }/GAP+.5

[y=ISE+1

IF{IY.GTNE) 1Y=1

1Z=1ISE _

IF(IZ.EQ.0) IZ=NE

GO TD(6404660),IT

DQ=C(1)#PSIP

QE(IZ)=QE(IZ)¢DQ ,

QEC(IVI=QE(IY)+C(I)-DQ

GO TO 61

ER(I)=0. :

ETH(I)=(VE(]TY )‘VE(IZ)’IGTHS

GO TO 61
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13
110
12

y 2o

132

ay
20

©D

O’

33

60
51

590

L={=1

vl =FL+1,

DYAD NAST G NE

LTTE =0

OTHz (ELNAT{MNAST )4, 5)*OINT-TH( 1)
[F{NTH-2T)132,122,131
DTH=NTH=TMY

GO T o170

TRF{OTH+2T) 127,122,113 ¢
NTH=OTH+TPT

G0 T 179

JR(DTI) 14,146,146

{_TTL“-:?

DNTH=ARS (DTH)

AL=0DNTH/HTHP

CALL CIXER{ALFTH M)

IR N=NMDPM) 20, £N,60
PY=RST(L,N}/2.
RYI=21V4PST{L4N)
A=2,00STOL#Y,N)

AT =, 5"DCT{(L+2,N)

ATAI—NRE.R?

A=3R -0CT{{ 41 ,N)+31]
32=7,4PST{LyN+1)

3= BEDST{Ly N+ 2)

YC=R2=R&~R72
D=RE-CST (L N+ ) 4R

GX=CST{L+ T N+ 1L I+PST L o N)=PST{L+Y,NI=PST{L N+
S0 TO (859,580),I17
ERLTI=FRUII4VE(MA Y (A4 # REF_ +GX*FTH) /HSP
STH=(YC+2 4D FTHHGXRFEL ) /HTHP

ey LITFL.GF.1IGD TR K2
FTHIT ) =TT )=VF{NA)IEGTH
GO TR KD

TTHOT )=TTH(T ) +VE(NA)FGTH

GO TN 69

AEANAY=QF ANAY4C LT #(PSTIL ,NI+FL*(A+BHFL+GX*ETH) 4 { YCHD#FTH ) #FTH)
CONTINUE

CONTINUFE

GO TO(R00,92), 17

TPT=TPI#FREQ* {TIME-HHT )
WELI=CTINTACOS(TPT)I+{QP(II=QF (1) ) /HT=GURVF (1 )-GC*VF{3)-GAM1*VI(1)~
1GAMMEVI (2} =GRAVF{2)-GAMPHVI(2)
W{2)=CIN2*COSHTPT-THTC)+(QP(2)-QF{(2) )} /HT-GVXVF{ 2)-GC*VF (4)
1-GAMZEVI{2)~GAMMEV I (4 )~GRXVF(3)~GAMPX(VI(1)+VI{3))-GBEVF(])
WING=1) ={QP{NG-1)—QE{NG~1) )/ HT-GVEVF (NG=-1)=-GC*2VF {NG~3 )} ~GAM2*VI{NG-
11)-GAMMERVI(NG~3)-GB*VF(NG-2)~GAMP¥VI(NG=-2)-GBXVF(NG)-GAMPXVT{NG)
2 +COUT2RLASITPT-THTYC)

WING) =(QP(NG)—QF(NG) } /HT-GU*VF(NG)-GCRVF(NG=2 )-GAMI*VI (NG )-GAMM*
IVIANG=2)-GR*VF(NG-1)-GAMPRVI(NG~1) +COUTI*COS(TPT)

~99..



NET=NG-2
IF(NG.LT.5) GO TO 411
DO 410 L=3,NET
410 W(L)=(QP(L)=QF(L))/HT-GQ*VF(L)~GCH(VF({L-2)+VF(L+2))-GAMNXVI (L)
1-GAMMK (VI(L=2)+VI(L42))-GRe(VF{L~1) +VF(L+1) )=GAMP#(VI (L-1)+VI(L+1)
1) |
411 CALL GMPRD{W,M,VR,1,NG,NG )
DO 420 L=1,NG
VICL)=VI(LI+(VF(L)4VRIL)RHHT )RHT
VE(L)=VF (L) +VR{L)*HT
420 VE(L)=VF(LI+VDC
1T=2
60 TO 501
99 GO TO (100,120),MD
100 CALL PDUMP(C  yCUIM)454P4P{IM)ySyTHy TH{IM) 45,ERyER{IM) 45 ,ETH,FTH(
1IM)45,VE,VE(NE) 45,QE,QE(NF),5)
120 RETURN
END

~-100~-



Appendix A.7.1

FIYFR

coN
WUN
TF
TG
TK
TH

TTTLE
ruTey
nayyL e
HETNSG
cayr
TN
TN
TP

<TN

LFR
A
<TF

L

RETIHIRN

rNOD
ne
oc
na
ne
nC
(RIS

END

VEIXER{AL ,FLyLYY

FIXEPRP
15,0
7,15
(14,17)
NeTK
?'YK‘FQ
4,TK+1_-".
gy TK+24
Q,01(1)
4,009)
6'4
R CON
r)pT!:
Ay TF+2
Ay WUN
L£e=F 104"
by b
Ae4(1)
440(9)
93,8(1)
4901(9)
9, TK
2, TK+R
G4,TK+16
59 TK+24
(14,12}
NyR
X146000000°
Feye
F
15FYO?
4nto!
£
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Appendix A.7.2

SUBROUTINE GMPRD(A,ByRyNyM,L)
DIMENSTION A(1),B{1),R({1)
IR=0

IK==M

DO 10 K=1,L

IK=TK+M

DO 10 J=1,N

[R=IR+]

JI=J-N

IB=1IK

R{IRI=0,

DO 10 I=1,M

JI=JI+N

IB=1B+1
R{IR)=R{IR)+ALJII*R(IB}
RETURN

END
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Appendix A.8 Cathode Emission

SURP IUTINE KATE
COMYIN/TIM/TIME,STEPN, TM, 0 4P, TH, B0, THN,ER,FTH,ER S, FTHS,
TVE 3 YT 30D, IPP L, ACFE,VF WA, VDRC,VIN,NE, ZN,BFTA, HT 3y TMAX 35955
TEMINGLSATJUTHERM GCNS T ALP, DRy DC LN, NN LING,NAG,DARG yCEZTHKyCK,yCA,
ATHA A D ND G NK g MA MY, PT,TRT,
LR GME G MDYy TOH G QL g MWy MM, g NV NUM, T, PSS, AMP  MMP M, HSD o NMD yNMPM,
SHTHD, (;AP'DT)T,DA';Q%'MF'F'OSI
EQUIIALRMOELFN,F), (CONFIG, TIMF)
DIMENSION CLA0D)2P(ADD )y THIADO} yPDI600), THD(AN0) 4 FR{6D0D),FTHI 600,
LERS{AND),FTHSL{400D)
14y FN{SR3AD),VE(20),0F(20),3P{20) 3 VFIRD) ,VB(30),LE{(SD)},THK(50),
PEKLSD )2 CA0ID) aTHALLIO), TCHTTIR),QA(3N) ,OR(I3D) ,LONFTIG(13551),
2DCF{50,50),EK(80),F{1R,18,18)
INTESZR STFON
MMAz 4]
THCR2=DT/FLDAT {NK)
TX=({WA/DPT )RR D)*D
Nr 4 T=1,NK
FK{T)=0,
2 a5 T=) oNK
Te=To212e JAT(T-1)/FLNAT{NK)
N0 ED =1, M
IF{C{J))150+,50,8
R AL=P(J)/HS
’ CALL FIXER{AL ,FM, M)
Q  TF(M=vMM)10,11,60
1 M= f
FM=T+Y,
1 TH=TH{ J)~TF
130 TE(ITH=PT)132,131,131
12! DTH=ITH-TPI
G0 Ty 120
132 IF(NTH4PT)132,16,16
132 NTH=DTRH+TNY
GO T 1372
14 NDTH=48S (DTH)
AL=DDTH/HYTH
CALL FIXER (ALFTH,N)
Q0 IF(DNTH-THCR)1H61,161,171
1451 I1F{M-1160,165,169
168 TXX==ClJ)*TXxP(J)
TXY=TXX/?,
L=1
[F(DTH.LTL.0e} L=—-L
II=1-L
IF(IT.ENLO) TT=NK
IF(TT.6TWNK) TI=1
TJ=1+L
IF(TJ.FQ.0) TJ=hK
[FITJ.GTNK) 1Jd=1

~
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1569
130

181
182

171
172
17
©23
23
40

50
60

70
213
2130
2131

2132
2133

21139

91
2000
2923
20133
2040
500
600

650
652
899

891

ALF=,5%DDTH/THCR
EJ=C{J)RWA=-TXX
CKOT)I=EKIT)+ (), —ALF)RFEJ+ALFETXY
EK(ITI=EK(IT }+( 1, ~ALF)*TXY
FROTJI=EK(TJI+ALF*EJ+TXY
GO 70 A0
IF(M=-3)180,181,17
FM=F4-2, '

G0 TO 1827

FM=FM-1,

M=4 ’

GO TN 17

TF{N-NMM)172, 60,60
IF{M=-4)60,17,17

83=2.*F(2 yM,N)

BS=45%F{3  4M,N)

A=B3--A§

Gl=F{2 s M+14,N)=-F(2 s MyN)
G3=F{2 yMyN+1LI=F (2 ,M,yN)
EK{T)=EK(T)~C{JIXR{A+GL*FM4GARFTH) /HS
CONTINUE

GO TN (52,61),MD

CALL PDUMPLEK,EKINK},5)

DO 600 I=1,NK

TE =642831853%FLOAT {(I-1)/FLDAT (NK)
N0 600 NA=1,NF

DTH=(FLOAT (NA-1)+40,5)%DDT-TE
IF{DTH-PT) 2132,2131,2131
DTH=NTH-TP]

GO TN 21320
IF{(DTH+PT1)2133,2139,2139
DTH=DTH+TPI

GO TN 2132

AL=ABS (DTH/HTHP)

CALL FIXERU(AL,FTH,N)

I F{N-NMPM)2000,600,600
B33=2.,%PST(2,N)

RE=,5%PS1(3 ,N)

A=B3-85
G1=PST{2yN#1)=-PSTI12,N)
EXK(T)=EK{T)Y4VE(NA)*[A+GL1%xFTH) /HSP
CONTINUE

DO 900 I=1,NK
IFIEK(1))650,890,890
IF(EK{I)-EMIN}H52,891,891
CE({1)=0,.

GO TO 900

CE({I)=CNST:

GO TN 900
CE(I)=CNST*(1.,-EK{I)/EMIN)
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ad0 CONTINUFE
MA=1
G T (R£0,965),MD

060 CALL POJMDLEK yFKINK)y 54CFCEINK},5)
8455 RETLO

NN
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Appendix A.9 Trajectory Calculation

SUBROUTINF NWO1

JUNF 46

FQUIVALENCF (LNWT 4ME)
COMMON/PROB/JIPySZyTHMyMM G NM PSS, NE 3 GAPy THMP , MMP ,NMP . ND, NKD,
1VDCyNGyVDR,4ZA,CB,CCy GAMA, GAMB y GAMC 4 GA 4GB yGC 4C14C2¢GAM1,GAM2 451,62,
2CIN1,CIN?,COUTY,COUT2,FREQ, THTC,
BHT 9 GyGG yTMAX ¢ NKy KMyt NWTyEMIN, CSAT,,CNSTHUTHERM 4P IN,PDIN, THDIN, TAU
44,KDIS,TD

COMMON/CHARGE/ IMyCyPyTHyUY UXyERyFTH,FRS,ETHS

DIMENSTION CLE600},PL600),TH{A00) ,UX{600),UY {600),FR{600),ETH(600),
1ERS(600), FTHS(600)
COMMON/CONSTS/ALPWDA,DB,DCHyDDyDAG,DBGHyDCGINDG g WA » MMM HS s NMM ,HTH ,P S
1S o MMP M HSP o NMPM HTHP yPT s TPT yMPT  MAZMB MCyMD,ICH,HHT, GU,THCR ,GAM
2Py GAMM, GV s GRyGAMN OMEGA s THS o PMT,GBT  GTHS yPMAX ,FNS,AB,AC,AA,TP,TPT,
3DUM

DIMENSION ICH{1%)
COMMON/MARDAT/CAN s WAN ¢ SWK 9 SCKy SANyWAT 4CE4CA,THA,CK,y THK

DIMENSION CE(50),CA(20),THA{20),CK{50)4THKI{50),CAN{80) ,WAN(RD)
ENTRY NEWT

THS=TPI/FLOAT{NE)

GTHS=GAPARTHS

PMAX=1. ~=S1

PMT=PMAX-,00001

DB=2 . *GG*¥HT/FLOAT(LNNWT)

DA=DB*%2/2,

DD=DB%%*3/6,

NC=DB*%4/24,

DAG=DA%G

DBG=DR%G

DCG=DL*%G

DDG=DD*G6

DEG=DBGXDC /S,

CA({1)=0.

CK{1})=0.

L=1

J=1

S“K=Oo

SCK=0.

SAN=0D.

WAT=0D.

DO 11 I=1,NE

CAN{I)=0.

WAN{(1)=0.

DO 20 LCN=1,LNWT

DO 10 I=1,1IM

IF(C{I)})10,10,7

S=SZ+PLI)

IF(P{I).EQ.PMT) GO TO 10

EX=ETH(TI)/S

EY=ER(T1)
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g5

10

31
40

19

120
130

131

BFT =G¥EY/S

DEL==G%EX/S

AA=UY (1)

AM=UX{1)

AR=FY+AM

AN=FX-84

AC=4N+DEL*AM

AP=RET*AM=-AR

AD=AP+DELXAN

AQ=BETHAN-AC

AF=DEL¥®AP+AQ

AR=RET¥AP~AD
UYT=AA+ABXDB+ACE®NA+AD*DD+AF¥NDC
UXT=AMFANEDB+APRDA+AQ¥DD+AR%DC
YT=S+AA¥NDRG+ABXDAGHACKDDG+ADKDCGHAERNEG
XT=AM¥DBG+ANXDAG+APXDDG+AQ®DCG+AR®DEG
S=SQRT(XT¥¥2+YT¥%x2)
DETH=ATAN{(XT/YT)

CN=YT/S

SD=xT/S

P{I)=5-S52

TH(I)=TH(T) +DETH

TF{TH(T ) o LT 0} THLT )STH(I)+TPT
UX{T)=UXT*CD~UYYT*SD

UYTT)= UXT*SD+UYT*CD

CONTINUE

DO 20 1=1,IM

IF{C{I))20,20,31
TF(P(1)140,20,120

CK{J)=C(1)

SCK=SCK+C(I)
SHK=SWK+C{T 1R (UX{TI*%2+4UY (1)%%2)
THK{J)I=TH(I) *57.,29578
C{l)=-1.

ER{I})=0.

ETH{I)=0,

IF{J-50)19,20,20

J=J+1

GO 10 20

IF{P{I)}-PMT }20,132,130
SIG=TH{I)/THS

ISE=SIG +.5

FISE=ISE

PSIP=(SIG-FISE VY/GAP#,.5
IF{PSIP.LE.D+sDR.PSIP.GT,1.)G60 TO 131
GO TO 20. :

CA(LY=C(I) .
IF(PSIP.GT.1,)ISE=ISE+]
IF{ISE.EQ.0) ISE=NE
CAN(CISE)=CAN(ISE)+C(T)
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W=C (T IR (UXCI)RR24UY (] )%%k2)
WAN(ISE)I=WANIISF)+W
SAN=SAN+C(I)
WAT=WAT +4
THA{L)=TH(I)} %57,29578
P{I)=PMT
IF(L.EQ410)G0O TO 20
140 L=L#1}
G0 TO 20
122 C(Ii==1,
20 CONTINUE
LM=(
IM=]
DO 3111=iM10
311 CA(1)=0.
DO 30 J=JdM,50
30 CK(JY=0.
GO TO (2004+220),MD
200 CALL PDUMPLUXyUX{IM)5,0Y 2UY (1IM),5)
220 RETURN
END
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Appendix A.10 Merge, Collect and Output

SURRTMITINE MAR2

JUNE 19

COMMON/PROB/JPySZ ¢ THM ¢ MM NM PSS NEyGAP s THMP ,MMP ,NMP L, ND, NKD
1VDC+NQy VDR Y ZA,CB4CC,GAMA, GAMB , GAMC ,GA 4GB, GC 4L 1,C2,5AM1,64M2,51,5G2,
2CINL,CIN?,COUTL,COUT2,FRFQ,THTC,
AHT g Gy GG e TMAX gy NKy KMy LNWT g FMIN, CSAT ,CNSTL,UTHERM ,PIN,PDIN, THDIN, TAU
44, KNTS,TD

COMMON/STATUS/TIME,STFPN, M4 , QPP ,ACF, XXy LG,CCAT,JT,Q4,Q8
COMMON/CHARGF/IM’C,P,TH,UY,UX1EQ;ETH,ERS'ETHS
COMMON/CONSTS/ALP DA, DB,DCy DDy DAGyDBGyDLGyDDGy WAy MMM, HS ,NMM, HTH, PS
1S ¢y MMP M HSP Gy NMPMyHTHP y PT 4 TPI sMPT yMA,MByMC 4 MD,ICH,HHT, Glly THCR ,GAM
2Py GAMM, GV yGQyGAMN, IMEGA , THS yPMT ,GBT g GTHS yPMAX,FNSyAB,AGAA, TP ,TPT,
ANDT

DIMENSTION M{6400)

EQUIVALENCE (TAU,TLIFE)
COMMON/MARDAT/CAN g WAN y SWK ySCK 4y SAN,WAT,,CE,CAyTHA,CK,y THK
COMMON/NETWRK/VE  WFVIQF QP4 M

DIMENSION VE(80),VF{80),VI{BD},QE(80),QP(80)

DIMENSION QA(1003,QB(100)

DIMENSTIAN C{600),P(A00), THIADOD) ,UXLALO}Y,UY (600),ER{600)},ETH(600},
1FRS{500),ETHS(600)

DIMENSION ICH{15)

NIMENSTION CE(50)1,CAL20),THA(20)}),CK(50),THK{50),CAN(40),WAN(4D)
INTEGFR AND,DR,CFF,CFO,CNST

INTEGER STEPN

FQUIVALENCE (ID,DI

DIMENSION KC(10),JA010)

5,DQEL8RD) s WCP(20),PCOL20),UXCE20),UYC(20)},CCP(20)

EQUIVALFNCE (TIME,CNF) '

1y (ICF,CE(1)),(KC(L),CKILI I, (JALL),CAL]))

DIMENSION MN{12)

DATA MN/YJANCFEB,MARAPR, MAYJUNEJULYAUG.SEP.OCT.NOV,DEC.'/

DATA CFF/IFFFFFFOO/,CFO/Z0O000D1FF/4JEN/L/

ENTRY MARGE

GO TO (142),JEN

JEN=2

AC=0.

MXJ=,54+TLIFE/ L]

LLL=MX]J-512

GBT=G/2. )

RGBT=SQRT(GBT)

-CALL DATE(JMN,JDA,JYR)

PMT={1.-5Z)-.00001

JST=.5+4TIME/ .1

ICE =DR{AND(CNST,CFF),ANDICFO,J4ST) )}

IF(MA.EQ.3) GO TO 799

IF(STEPN.NEL.O)IGO TO -3

CCAT=0. '

XX =0,

DO 4 J=1,100
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62

70

&1

59
60

8O

81

90
92

 CONTINUE

QALJ)=0,
QB{J)=0,
IA=])
cco=0,
pDCO=0,

?WCD=O.

LCO=0

CLEAN-DUT

K=JST-MXJ

DO 60 I=1,1IM

I1T=1

IF(C(I).EQe-1,1G0 TO 59

LST=AND(C(I),CFO)

IF(P{1)}.EQ.PMTIGO TO 60

LSTK=LST-K

IF(LSTK.GT.0)GO TO 60
IF(LSTK.EQ,0)GN TO 70
IFILSTK.GT.LLLIGO TO 61
LSTK=LSTK+512

GO TO 62

ID =OR{AND(CFF,C(1)/2.
ClU)=DI

17=2

CCO=CCO+C(T)
IF({LCO.GE.20)GO TD 60
LCO=LCO+1

CCPILCOI=C(I)
PCO(LCO)=P(I)

Y}, ANDICI(T),CFD))

WCP(LCO)=GBT*C LI R {UX{TI)®*2+UY{])%%2)

WCO=WCO+WCP{LCO)
UXCLLCOY=UX{T)}*RGBT
UYC({LCO)I=UY{T)*RGRBT
IF{IT.FQ.2)GO TO 60
Cll)==-1."

P(I)=10.

CONTINUE

DCO=CLO/HT

SCE=0.

DO 100 K=14NK

DO 90 I=1A,600
IF(C(1)181,81,90
C(I1=CE(1)

 SCE=SCE+C(I)

P(I)=PIN
UY{I)=PDIN

TH(I)=TPI®FLOAT(K~1)/FLOAT{(NK)

UX (I)=THDIN
GO TO 92

1A=1]



100

1 !
171
119
120
123
128
126

120
121

132
134

400

440
401
500

£01
402
509

510

511
512
513

IF{1A-600)100,100,110

CONTINUE

DO INY I=TA,600

TRICLT)) 101,101,10°

TA=TA+]

CONTINMNUE

GO TN 120

I M=4A00

GG TN 131

DO 125 L=1,1M

J=IM+1-L

1F(J3)123,130,1273

TF{C1J))125,125,126

CONTINUE

I M=}

IMP=1

IF(I4,6T,1) IMP=IM

ne 132 Jg=IMP,600

TF{C{JIV134,134,132

CONTTIMUE

[M=g=1

DG 400 N=1,9

ICHIN)=FLOAT{TCHI(N)}/100.

CALL TIMFEGN(M4,1C)

ACL=AC

AC=FLDOAT(IC)I/6000.

1A=TA-}

ACL=AC-ACL

DO 440 N=1,NF

DREIN)={QF(N)~-QP{N) )} /HT

GN T (401,402) 4MD

PRINT 500yJP STEPNyTIME, (NyICHIN} sN=1,9)

FORMAT(5HY SN 120,40X,9HSTEP NO,., I5,7THTIME = 1PE15,3//26H TIME SPE
INT 1IN CHATN LINKS/{110,110,14H SECONDSYH) .
PRINT 501 ,AC,ACL, 1A

FORMAT(1IHO,2F30.3,110)

PRINT S09sMN{JUMN) 3 JDAL,JYR ,JP,STEPN,TIME
FORMAT(1HY 45X A4 ,13,4H, 19,12, 5Xy8HSFR, NDs I8y SX,9HSTFP NO.
113,5Xs5SHTIME 1FB.37/7/
1 9HO ANNDE 12X 4 THVOLTAGE 95Xy THINDUCEDy 5X » THINDUCED 94X, 9HCOLLECT
2ED 42X 3 Y1HBOMBARDMENT /55X, 3HND, 15X 6HCHARGE s 6X 9 THCURRENT 45X ,AHCHAR
AGE y 6 Xy 6HENERGY/ )

DO 300 N=1,NE

WANIN)Y=WAN{N)*GBT

PRINT 510, ({N,VFIN)sQE(N) 4DQF{N),CAN(N) yWAN(N) ) ,N=1,NF}
FORMAT(17,F11.5,3F12.5,F13.5)

VK==VDC !
FORMAT{ 2HO SOLE 1F10.5924XyF12.5,F13,.5)
FORMAT(/8H ~ANODE 410X, 3F12.5,F13.5)

FORMAT(/12H COLLECTOR,18X42F12.5,F13,.5)
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514

515

150

516

517
518
152

590

410

530

210

211
215

- 216

540 P

FORMAT(//19H CDNVERTED ENERGY =4F13,5////) .
FORMAT('0 INJECTION T911XeF12,5,° Y9F9.5,F13.5/)
SKK={SCE )y /HT

SWK=SWK*GBT

WEM=SCE*({PDIN**2+THDIN**2) %GBT

WAT=WAT*GBT

DQAT=SAN/HT

QAT=0.

DO 150 N=1,NE

QAT=QAT+QE (N}

PRINT 512,QAT,DQAT,SAN,WAT

PRINT 511,VKySCK,ySWK

PRINT 513,DC0,CCO,WCO

PRINT 515 »SKKySCE,WEM
1F{LCO.LE.O)GO TO 152
PRINT 516

FORMAT (30X, *COLLECTED STREAM'//6X, 'CHARGE?y 5X, "RAD. LOC.* 43X, *KIN,

1 ENo?® 44Xy "RADs VEL.?92Xy' AZIM, VEL.'/)

PRINT 5174 (CCP(I),PCO(T)sWCP{T) UYC{I)UXCLT),I=1,LCO)
IF(TIME.GE.TMAX=1,)
1PUNCH 518, {CCPUI)4PCOUI},WCP{T),UYCLTI) UXCIT),TIME,JP,T=1,LCO)
FORMAT( § F12.5)

FORMAT{ 5 F12.5,F12.5,18) .

NG=1+/HT+.5

K=MOD(STEPN,NG)+1_

XX=XX+QA (K)*{QE{1)-QB(K))

CCAT=CCAT+QE (1) %%2-QA (K)*%2

ACF=XX/CCAT

QB(K)=QA(K)

QA(K)=QE(1)

PRINT 590,ACF

FORMAT (29HO1-CYCLE RUNNING AUTO CORRELF10.6)

PRINT 501,AC,ACL, IA

IF{MD.EQ.2)G0 TO 220

CKK=0.
IF(CK{1)1410,215,410
PRINT. 530

FORMAT(1H1,25X,12HCATHODE DATAI)
DO 211 I=1,50

IF(CK(I)) 210,215,210
CKK=2CKK+CK(L]) I
1SS=ANDICK{1),CFO)
_KC{I)=AND(CK{I)oCFF) S S
PRINT 520,CK(T)oTHK(I),ISS '

PRINY B8204CKKoIM ~

[, SN S I SR SR VORI

CAT=0.

tF(CA!l!DZlbyzabyzlb RPN O RSO

PRINT: 5&0 B e '

F MAY 1ﬂ;,gsx, HANODE DATi/) . . -

5 f=l10 T

. : - . P;r:b

% F )



TF(CA(T)3225,220,4225

225 ISS=ANDM{CA(I),CFD)
JAUT)=AND(CA(T),CFF)
CAT=CAT+CALT)

225 PRINT 520,CA(1),THALI),ISS

220 TIME=TIME+HT

6§20 FOPMATL F20.7,F20.4,110)
STEPN=STEPN+1

200 IF{TIME-TMAX)?222,799,799

8210  FORMAT(E20.6,115)

121 FORMAT{20A4)

739 PUNCH 820,TIME, 4P
PUNCH 820,TIME, IM
PUNCHIZLy(CUL)oPLI)y THITI),UYLI)UX (1), 1=1,1M)
PUNCH 121, (QF(J) Hd=1,NF)
PUNCH 121,(QP(J) ,J=1,NE)
PUNCH 121,(VEL(J) +J=14NE)
PUNCH 121 ,(VFUJ) 4J=1,NE)
PUNCH 121,(VI(J) 4d=14NF)
PUNCH B20 XXy NGy CCATHSTEPN
PUNCH 121, {QA(K)yK=1,4NG)
PUNCH 1271, (9BIK) yK=1,4NG)

77 CONTIMUF

78 RETURN

227 - RETURN
END
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Appendix A.10.1

TITLE YREAL/JINTEGER FUNCTION AND(I,J)?

ENTRY AND
BALR 15,0
USING *,15
AND SAVE  {14,5)
L 14,01{1)
L 0,0(14%)
L l4,4(1)
N 0,0(14)
ST 0,T
LE 0,7
RETURN {14)
T DS 1F
END
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Appendix A.10.2

TITLE *REAL/INTEGER FUNCTION OR {T1,4)°
FNTRY NR

pAL® 15,0

USTNG %,15

SAVE  (14,5)

L 14,0(1)
L N,0(14)
L T4,4(1)
n 0,0(14)
ST N, T
LF 0,7
DETHRN (14)
ns 1F
FND
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Appendix A.11 Fourier Analysis

SUBRNUTINF ANOS

JUNF 27

COMMNAN/PROBI JP 43S 7 ¢ THMy MMy NM PSSy NE 3 GAP  THMP , MMP o NMP , ND y NKD
IVDC 4y NGy VNR,CAZCRyCCyGAMA,GAMB,GAMC y GA3GR 4 GC 9yC19C2,GAMY ,GAM2,51,62,
2CINI CIN2,COUTL,COUT2,FREQy THTC,
BHT 3Gy GG a TMAX gNKy KMy LNWT g FMIN,CSATyCNSTyUTHERM ,PIN,PDIN, THNIN, TAU
4,KDIS,TD
COMMON/CONSTS/ALP DA DR yDCy NNy DAG,DBGyDCGyDNGy WAy MMMy HS , NMM ,HTH ,P S
15 s MMO M HS P NMPM HTHP s OT 4 TPTyMPI 4y MA,MB yMC y MD 4 ICH 4 HHT, GU,THCR ,GAM
20 ,GAMM, GV 3 GQyGAMN y OMEGA, THS y PMT 3 GBT 3 GTHS 3 PMAX,ENS,URL,UC,UA, TP, TPT
COMMON/ZSTATUS/TIMESTFPNyM4 QPP ACF XXsLGyCCAT T
COMMON/CHARGE/ TMaC Py THyUY s UXyERyETH, FRS,ETHS

NIMENSTINN CLE0D),PI600) , THIA00) 4UXIADD),UY (H0D),FRIA00),ETH(ANOD),
16R8(AIN},FTHS(A00), ICH(1S)

COMMAN/NETWRK /VEZVF VI QF4QPy M

DIMENSION VE(80),VF{BO)},VI{80),QE(80),QP{30)

NIMENSINN VB(80,8)4+28(80,8),VET{20,50),QFT{80,50)

INTEGFR STEPN

DATA J43/0/

ENTRY ANAL

FNS=1,/7{FREQ®HT}

AB=2.713.%FNS)

AC=2.%AB

AM=4 AR

TP=TPI/FNS

TPT=TPI*FREQ¥*TIME

J=1+FNS ®*AMODITIME+HHT 1./ FREQ)

A=AA

TF(AND{J,s1).NE,O.}A=AC

1F{JJJ.EQ.123456)1G0 TO 4

JJJ=123456

THTC=THTC*P[/180.

DO 100 N=1,NE

DO 50 K=1,8

VBI{N,K}=0.

QABI(N,K) =0,

DO 100 K=1,50

VET(N,K1=0,

QETIN,KI=0,

DO & N=1,NE

B=VF{N)~-VET(NyJ)

D=QF(N}-RETIN,J)

No 5 K=1,2

ARG=FLOAT{(K~1))%TPT

C0=C0OS({ARG)

SI=SIN(ARG)

VBIN,K)=VBIN,K)+A%X(B)*CO

VB{NyK+4)=VB(NyK+4)+A¥X(B)%S]

QR {N,K)=QB{N,K)+A%XD*CO

QABIN,K+4)=QB(NyK+4) +A%D*S1

QET(N, JI=QE(N)

VET{(N,J)=VF(N)

IF{MOD(JyKM ) oNE.L1)RETURN
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200

20

30

10

12
22
23

QR=0,

NQ=0.

NG 200 N=1,NF

TFMONIN,S55)FQ 1IIPRINT 10,J0P,STEPN,TIME
K=?

J=K-1

VM=SQRT(VB(N, K} *%2+VB{N,K+4 )%k )
VANG=ATAN2(VBIN,)K+4),VBIN,K))*57,2957798
AIM=SART (QBIN,KI)*%2+QB (N, K+4 ) k%D )
NANG=ATANI(QB(NyK+4),Q3(N,K)}
THT=QANG+FLOAT(N-1)%THTC

RABNG=QANG *57,295779%
IF{N.GT.NGYGO TO 200

OR=QR+QM*COS{THT)

RO=QA+QMESIN(THT)

PRINT 12:NyVM,VANG,QM,QANG
QM=SQRT (QR* %2 +QQ%*% 2 )

QANG=ATANZI(QQ,QR} *57,2957795
PRINT 22,QM, QANG

J3=J2+]

IF{J3.EQ2.5)G0 TO 20

RETHRAM

CN=CAS{TPT}

ST=SIN(TPT)

J3=

PRINT 23, (LyVF{L)yVI{L)sL=1,NG)

N0 30 N=1,4,NG

VE(NY= VBIN,2)%CO+VB{Ny6)%S]
VIIN)=(VB(N,21%ST-VB(N,6)%CO)/TPI

PRINT 23, (L, WF{L),VI{L),L=1,NG)

RETURN

FORMAT{1HY y7TX 51204 10X*STEP NOW"yT4,410X,*TIME=',F9,3///11X,"ELEC."

195Xy "WOLTAGE* 914Xy *CHARGFE®/12X, 'NO,. ', 2Xy "MAGN,

2UDEY 44X, "ANGLE'//)

FORMAT(I14,F8.3¢4F9.241PE13,4,0PF9,.2)
FORMAT(31X,1PE13.4,0PF9,.2)
FORMAT('1*/(11592F10.4))

END
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FUNCTTON ATAN3(A,B)
IF(A.FQ.0..AND.B.EQ.0.)GO TO 1
ATAN3=ATAN2{A,B) o
RETURN

ATAN3=0,

RETURN

END
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