THE UNIVERSITY
of EDINBURGH

This thesis has been submitted in fulfiiment of the requirements for a postgraduate degree
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following
terms and conditions of use:

* This work is protected by copyright and other intellectual property rights, which are
retained by the thesis author, unless otherwise stated.

* A copy can be downloaded for personal non-commercial research or study, without
prior permission or charge.

* This thesis cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the author.

* The content must not be changed in any way or sold commercially in any format or
medium without the formal permission of the author.

*  When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given.



Ph.D, Thesis

A COMPUTER FOR SOLVING FIELD PROBLEMS
IN ELECTRON BEAM DEVICES

by

Alan Russel Dinnis, B.Sc.

Edinburgh
July, 1962




ABSTRACT

The need is explained for a new type of computer
for solving partial differential equations, the
Digital Field Computer. The operation of such a machine
for solving Laplace's and Poisson's equations is
explained and circuits for its realisation, using
incremental switching of magnetic ferrite cores, are
given. Its operation is predicted by simulation on a
Pegasus digital computer, which shows that it solves

Laplace's equation correctly.
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1l THE CONCEPT OF A DIGITAL FIELD COMPUTER

l.1 The Need for a Rapid and Accurate Method for

Solving Laeplace's Equation. In many engineering problems

it is necessary to solve Laplace's Equation at some
stage, This is true in fields other than electrical
engineering, such as in problems involving conduction
of heat, but the present work was stinmlated mainly by
problems encountered in devising methods of design for
electron guns and in studies of the behaviour of dense
electron beams.

It may seem that the solution of Laplace's
Equation is mathematically straightforward and that
therefore no problem really exists. But this is not so,
as almost invarisbly, in engineering problems, the
boundary values of potential and/or electric field
strength cannot be given in a convenient analytic form
but are numerical values. The shape of the boundaries
themselves may alsc only be expressible numerically.

One type of problem involving solution of
Laplace's Equation under such conditions is that of
designing a suitable electrode structure for an electron
gun which is to produce a dense beam of electrons. The
electrodes must produce at the surface of the beam the
correct normal field and potentisl at all points as
determineé by the conditions in the particular beam. In
certain particular cases these beam boundary conditions

can be expressed analytically, and also Laplace's



Equation outside the beam can be solved using the beam
edge boundary values in a Cauchy type problem, These are
quite simple cases, such as a 2«dimensional straight or
curved beam, where complex variable methods may be used,
or the cylindrically symmetrical straight beam as solved
by Radlefa These cases are, however, exceptional and in
more complex electron flow patterns, as discovered by
Kirsteint numerical methods are needed to solve the electron
flow problem, with the result that beam surface potentials
are given numerically. Numerical solution of Laplace's
Equation under Cauchy boundary conditions is notoriously
unstable, This instability may not be insuperable, but in
most cases it is likely that Pierce'é2 method of design,
or some variation of it, will be used. This method has the
advantage that it can take account of the effect of
modifications necessary to the electrodes for engineering
reasons, such as avoidance of sharp corners because of
high voltage operation. It turns the Cauchy type problem
into one with closed boundaries having boundary values of
Dirichlet (V specified at the surface) and Neumsnn type
(normal field specified at the surface). The solution is
then determined either by trial and error or by a systematic
method, but in either case Laplace's Equation will have to
be solved a large number of times to obtain a satisfactory

solution.



Another class of problem requiring a large
number of solutions to Laplace's Equation is that of
electron flow in which electron trajectories depend on
the potential field of the electrons themselves and
the flow is non- steady state. Such a problem is that of
investigating the type of transverse electron beam
instability described by Kyhl and Webster? This comes
about when a thin-walled hollow beam or a ribbon beam
is focused by a longitudinal magnetic field. The
electric field produced by the charge in the beam is
perpendicular to bthe magnetic field. Hence transverse
motion of the electrons occurs, with consequent beam
break-up into a number of vortices. Analysis for
small perturbations is possible assuming a sinusoidal
aisturbance of the begﬁt but for large perturbations
as observed in practice there seems no alternative
to numerical snalysis. As each step in such a process
would require the solution of Laplace's Equation
throughout the region of interest, the computation
is likely to be slow unless a rapid means of solving
Laplace's Egquation is available.

In both of these examples it would be a very
considerable advantage if the field solving system
could be coupled directly to a general purpose digital
computer. In the focusing electrode problem the computer
would decide on the electrode shapes to be used, either
by a system analogous to the human trial-and-error

method or, better, by a systematic method. In the



second case the computer would at each step find the
motion of all electrons in a short period, feed the
new positions to the field solving system and use the
new values of the field found by it to compute the
next step of the electron trajectories.

l.2 Methods at Present Available. Perhaps the most

obvious way of solving such problems, particularly in
view of the requirement that any system should be
capable of direct coupling to a digital computer, is
to use a digital computer actually for solving
Laplace's Equation. Of course, this is perfectly
feasible provided thgéroblem is small enough, but
for many interesting problems, particularly three-
dimensional ones, the time takeﬁpand storage space
needed can be prohibitive, especially in cases where
laplsce's Equation must be completely solved at each
step in a problem's solution.

It is true that certain problems do lend
themselves to solution on a general purpose digital
computer. The method of solution in Appendix 2 for
Pierce electrodes for a 2~-dimensionzl electron gun
system in which electrons reach relativistic speeds
is one such case. Although the potentials at the beam
edge cannot be expressed in a closed analytic form,
it was possible to use numerical integration of a
differential equation over the complex plane to

determine the potential field outside the beam.



Hence instability of the 8clution appears to have
been avoided. Each point is treated only once and so
the method avoids the usual disadvantage of solving
numerically a field problem, which is that all points
have to be scanned a great number of times before
the final solution is obtained. This is, however, a
relatively simple problem, the corresponding non-
relativistic one is the simplest possible case and
so is not typical of what is met in practice. This method
is, in addition, inapplicable to the case of a
cylindrically symmetrical relativistic beam.

Probably the most commonly used method is
the use of some sort of analogue, the electrolytic tank
or its solid equivalent, or the resistance network
analogue. These devices can be refined to give very
accurate results but their accuracy cannot be increased
indefinitely. While they have been used in direct
conjunction with digital computers for electron
trajectory tracing, there is bound to be some difficulty
in the analogue-=digital link;Aiasa:ﬁnost analogue
computers, setting up boundary values tends to be a
long process as opposed to feeding data into a digital
computer. For this reason, control of boundary shapes
and potentials in the analogue system by the digital
computer is likely to be difficult. These analogue
methods have the great advantage, however, that once

the boundary values have been set up the solution



takes place almost instantaneously. The problem then
arises, of course, of reading out the solutions, so
that the majority of the time taken for solving a
problem is in setting up and reading out.

6 1)
1.3 The Digital Field Computer. This ppepesed computer Proposed b‘ﬁ s
D) v, T'\eH‘SQ L

is an attempt to combine the desirable features of
analogue and digital computers. It will have the speed
of the analog@ie combined with the accuracy and ease

of problem changing of the digital computer. As it

is a digital device its accuracy can be increased
almost indefinitely. It must rely on the use of finite
difference methods, as the potential can only be found
at a finite number of points. To achieve the speed of
an analogue it must work in very much the same way as one,
computation proceeding similtaneously at all points in
the network. At each mesh point there must therefore
be some sort of arithmetic unit in addition to =a

means of storing the potential at that point.

For maximum simplicity of the machine, the
firsteorder difference equivalent of Laplace's Equation \w 2<A&Mensts
will be used. Referring to the square mesh of fig. l.3.1,
this is :

Vg = Vq + Vo + Vg + Vg ceeees(1.3.1)
80 that every meshe~point must continuously adjust its
potential to the mean of the potentials of the four
adjacent points. Thus, if point 4 happens to rise by

v volts, point O will rise by v/4 volts. This rise

in Vo will then affect V3,Vg,Vz and also V4 gpnd






and so the process will continue until an equilibrium
is reached.

l.4 The Mesh~point Units. The unit at each mesh-point

must must receive information on potential changes of
the neighbouring units, adjust its own potential, and
send information on its change of potential to the
adjacent points. As it is only the change in potential
that need be transmitted between units, and as the
interconnexions between units should be as simple as
possible, it is advantageous to use a saystem in which
a potential is represented by a series of pulses, the
number of which is directly proportional to the
potential. For instance, if 1 pulse represents 1 volt,
then 100 pulses is 100 volts and so on. This needs
only one line between units and it also makes the
design of the mesh-point units easier, as will be
shown later.

The requirements for the mesh-point unit are,
then, that for every four input pulses the unit should
emit one pulse to each of the four neighbouring points.
Ithdoes not matter from which of the adjoining points
the four pulses come from or when they came, they
could for instance all be from point 4, or one from
each of the neighbouring points. Of course, if point 'O’
receives a number of pulses during the whole of a
computation which is not exactly divisible by four,

a certain error is bound to occur. This will not be

serious as the total number of pulses will be large,



and there is a technigue which is described later for
minimizing this effect.

There must also be a store at each point, to
which one pulse is added every time the unit emits a
pulse, in order to have a record of the total potential
at the point. This could be a series of cascaded
counter stages capable of storing the number of pulses
which are needed for the degree of accuracy required
in the solution. The storage units must be capable
of reasonably rapid readout, as setting up and readout
are likely to be much more time-consuming than the
actual computing process. It is worth noting that,
in view of this fact, it appears to be unlikely that
the basic units be capable of the maxinum speeds that
are at present feasible unless the accuracy required
is much greater than that at present envisaged (max,
number of pulses at any point about 105 s, computing
time about 5 secs. ).

1.5 Boundary Valuegs. Considering only the solution

of Laplace's Equation under Dirichlet boundary
conditions, the insertion of boundary values is quite
straightforward. The potential is specified at every
point on the boundary, and so the appropriate number
of pulses is fed in at each point. An interesting and
useful point is that these pulses need nét necessarily
be fed in simultaneously. By the principle of

superposition, as long as each point is brought finally
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to the correct potential, it does not matter in what manner
it got there. This means that one pulse generator can be
used to feed a number of boundary points in turn until

all are at the desired value. Also it is easy to change
boundary potentials and see what effect this has on

the solution.

The boundary points of the mesh emit pulses only
when their potential is being set. Pulses which arrive
at the boundary from the inside of the mesh system
are ignored. If these incoming pulses were acted onin
the normal way and the boundary unit emitted one pulse
for every four incoming pulses, then its potential
would rise in an unpredictable way and it would be
difficult to bring the unit to its required potential
by feeding in an appropriate number of pulses from
outside the mesh.

1.6 Extension to Poisson's Equation. The finite-
difference oform of Poisson's Equation is:

Vo= (V1 + Vg + Vg + Vg + h%0/2 )  ...(1.6.1)
where h is the mesh dimension and e the charge density
in the region of point '0'. The term h2p/4 means
that an extra number of pulses corresponding to this
value must be fed in from outside the mesh. However,
the unit must still take account of the potentials of
the adjacent points and these will be affected by the
charge density pilses which abe fed in. These charge
density pulses can, of course, be fed in at any time

in the computation.



11

2 LOGICAL DESIGN OF BASIC SUB-UNIT

2.1 First Type of Basic Unit. Brown6 suggested that
the computer could be built up from a basie unit

having two input channels on which pulses may arrive
simmltaneocusly on the two input lines or sequentially.
The unit muat give one output pulse for every two input
pulges. This unit by itself would comprise, together
with a potential register of some sort, a complete
mesh-point unit for one node of a one-dimensional
system. Three could be combined to make a two-dimensional
unit and six for a three-~dimensional one. Such a unit,
using thermionic valves, is described by Brown but he
decided that the computer was not at that time feasible,
due mainly to the high power consumption and cost and
the lack of reliagbility of the circuits.

It was decided that, as a first step, Browns
syetem should be re~examined to see if by the use of
different components, such as transistors and ferrite
cores, the computer could be realigable. The first thing
done was to make a logical analysis of the requirments
for the basic unit so that minimization of the logical
elements needed could be achieved.

2.2 Logical Design and Minimization. The 'truth-table'

for the unit must first be constructed. The two inputs
are labelled x and y. The presence of a pulse on a

channel is denoted by the letter,thus: y , the absence
of a pulse by the letter primed : y'.A third factor is

the state of a memory device, z , which is necessary
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because there must be an ocutput pulse for every two
input pulses even when they arrive at different times.
The truth table is:
Present state Next state of z for Output for input
of z input of: of:
00 01 11 10 00 61 11 10
0o 0 1l 0 1 0 0 1l 0

1 1 (o 1 0 0 1 1 1

'00' indicates x'y', '01' indicates x'y , etc.
From this table can be deduced the condition for the
two-state memory device z tobe set to zero:

£o(z) = x'y'2' + x'yz + xy'z +xyz' eee(2.241)
where/+ indicates 'or' (union) esnd multiplication
indicates 'and' (intersection). Also, for z to be set
to one :

£1(z) = x'y'z + x'yz' + xyz + xy'z' eee(2e2.2)
From these two equations it is evident that g changes
state ( from O to 1 , or vice-versa ) only when
x'y + xy' occurs, i.e. an input on one line only,
which fact could be deduced readily without the aid
of logic theory.

The unit produces an ocutput for the conditions:
£1(o/p) = x'yz + xy + xy'z cesee (2e2.3)
This ecan be reduced, by inspecting the output columm
of the truth table and treating it as a Karnaugh Map,

to:

f1(o/p) = xy + X2 +yz cocsee(2:2.4)
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A diagram of the logical devices needed to
achieve the desired result is shown in fig. 2.2.1 .

If it is assumed that the state of z changes
for every input to it, and that a pulse is available
whenever z changes from O to 1, so that o/p(z) = zxy'+zx'y,
then the simplified circuit of fig. 2.2.2 can be used.

An alternative circuit, incorporating a 'not'
element, is shown in fig. 2.2.3 and uses the identity

xy'+x'y = (x4y )(x'+y') = (x4y)(xy)’ ees(2.2.5)

2¢8 Results of Minimization. None of these circuits

is, in fact, any simpler than Brown's one, and so no
progress has been made. However, before giving up
this system it was decided to try other circuit
components in the same logical system.

It was considered that ferrite core logic
offered some advantages over valve and transistor
circuits. These are mainly that they are not expensive,
have a memory as well as logic capability, and are
highly reliable. They are certainly rather slow, but
this should not be a great disadvantage, provided the
above advantages are realised in practice.

204 Core Logic Unit. In ferrite core logic systems,

information is continuously moved from one core to the
next by a system of clock nulses. The system considered
uses two clock phases. On phase ‘'A', information is

driven from cores in phase 'A' to cores in phase 'B'.
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At elock phase 'B', information is driven forward
again to cores in phase 'A' and so on. The system
is therefore based on the core shift register.

Quite complex logic functions can be realised
by applying inputs to windings having appropriate
numbers of turns wound on a toroidal core. Owing to
the 'square~loop' characteristics of the ferrites
used in msking the cores, the state of magnetization
changes, or the core 'switches', only when a certain
m.m.f. is exceeded. Therefore an 'and' gate can be
realised by applying m.m.f)s which separately would
not switch the core but when applied simultaneously
will switeh it. In an ‘or' gate, more turns are used
on each input winding so that the core switches even
if only one input is energised. In the figures, the
weight given to each input is denoted by a number
beside it, +1, +2 etec. A total of D1% will switch the
core and so produce an output from it at the next
clock phase.

The schematic circuit for the basic unit is
shown in fig. 2.4.1 . The 'carry-digit',z, is driven,
under no-input conditions, alternately between Bz and AS’
The output from Az to Bg has no effect as there is no
other input to Bg to bring the m.m.f. above the
threshold value. If z is present snd x or y singly
occurs, then there is an output and z becomes zero.

This is because the 'or' gate Ag, andd also Az pass
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Figure 2.4.1
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pulses to the ‘and' gate B; and hence cause an o/p.

z is erased by the =2 pulse from.32 to Ag « If 2 is
zero to start with, then 1 is written into By and
hence z, and there is no output. z is not erased since
there is no output.

If x and y occur similtaneously, an output is
produced via Ay, but the 'or' gate A, is also actuated.
This is not wanted and so the effect is nullified by the
(~1)'s to By end B3z, By is provided to give an output at
the correct phase.

The unit therefore obeys the logic reguirmen ts
for a basic unit. It uses 6 cores and 6 diodes besides
winding and connecting wires.

2.5 Potential Register Using Cores. A possible
arrangement for a binary counter and stoee, to record
the total number of pulses emitted by a unit, is shown
in fig. 2.5.1

Ag and By form a dynamic store, a pulse passing
continuously from one to the other if there is a 'l1'
in this stage of the register. The output from the
mesh-point unit ies passed to A; and Az simltaneously.
If there is 'l' in this stage already, then A switches
end passes a -2 pulse to By hence erasing the 'l' in
the dynemic store of this stage. If the store is
zero to start with and a pulse arrives, then there
is no output from A;, but a pulse is put into Ag and
so the store becomes 'l'.

This register uses 3 cores and 3 diodes

prer stage.
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Figure 2.5.1
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2¢ 6 Simplification of the Computer System. The

system described above is still quite complicated, so
it is worth considering fundamental changes in the
mode of operation.

First of all, it is evident that provision for
the units to deal with simultaneous arrival of pulses
adds components which would not be needed if it were
nown that pulses would always arrive sequentially
and never simulteneously. This implies that the units e
adjacent to any particular unit must always emit
pulses to that unit at differenéxggflhe clock cycle.

It will be essential to have a clocked system in this
case, of course. If the above condition can be satisfied
then the basic unit simply becomes a scaler which

counts to 2,4 or 6 depending on whether the problem

has one, two or three dimensions. A slight complication
is added by the fact that the output must be stored
till the appropriate clock phase for that unit to

emit a pulse to its neighbourse. However, the final

unit is considerably simplified.

An important advantage of using a scaler as
the basic unit is that similar scalers can be used
for the potential register of the unit. The circuiry
proposed would need the same number of components for
a count of ten scaler as for a count of two one, so

that fewer stages need be used in the potential register

than if binary stages had to be used.
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2.7 Arrangement and Phasing of Units. The phasing

of the system must be so0 chosen that a unit receives
a pulse from only one of its neighbours at a time.
This involves the use of several phases per clock
cycle, 3 for a one~dimensional system, 5 for two
dimensions and 7 for three dimensions. This can be
seen by examination of fige. 2.7.1 .

Referring to the two-~dimensional case of
fige 2.7.1(b), the operation ie as follows. A unit
emits a pulse, provided it has received enough pulses
in the last clock cycle, to all asjacent points at its
clock phasw. The numbers in the mesh indicate the
appropriate phases for each point. All input pulses
to a unit go into a scaler which, when it has received
4 pulses, resets itself to zero and sets the output
store so that this unit is ready to emit a pulse at
its c¢lock phase. If the scaler does not reach 4, it
simply atays in the same atate until it receives more
pulses, however many clock cycles later, and there is
no output from the unit so long as 4 is not exceeded.
There is always enough storage space in the unit, even
if it enters a cycle with 3 in the scaler and receives
a pulse from each neighbouring unit. At the end of the
cycle there will be 3 in the acaler again and the

output store store will be set.
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Figure 2.7.1 (a)
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3__ PRINCIPLES OF USE AND OPERATION OF FERRITE CORES

3.1 Magnetic Properties of Ferrite Cores. The applications

of toroidal ferrite cores only will he dealt with. They
will, in general, be wound with more than one winding,
usually all having a multiple number of turns. The
important properties of such components depend on theid
ability to store iformation indefinitely, without
éonsuming any power, and on their rectangular B=H loops.
The latter property gives the core a 'threshold'
property. This means that when the sum of the m.m.fls
caused by the currents flowing in the core windings
exceeds a certain threshold value, then the core
starts 'switching' or, in other words, the magnetic
flux in the core starts to change. If the mem.f.
remains large enough for long enough, then the core
will end up sarurated in the opposite sense from
that in whieh it started.( The applied m.m.f. is
presumed to be applied in the opposite direction to
a previous 'setting' m.m.f.). This is the way in which
such cores are most commonly used, in memory matrices,
shift registers and logical 'and' and 'or' elements.
The core always ends up saturated one way or the other,
these states being designated '0' and 'l' usually.

3.2 Sifiplifying Assumptions. It is usual to make

some simplifying assumptions about core behaviour,
in order to facilitate calculations. These are generally,

that the rate of change of flux,d@/dt, is constant
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during switching and that the switching time is
inversely proportional to the excess of applied m.m.f.
over some critical value, which can be taken as the
threshold switching value for most purposes.

By Parsday's Law, the e.m.f. across a winding,

'}

V = Nag/dt or, with our simplifying assumptions,

v Ndd/1' s where T is the time for switching from

one fully saturated state to the other, and45¢ is the

resultant flux change. NOW"det = ‘rNdﬁ, so that for a
given flux change, A# s the ' volt-seconds' integral
is independent of the actual speed of switching.
Therefore, in fig. 3.2.1(b) the area under the ‘'assumed’
rectangular pulse is made equal to that under the
'actual' pulse. This 'volteseconds area' is an important
parameter of the core.

The switching time, T= 8,/(I = Ig) ...(3.2.1)
where I, is approximately the 'threshold' m.m.f. and
I is the sum of the m.m.f!s produced by the currents in
all the windings. S, the 'Switching Constant', depends
on the core material and dimensions and on the amount
of flux which is switched. Equation 3.2.1 is obtained
experimentally and it is found that most cores obey
it reasonably well.

3.3 Partial Switching., The core can be used to store

analogue rather than digital information by only partly
switching it. Referring to fig. 3.3.1l, suppose we start

with the core at A and supply sufficient mem.f. to



27

Ty

) F

A B

Figure 3.3.1

Figure 3.4.1

-y
erLz R

L, R
olmirlor

Figure 3.5.1




28

bring the core to B , at which point it starts switching.
If the input is now removed before switching has been
completed, at point C for instance, then the final
state of the core is at point D. The quantity of flux
switched is directly proportional to the 'volte-seconds'
appearing across a winding on the core, For this reason
it is apperently possible to make a reliable digital
scaler using such a core , if the input is provided
from another identical core which always switches
completely and so always provide pulses of constant
volt~time area whatever its switching speed.Temperature
variations will affect both cores equally and so the
count should not be affected. The scaling core must be
reset as soon as it is saturated.

3.4 Cores in Circuits. In almost all machines using

cores as computing elements, the arrangement is basically
as shown in fig. 3.4.1l, where information flows from

A to B when the drive winding on A is energised.

Core B may switch completely, partly, or not at all,
depending of the turns ratio Ng/Nz, the resistance of

the coupling windings R, and the magnitude of the

drive current or voltage. The e.m.f. across Nz,
Vg = Ng(dg/dt)s , and across N3, V5 = Nz(dg/dat)g,
so that,

N2(dd/dt ), = Nz(dg/at)p + igR eeee(B.4.1)
If B is to switch completely, then (dg/dt)p
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must be greater then or equal to (dg/dt),, so that
B completes switching while Vo is still present. A
ratio N5/N2 greater than unity must therefore be
provided if complete switching is wanted. However,
partial switching will occur if, at any stage, igNg
is greater than the threshold m«m.f. (I;) for core B.
If the value of R is big enough, then for a given
drive voltage ( assuming constant voltage drive),
anil hence constant (dg/dt)p , core B will not switch
at all. We have:

No(dg/at)s = (Ip/Ng)R + Nz(dg/at)p (3.4.2)
Ip is the m.m,f, on B, For no switching, (dg/dt)p= O

and so,
IR Nofdd
=
& > 2(dt)A oo (3.4.3)
NazNo /a
OI', R>—.I—c——(£)A ....(5.4.4)

Where (d4/dt), is the maximum value attained, so that
switeching would start once a critical value of it is
reached.

3.5 Necessity for Isolation Between Stages. When

toroidal cores are used as logic or counting elements
it is gemerally necessay to provide some form of
isolation between stages, for two main reasonsis=

a) So that flow of flux in the forward
direction switches only the required cores, and to
the correct extent.

b) To avoid backward flow of information.

The most important ways of achieving this are
by the use of semiconductor diodes or transistors or
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by using additional cores in the coupling loops. The

last method will not be discussed, as considerable

complication seems to be needed and this was not

considered worth while with the limited facilities.

for core winding available. |
Coneider three cores connected as in fig. 3.5.1,

wich is two of the stages of fig. 3.4.1 cascaded .

When core A switches,

Ng(%%)A = (1] # i3)R + Nl(%é)B cee(BeBal)

It is assumed that C does not switch at all, as will

be required genersally. ié is the current in the second
loop referred to the first loop. Now, ig = (dd/dt)Eer/R

as there is no back e.m.f. due to (N1)s; , so

2
. N d 1
id = _2.(_5%5_. hence :
2°m \athyr '’

Nz(%.%)A - i1R 4+ (g_gz + Nl)(gg)B cee(3.5.2)

1 at

However, (dg/dt)g = (i; = i,)/s, or iy = s(dd/dt)Et i,

where s is a constant for the core (from eqe 3.2.1 ).

%o as 2 (3.5.5)
Ng(d =1R+(d) N, + No° + s eee(Be5.3
atja ° at)s) t ﬁ?_

1

and,

%% B = (dﬁ/dt)A - iOR/Nz 0-0(505.4)

(N /Mg + No/My ) + s/Ng

(N /Ny *+ N,/N1) cannot be less than 2 and so, even if
R = 0, (d4/dt)B is less than #(dg/dt),, so core B

would be less than half switched. The system would
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therefore not be regenerative as a shift register
should be, but would asttenuate input pulses. It is
therefore essential that core C should beisolated
from B while flux is being transferred from A to B.
The simplest and most commonly used method is to
place a diode in each coupling loop, as in

fig. 3.5.2 . This is effective in preventing current
from flowing in the secondary loop and so complete
flux transfer is possible provided that a sufficient
turns ratio, Nz/Nl’ is provided to overcome winding
resistances and diode losses.

Unfortunately, sueh a diode is not effective
in preventing backward transfer. If a drive pulse is
applied to core B, for example, while it is in the '1'
state, then not only is there a current in the forward
direetion in the loop to the right of the core, but
there is also a current induced in the loop to the
left. This current is in the forwarq/%ifri%?%r;ode,
but if the ratio No/N; is large enough this does
not result in reverse flux transfer because the
threshold of the previous core is not exceeded.
However, in some cases, it has been found advisable
to include another diode to short out this current,
as in fig. 3.5.3 . This is not altogether satisfactory,
since guite large currents can flow in this extra diode

and the losses involved have to be supplied by the

clock pulse and so the power consumption may rise
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very considerably.
3.6 Isolation in Counting Circuits. In the counting

circuits employed in this computer, the conditions
imposed are more stringent than for shift registers.
For the scaler to count to a base greater than 2, the
ratio No/N; must be less than unity, considerably
less for a count of 10 scaler, so that backward
propagation becomes an important problem. Power
consumption also must be kept to an absolute minimum,
8o the two diode system is not satisfactory. It was
found that only by using a transistor in the coupling
loop was it possible to achieve acceptable performance.
Consider the arrangement of f£igd 3.5.2, in
which each stage is identical. The condition for

forward switching to start is:-
N Qé) I, R ceee(Bebal
2(dt A>§2 ( )
1
i,e. there must be enough voltage to exceed the threshold

for any switcing at all to oceur.
Similarly, for backward switching to start,

N, (ad) v veee(B.6.2)
(3>

Now, (dg/dt)g = (dg/dt),, as the conditions are the
same for the cores in the two cases, Therefore, both
the above equations are identical and if the counter
works at all, i.e. eq. 3.6.1 is obeyed, then eq. 3.6.2
is also obeyed and there is bound to be backward flux
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transfer unless proper isolation is provided.

3.7 @ounter Circuits Usiqgﬁggresf' The simplest

possible basic element which could be used in the
machine is a count of two scaler. Such a scaler could
be used directly as the meshe~point unit in a onee
dimensional system, or several may be connected
together suitably to form a unit for two and three
dimensional systems.

Such a scaler can be made using one magnetic
ferrite core as the counting element. A simplified
diagram is shown in fig. 3.7.1] . The pulse generator
provides unidirectional pulses of closely controlled
volt=-time area, as in fig. 3.7.2 . The first pulse
reverses the core completely. In so doing a certain
current must pass and so the capacitor C is charged
to some voltage. When the pulse stops, this charge
flows back through the pulse generator and the core
winding. The values of C and the total series resistance
must be so chosen that this reverse current is below
the threshold current for the core, so that no
reswitching can occur.

The second pulse is now fed in. As the core
is saturated, no back e.m.f., will appear across N;
and 80 a relatively large current will flow, thus
charging up C to a considerably higher potential
than for the first pulse. This time, therefore, there

will be a larger reverse current when the pulse stops
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and if the circuit parameters are correctly chosen,
it will completely reset the core. The counter is now
ready for the next input pulse and the core is in its

original state.

During the first pulse,

. t
e;n:'LRﬁ +é£td* + ‘\h% .‘.(?77.1)

The switching time is related approximately to the

m.m, f« by the relation

s _Sw - S oo (B.2)
I'—'Io 'L"—'LQ

where s = Sw/Nl . This switching time is for complete
switching of the core, the flux change being #,. So

we can write
VNI = N' —. I%E—' (L—L ) 000(30705)

hence, from eq. 3.7.1 ,

€ = L(RaN, Do)t i

S

0=

Putting

A= (e‘n+-u ——-—) B = (R-+ ﬂéék) ee (Ba7.5)

the solution to eq. 3.7.4 is
A —-t/ec
€ ee (B.7.6)
The potential across the capacitor at the end
of the first pulse must not be large enough to cause
the reverse current to exceed the threshold value for

the core. 8o,
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| jTA e_“t/s‘ < Lo ces(Be7.7)

<] B

[+
T, the core switching time being equal to the input

pulse length. Therefore the circuit parameters must
be so chosen that:

~T/ec -
Ae < to ces(B.7.8)

A more approximate expression can be deduced
if it can be assumed that during the pulse the current
does not change very much. Then the capacitor charges

to Lmean‘r/b » and so the condition for no reswiteching

is
Rc > T cee(Ba7.9)

[-Meah
Lo
which is useful as a guide in desgigning such a circuit.
At the end of the second pulse,

. T.
ei. =R + L1 Cax ees(5.7.10)

the solution of which is

. : -t
v T SR:' e e ver(3.7.11)
and 7 _ )
{gcu -Rrc(i—e T/‘Z‘) %:: 0o (3.7.12)

8o that the capacitor has a potential difference
e;.(\-eunkc) acréss it when the pulse is removed.

Calling this V,, we have, if reswitching now starts:-
- . * < “— .
\/o_"'(K.'-N—?_‘)-’LQN-?; +CfLM 000(307.15)

where g, is the maximum possible flux change in the core.
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Putting
D=(v, + iaN-;é-‘) B = (re N %) e (3.7.14)

the solution to eq. 3.7.13 is

. D _-t/Bc

L = 7 € vee(3.7.15)
Re-switching will cease when i drops below iy » s0 the

time for which the core is switching is given by:=

. - - T
L, = L = % e I/BC l00(507016)

or, ’I;. =B€1’V\ B% 000(3070 17)

Therefore the flux change is:-

T,

ad -.-L g_c (¢ -c,) oA ces(B.7.18)

T .
%S_‘J z"gﬁ-t/gc-l,,,}dj

I

B

uﬂ!gg

e {D(_ —t, Bt /QMB%>}

C(V.-CeR) = C, T,
8¢ _ C(VemCoR) = o cee(B.7.19)

or, ¢c S

and values must be chosen so that this ratio is

greater than one.

3.8 Effect of Winding and Diode Losses. The degradation

of performance of the core used as a counter, due to
the presence of resistance and semiconductor diode or

transistor in the coupling loop, will now be considered.
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The diode can be more easily treated analytically
if its characteristic is divided into two straight-line
portions , as in fig. 3.8.1 . It can then be treated as
a resistance, Rg, in series with a constant voltage
drop, Vga.

Referring to fig. 3.8.2, we have:-

at

R includes winding, diode and any additional resistance.

Nk(éﬁé)ﬁ :N3 (Cg)g + K (:)_ + Vy eee(3.8.1)

Putting in the usual approximations, this becomes

Nze_céﬂ - N3 Adg + RCL .*_\/A 000(50802)
hence, [, 6 = Nzéf_éA ~ V4 ——Afﬁs"‘s eee(3.8.3)
K Ta R R Ta

But also, ,’_z = +5S cee(3.8.4)
Tg

and as Tg is the time required to switch B completely,
A¢l~\ax

h : [ IR ] 3.8‘5
we have Te Ta — . ( )

The cores are identical, so D?Sm.;g = Aqu and 80,

‘:l = L.C-(- Aég,i 000(50806)
A%A— Ta
Therefore,
(n-|)=’ AéA - r:“.g + S.R/A$A co.(50807)

57,!_3' N‘l - Ta (24:(_+\/4)/A¢‘

where n is the base to which the scaler counts.

As far as performance is concerned, it is

advantageous to make Nz and Ny large, so that it is
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their ratio which is the main factor in determining
to what base the scaler counts, even when Ta , R and
Vg may vary, However, it is desirable that the number
of turns in the windings should be kept within reasonable
limits, both as regards the cost of winding the cores
and the physical impossibility of winding more than a
certain number of turns on the small cores used. The
gquantity which is most likely to vary in the expression
for £4&/°¢Bis the switching time, 74 . This is due
mainly to the fact that the pulse generators will be
supplying a number of units, some of which may switch
while others may not, so that the loading on the
generator will vary and soits output is likely to
vary. Suppl¥ voltage variations will also affect it.
S0 matters must be arranged that the denominator of
eq. 3.8.7 should vary little for the variations of Th
likely to be encountered in practice. For example,
if Np = 8 and Nz = 64 and the scaler counts to 12,
then the variation of the denominator must not be
enough to affect this count, the limit being + % a
count. Then the maximum permissible variation in
switching time is
[ Maob o
§T, < RI./n, +V4 A} vee(3.8.8)

24
using the FX 1724 core, I = 1.23 AT,A;JA

3. 81x10" Wb »

and with typical values of vg = 0«2 Vos R = 5111'Ta='2/u$
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STA must be less than 0.4 M8, This value is not greatly
affected by what the value of Ta is , so it is an
adventage, again , to make T, small normally in order
that a larger percentsge variation be allowable.

¥Por a scaler investigated experimentally, N2 =7

and Nz = 40,
Theoretical
Ta Dy /Do n
l/AS 7.7 9
2 9.6 11
3 11.2 13

Experimentally it was found that a particular
count was stable for sbout i 10% changes in T4, but
the exact count depended , in addition to the factors
considered above, on the means used for triggering the
transistor used for resetting the core when the count
was completed. The actual count could vary by 1 or 2
from that predicted.

Fig. 3.8.3 shows the predicted flux change ratio
for a turns ratio of 8., The flux ratio approaches the
limiting vale as the switching time is decreased and the

total number of turns is increased.
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4 DESIGN OF MESH-POINT UNITS

4,1 Reaguirements for Unit. The unit must count the

total number of pulses arriving omn its inputs and for

every 2, 4, or 6 input pulses ( depending on the

number of dimensions in the problem, 1, 2, or3 ), give

an output pulse at the appropriate clock phase. It

mist therefore be able to store pulses for an indefinite

period, as it generally will not be the case that

exactly the right number of pulses will arrive during

each cycle for an output to be emitted in that cycle
For the moment, attention will be confined

to units for the one-dimensional case, so that the

scaler must count to two. In the design to be considered

there two parts to the sub-unit, a scaler using a

magnetic core as described previously, and an ocutput

circuit which incorporaées another core, oOr cores.

There may salso be a register attached to the unit to

record the total of pulses emitted, or the potential

of the point. This unit will be considered separately.

4.2 Mode of Operstion.The output core is 'set' when

two pulses have passed into the counter, which must
then be automatically reset. The output core is then
reset by a eclock current at the appropriate phase in
the c¢ycle, thus inducing ann e.m.f. on the output
winding which is used as the input to the adjacent
mesh~point units.

A circuit which works successfully using this
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system is shown in fig. 4.2.1 . An output pulse from unit
ne1l on clock phase '0' is fed via a diode to the
input of the scaler section of unit n. This scaler is
of the type which uses a capacitor to resed the core,
the reset current flowing through the 152 resistor
across the input. When the cobe resets it induces an
e.mM. £+ in the secondary coil which turns on the
transistor while the counter core resets. This sets the
output core ready to emit a pulse to units n-l and n+l
at clock phase 1. If the counter core was in the 'O’
state before the input pulse arrived on phase '0°,

or if it was in the '1' state and there was no input

at phase '0O', the core would not reseb, the output

core would not be set and there would be no output.

The counter core can retain a '1l' or a '0' indefinitely
if there is no input.

These units operate reasonably well, as shown
by the pulse shapes shown in fig. 4.2.2 . However, the
drive current requirements are quite high and this is
not helped by the presence of the 15 ohm resistors
across the input of each scaler. Also, although such
scalers using capacitor reset are quite easy to design
and make for a count of two, they become increasingly
unsuitable as the count is increased. This is the result
of the fact that the energy of one pulse must be enough
to charge the capacitor sufficiently for it to reset

the core, which has been set with a number of similar
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pulses. Large voltages and hence large numbers of
turns on the windings are therefore needed.

A scaler which has been made to work fairly
reliably up to a count of at- least 10 is shown in
fige 4e2.3 « This uses two transistors per stage.

The first transistor is used in order to completely
isolate the previous core from the counter.It allows
positive pulses to pass in the forward direction,

but prevents negative pulses from going forward and
both positive and negative ones from coming backwards.

4.3 Operation of Count of 10 Scgler. Pulses of

constant voli-time ares are fed into Nl until the

core is set. During this period the voltage induced
in N2 ensures that the base~emitter voltage of T2 is
positive, with the result that no current flows through

the transistor and NS' The first pulse that arrives

after the core is set will not induce an e.m.f. in N2

and furthermore a larger current will flow in Nl due

to the lack of any flux change in the core. This

causes the base of T, to go negative and a current

2
flows through the reset winding, NS’ the flux change
in the core inducing an e.m.f. in N2 which keeps the
transistor turned on as long as the core is switching.
The e.m.f. in Nl is prevented from interfering with
the state of the previous core by the presence of the
transistor in the cowpling loop. The output from N

4
can be used as the input to the next identical scaler.
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As soon as the core has been reset it is ready to
receive the next input pulse.

The scaler shown was designed to count to the
base 10, snd it does this for supply voltage variations
of about  10%. However, the count is dependent to a
considerable extent on the values of the resistors in
the circuit, and if the transistors are replaced ﬁith
other examples, of the same type emen, the count will
probably be changed. Also the operation of the circuit
appears to deteriorate with time, several of these
scalers refusing to operate correctly after being
left for three months without being operated or, as
far as is known, interfered with in any way. The
critical factor seems to be the triggering of the
reset transistor, Tz.

A modified circuit that should be more reliable
is shown in fig. 4.3.1] . The emitter of Tl has been
earthed and the base circuit of Tz has been modified
in the hope that it will result in more definite
turn-on and turn-off of Tg.

4.4 Drive Pulse Requirements. In the practical work

done so far on the basic units and counters, only a
few units have been in operation at one time and so
drive power has been no problem. The pulse generator
designed for this purpose is described in Appendix 3,
and has an efficiency of only about 20%. However, in

the complete computer this gquestion is rather important.
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In order to give reasonable voltage levels in the
coupling circuits, so that semiconductor components
work efficiently, it is necessary to switch cores in

a time of about 1 or 2 microseconds if the number of
turns in the core windings is to kept low enough to be
a practical proposition. This leads to the requirements
for drive current being quite stringent, currents of
several amps with rise times of 1 or 2 microseconds
being usual.

In development of the circuits so far, the
drive has been of the constant voltage type. This
means that a certain voltage is applied to the driven
core winding during the pulse, and the current is
limited principally by the back e.m.f. generated as
the core switches. The current cannot, of course,
rise to very high values as it is delibarately limited
by the circuit design, in order to avoid damaging the
drive output transistors. The object of using constant
voltage rather than constant current drive is to
ensure that the secondary voltage from the core is
constant in voltage amplitude. This must be so in order
that the inputs connected to this secondary winding
shall always receive pulses of nearly the same volte
time area and shape. If this condition is not
fulfilled, the counters for which the inputs are
may not count reliasbly. Now, if one of the scaler

cores is saturated, the next input pulse to it will



50

be virtually short-circuited. A large secondary current
will therefore flow and so a large drive current will
be taken. This process is clearly wasteful, as this
large current is doing nothing useful.

Referring to fig. 4.4.1l, assuming that core 1
switches completely in 2 microseconds, then the e.m.f.
across Nl is about 0.2 volts/turn, and so if it is
assumed that the minimum e.m.f. needed for the semi=
conductor dicdes is about 2 volts, then Nl should be
about 10 turns, The four cores A,B,C,D are each to
count to 4, as this is a 2-dimensional type basic
unit, so that Nz needs to be about 40 turns.

First, we shall see what drive current is
needed if each of the four scaler cores is unsaturated.

The amp-turns needed to switch a core in.'r/uS
is given by

I=1I,+8y/T eee(4ed.1)
These scaler cores must switch 3rd as fast as core 1,

so T = 6 ps

For an FX 1724 core,
I =1.23 + 1.6/6 = 1.5 AT coo(4e4.2)

So, current in each winding = 1.5/40 = 37.5 mA.
and current in secondary of coré 1 = 0,15 A.
A convenient value for the drive voltage on core 1 is
10 volts, so there must be 10/0.15 = 67 turns on the

drive winding. The drive amp turns must overcome the
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threshold amp turns, I, , the secondary AT and Sw/ﬂt

So,

67 id 10 x 0.15 + 1.23 + 1.6/2

ig = 3.53/67 = 0.053 A eee(4.4.8)
where id is the current in the drive winding. This
current is quite satisfactory, and one OC 23 transistor,
which can supply a 1 amp pulse with a fast enough rise
time, can therefore supply 1/0.053 = 19 units. However,
the situation is entirely different when any of the
cores A,B,C,D is saturated so that there is no back
e.m.f. and so the current is limited only by the
resistance R, which is normally not greater than about
3 ohms. In this case the current becomes 2/3 = 0.67 A.
If the worst case is taken in which all the cores are
saturated, the secondary current becomes 2.67 A. SO,

for the drive cureent,

501 10 x 2.67 + 1.23 + 1.6/2

d

i

q = 28.7/50 = 0.57 A coe(4eded)

and so only two units could be supplied by one OC 23.
This is rather few and would mean a rather large
number of drive transistors, so it is worth trying to
find a way of reducing the current needed.

4.5 A Modified Output Circuit. A possible solution

lies in the use of separate driven cores for each
output channel in conjunction with constant current

drive, as shown in fig. 4.5.1 .For any particular
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driven core there will be Wwo possible conditions
when it is driven:

a) The following scaler core is not saturated and so
is switching and creating a back e.m.f. The amplitude
af the drive current must be such that for this
condition the output core switches at the right speed.
b) The following scaler core is saturated. Hence a
large current tends to flow in the coupling loop,

and with the fixed drive current this means that the
driven core tends to switch more slowly. The drive
pulse length must therefore be great enough for the
core to get completely switched. In addition, the
winding (and any added) resistance,R, serves to limit
this current and also prevents noise pulses from
exceeding the threshold current for switching the scaler
cores,

Using the same values of Nl’ No and switching
times as before, the switching current in the counter
windings will take the same values. S0, in the case of
an unsaturated scaler core, amp turns due to Nl = 10 x 0375
= 0,375 AT, So, primary AT

= Igee + Ip + Sw/1-
= 0,375 + 1.23 + 1.6/2 = 2.4 AT oo (4.5.1)

If the drive is a constant current pulse of
1A amplitude, then 3 turns are needed for each drive
winding, Nj. So the back e.m.f.

7

. 3 x 3.81 x 10~
= 3 x Ad/{r = S x 10—6—_ = o556 v, 00(40502)
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So that about 2.4 volts per unit is the maximum voltage
drop. About 10 units could be fed in series from one
constant current generator, as a total drop of 24 volts
is reasonable.

Consider now the case of a saturated scaler
core. The same analysis as in the constant voltage
driven case cannot now be used, and we want to find
the length of pulse necessary to ensure complete
reversal of the driven core.

The secondary current,

L$=N'%/R:—:-ﬁé—é

R T

AlSO, T = —Su
\’JNA _LsN, ~-L(
where id is the drive current. Hence,

Ser
T -~ td l\\a\-— _'\_lzé_'¢ —‘1_ 000(40505)
R T ¢
’T(LANJ‘—'IC) - SW 4~ _{_\l_l A¢ ‘06(405.4)
R
- 100 =7

_ -6 X 10 + 3 X3-.8 xIO (
- = fe Seee(4:5.5
T 3-1.23 T24se - ( )

So thg@ulse length must exceed 7.26 microseconds,
The power used if a pulse length of 10 M8 is used

in conjunction with a p.r.f. of 10 ke/s is therefore:
P=10%x10x10"0 x 1 x 24 = 2.4 watts ..(4.5.6)

This is to supply 10 units, so for a small computer

of 10 x 10 units the drive power required would be
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24 watts from 10 pulse amplifiers.

In view of the relatively small number of
units which can be driven from one drive pulse amplifier,
it seems logical to split up the computer into
self-contained modules, say 5 x 5 units in size,
incorporating the pulse amplifiers needed for these
units. As shown in fig. 4.5.2, the 5 x 5 or 10 x 10
arrangements form convenient patterns, as the computer
can be made up from a number of identical such modules.
However, the 10 x 10 module would need more powerful
drive pulse amplifiers in order that each could drive
the 20 units comprising each phase.

4,6 Input Pulse Generators. It is not necessary to

have a separate pulse generator for each boundary
point. However, the time taken for solution of a
problem will depend primarily on the time for setting
and reading out the potential values. Therefore, a
fair number of generators compared with the number
of boundary points likely to be needed should be
provided for the machine,

The requirements for the input generator
are that it should deliver to a specified mesh~point
unit in the machine a specified number of pulses.
In a large machine it would probably be most convenient
to 1list both these quantities on magnetic or punched
paper tape and arrange that the generators obey

instructions in this form.
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As no complete machine has yet been made, no pulse

generators of this type have been constructed., A

possible arrangement is, however, outlined in fig. 4.6.1.

The pulse generator runs in synchronism with the

central clock pulse generator. The number of pulses

to be injected is set on the scaler, which may well

use the scaler units developed for use in the mesh-

point potential registers. Pulses from the generator

are fed through the gate and to the scaler. When

the scaler has counted the correct number of pulses

the gate is closed, and the mesh~point selector 1s

switched to the next point and the process repeated.
Selection of the appropriate point in the

computer at which to feed in these pulses could be

done manually in a small machine, or in a large machine

by using the coincident~current principle as used in

computer magnetic matrix stores.

4,7 Input for Poisson's Equation. In this case,

a mesh-point in a region of charge density Q will
need extra pulses injected, the number being directly
proportional to Q@ » as we have for the finite-difference

equivalent of Poisson's equation,

2 2
2V 2V e
- 4 — - -
52t sz = eee(4a7.1)

the equation

V = ﬁ (\,‘+vz+\/3+v4 *_:_2(_') ceof4.7.2)

[

where h is the mesh size.
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The situation is not as simple as the case
where a point is to have a certain specified potential,
because the unit must still operate in the normal way,
accepting pulses from adjacent units and raising
its potential accordingly. The input must therefore
sense whether the mesh-point unit is to emit a pulse
at the next appropriate clock phase.lf the mesh-point
unit is not going to emit one, them the input unit
can put in a pulse, but may not do so if the mesh=
point unit is to emit one. Extra circuitry is therefore
needed between the selected mesh point and the input
generator. This need not be complex as all that is
added to the normal input unit is a gate on the output
of the pulse generator which is closed when the selected
mesh-point unit is emitting a pulse, as in fig. 4.7.1
It may be possible, in the interests of economy, to
use the same conducting path for both feeding in
pulses and for sensing if the mesh-point unit is
emitting a pulse, if it is arranged that the input
pulse is slightly delayed on the mesh~point output
pulse.,

4.8 Readeout of Stored Potentials. The system of

read-out proposed for the storage registers at each
mesh~point is that pulses should be fed into the
input of the register until it is completely filled,
this being indicated by an output from the final
stage of the register. The complement of the number

of pulses fed in is then the potential of that
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particular point. Selection of the point in the mesh
may egain be done by a coincident cuprent system.
Sensing the output of the final scaler stage of each
unit could be done by a sense wire through all the
units served by the read-out device. Again, only

one such device for the whole computer is strictly
necessary, but results would be read more quickly

if a number of them were used, each for a particular
region of the mesh.

A schematic of the read-~out device is shown
in fig. 4.8.1l. The pulse generator need not work at
the machine clock frequency, it should work at the
maximum speed the mesh-point register is capable
of accepting reliably. The gate closes as soon as
the register has filled, and the counter then indicates
the potential would preferably print out the value,
The device would then be switched to the next meshe

point unit.

4,9 Stopping the Computation. Some means of telling

when the computation is finished must be incorporated
in the machine, so that the read-ocut process can

be started. This would : best be done by sensing whether,
during a complete clock cycle, no pulses were emitted
from any of the mesh~point unit ocutput cores. A sense
wire could be threaded through a number of output

cores, and then to a system of 'or' gates. The voltage

pulse produced when a core switches completely is
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about 20 times the amplitude of the pulse produced
when the same drive is applied to a saturated core.
This would 1imit the number of units thaet one wire
could serve, which would depend also on the discrimination

of the 'or' circuits used.
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4,10 Cost of Mesh Point UnitS.. The following is

a very approximate estimate of the cost of the mesh

point units described above:e

Input Scaler £ 8 d
1 wound core 0«84«20
5 resistors O -2 -6
2 transistors 0«16 - 0
Output Circuit
4 wound cores l=- 12 = O
4 transistors l- 12 =« O
4 resistors O- 2«0
Potential Register
5 scalers similar to

Input Scaler 6= 12 « 6

Printed circuit O~ 5 ~ 0

Total £ 1ll- 10 - O

The units could probably be produced rather
more cheaply if they were made in large quantities,
but in estimating the cost of a prototype computer
it would be unwise to rely on the cost dropping very
mich below £ 10 per uhit in view of the modifications

which will probably be found necessary.
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5. ANALYSIS OF THE OPERATION OF THE FIELD COMPUTER

5.1 Propagation of Pulses in a One«Dimensional System.

To examine the behaviour of the individual
units when connected together to form a computing
network, it will be helpful to first consider the
simplest possible situation. The units to be considered
are of the one~dimensional type, which emit one output
pulse for every two input input ones.

First consider the case where unit no. 'O!
is a boundary, and units numbered 1,2,3s4sce0es
extend infinitely to the right, with no right hand
boundary. The residues in each unit are set initially
to zero. Pulses are now fed in from unit'd to unith'
at the rate of one every clock cycle. For simplicity
a two phase rather than three phase clock cycle will
be assumed. Precisely the same coneclusions are reached
using a three phase system, the only difference being
that the two phase system assumes that the units
are capable of handling two simultaneous inputs.

The states of the first few units for the
first few clock cycles are shown in fig. 5.l1l.1l. The
numbers in each 'box' show the state of the residue
of the appropriate unit after each of the two clock
phases in each cyecle. Units 0,2,4 etc, emit pulses on
phase '0' and units 1,3,5 etc. on phase '1°'.

There is a certain pattern in the way in

which pulses progress, and examination shows that



64

o

o

fts.

Un

Clock
Cycle

5.1.1

Figure

10
11
12
13
14
15
16
17
18
19
20
21
22




65

o ! 234 &£{--- i) 1 Unit Number
T 1] , —

]
27| i
3T |
41|

S
~

Figure 5.1.%2



66

the time taken for the first pulse to appear in the
residue of the nth. unit is n(n+l)/2 clock cycles.
This time is that taken for all units to the left of
n to revert to having 1 in their residues, as this
simplifies calculation to some extent. The 2's in the
residues are seen to propagate to the right at the
rate of 2 units per clock cycle, but can only propagate
if there are 1l's in front of them. The total potential
of any point at any particular time is found by adding
the number of times it ®mits a pulse, i.e. the number
of times a 2 appears in the residue.

Fig., 5.1.2 is a simplified form of the previous
diagram. The triangles enclose regians where propagation
of 2's is occuring. The valleys between the peaks
are filled with 1's . All the rest of the residues
are zero. The figure extends to the situation after
the first pulse has reached unit no. n and all the
units below that have a residue of 1. The 'potential’
at any given instant of any point may b€ found by
drawing a vertical line at that point on the diagram.
The potential is directly proportional to the sum
of the lengths of line which lie inside the triangles.

b.2 Potentials in the One~Dimensional System. These

rise in a similar manner to that in which the pulses
propagate. Consider the instant when a 1 has arrived
at point n ( and the system has settled down so that

there are no 2's present) i.e. at time n(n + 1) T/2,
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where T is the period of one clock cycle. The
potentials at each point are :=-
V., =0
=1
Voo - 2 #1
3+2+1

<
A
I

4 + 3 + 2 + 1

]

9S00 080980000

® 08 60 80080 O

Vpep = P # (p=1) + (p=2) +..041 = p(p+1)/2
Vo =n+ (n-1) + (n=-2) +...+1 = n(n+1)/2

eee(Ba2.1)

The potential of unit '0' is confirmed by the
fact that n(n+l) clock cycles have been completed,
and unit '0' has emitted one pulse in each cycle.

In the general case,

V__ =7p(p+l)/2 when t = n(n+l)T/2 ..(5.2.2)

ne=p
or,
V(q_’t) = gn-q )én-q‘tl) oo (5.2-5)
1
with n=-%2% (2t/T+ %)% cee(Ba2.4)

where g is the number of the unit and t the time.

For t much greater than T and n much greater than 1,

we obtain :

V(e,t) s (JBEE - a)%e vee(5a2.5)

5.3 The Difference Equation Solved by the Computer.

The important factors in the operation of a unit are
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the residue at any instant,snd whether it emits a
pulse on any particular clock phase. Let P(n,sT)
represent the output from unit number n at clock
cycle number s, and R(n,sT) the residue of the point
immediately after this unit's clock phase. If these
expressions have the value 1 when a pulse is present

and othezwise 0, then:-

P(n,sT) = 1, if R(n,$=IT) + P(n-1,8=IT) + P(n+1,5=IT)
= Q(n,sT) > 2 ees(5.3.1)
P(n’ST) = O’ if Q(n’ST) <2 000(50502)

i.e. an output is obtained if R is 1 initially and a
pulse is received from either, or both adjacent units
or if pulses are received from both adjacent units

and R is O initially. Similarly,

1, it Q(n’ST) =1or 3 000(50505)

i

R(n,sT)

O or 2 ..‘(5.5.4)

R(n,sT) = 0, if Q(n,sT)

These expressions can be combined by noting that:=

Q(n, sT )
R(n,s=-IT) + P(n-1,8=1IT)

R(n,sT) + 2P(n,sT)

H

+P(n+1,8=IT) eee(5.3.5)

The same expression could have been obtained
by consider#éng’ .the fact that pulses are 'conserved',

i.e, that for every pulse entering a unit, one will
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eventually be emitted, the difference between the
numbers of those received and emitted being, at any

particular time, the residue at that point. Therefoee,

R(n,sT) = R(n,s=1T) + P(n~l,s~1T) + P(n+l,s=1T)
- 2P(n’ST) OQ.(5.5.6)

The term 2P(n,sT) arises because when a unit gives an
output, it goes to two adjacent points and so counts
as two pulses.

The total potential at any point is the sum
of the pulses emitted from that point; let this be
V(n,sT). To obtain this quantity, we write down

eqn. 5.3.5 for all clock cyeles and add them together:-

R(n,sT) = R(n,s=-1T) = P(n-1l,s=1T) = 2P(n,sT) + P(n+l,s=1T)
R(n,8=1T )=R(n,8=2T) = P(n=1,8«2T) =2P(n,s~1T=)+P(n+l,s-2T)

L B AN BN N N 3N J
®S 0O DO oD

LR IR N BE K 2N N 4

R(n,2T) = R(n,T)
R(n,T) « R(n,0)

P(n-1,T) ~2P(n,2T) +P(n+1,T)

P(n=1,0) « 2P(n,T) + P(n+1,0)

So that;

V(n=1l,8=1T) = 2V(n,sT) + V(n+l,s8<1T)

R(n,sT) = R(n,0)
cee (5eBa.7)
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5.4 Possibility of Solving the Diffusion Eguation

If, in equation 5.3.7 , R can be assumed
small compared with other values, this is the difference
equation corresponding to the Diffusion Egquation;

> VANE WV
Si 2t S eee (Badel)
and so the computer would solve this equation as well
as Laplace's and Poisson's Equations.

However, on closer examination it becomes
evident that ignoring R is not permissible. R can
only have the values 0,1 or2, but because of the

method of operation of the computer, the values of

V(n,sT) = V(n,s=1T) can only be O or 1 and therefore

{y(n,EZET) - V(n-l,EITT)} - {y(n+1,§:iw) - v(n,EZET)}
can only have the values
0, %1 or 2, Therefore the computer in its present
form cannot solve the Diffusion Equation , as to do
this it would be necessary that the differential
values could take up a wide range of values. However,
the principle of the field computer could be applied
to a computer which would solve the Diffusion Equation,
but the method of operation of the units would need

to be different.

5.5 Demonstration that the Computer can Solve Laplace's

Bgquation. Consider equation 5.2.3 ;

! =q Hn—g+l)
V(q,sT) = =

2
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Then the finite-~difference form of— is:

X
AV _ (n=q)(neg+l) = (n-g=1)(neq)
h 2h
= 3 cee(BeBal)

2
and, for?L}i:
DX

- E;%il - . 1/n% ees(Be5.2)

2
v —
ne h

So that in the case where equation 5.2.3
applies, 'BZV/B x° is not exactly zero and so Laplace's
Bquation is not solved exactly. The error is small
and may be negligible if the total potential in the
region is large. It is, however, an appreciable error
at or near the front of the pulse propagation pattern.
It is important, therefore, to eliminate this constant
error.

The result of equation 5.5.2 is that which
would be expected if there were a uniform negative
charge density throughout the region considered.
Therefore it seems likely that a more accurate
solution would result if, initially, uniform
positive charge were imposed everywhere. The amount
needed would be a residue of +1 at each mesh=-point.
From a consideration of fig. 5.1l.1 this is a reasonable
thing to do, as the units seem most likely to settle

down to this state at the end of a computation. It
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is also the mean value of the states of the residue.
Figure 5,5.1 shows the uniform progress of
the pulse pattern through a field with the residues
initially set to l. Conditions are otherwise as in
fig, H5.l.1l and 5.1l.2. The potential at any point,q,

where q is less than n, is given by:i=

V(q,ST) =1 = @ 000(50505)

with sT = nT. So;

{%Z = (s=q) = (s=q+1) - i;_ cee(5.5.4)

L2y {(s=g-1) = (s=a} = {(s=q) = (s=a#1}
n n®
eee(Bebe5)

i
o

So that in this particular case Laplace's
Equation is solved. However, this is not a steady
state case, as V is rising steadily at each point to
the left of poin number n. If unit '0' were to cease
emitting pulses, the pulse pattern would continue
to move to the right indefinitely, but the potential
of all points would rise steadily and then stop when
it had reached the final potential of unit '0O'. This

would then give another trivial solution of Laplace's

Equation.
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B«6 A Bne-Dimengional System with a Boundary at

Bach End. Suppose we take the next simplest case,
with a boundary dbondition that point no. n shall

be always at zero potential. This means that unit

n receives pulses but never emits any. The residues
are all assumed to be 1 initially. The pattern of
fig. B.6.1 is the result, if unit '0' emits pulses

at the rate of one per clock cycle. The potential is:

V(n,sT) = 55— 2(n-a)
= s(le q/n) cee(Be6.1)
AV _ s(neq)/n = s(neq+l)/m _ =8 ..(5.6.2)
h h nh
AV _ s(negel) = s(n-q) = s(neg) -s(neg+l)
=0 cee (5. 6.5)

and so Laplace's Equation is satisfied. Now,

Afz = s(l-q/h)ﬁf- (s=1)(1-g/n)

=1-2-—g- 000(50604:)
nT

which is constant as long as pulses continue to be

injected by unit 'O'. When these pulses stop, Laplace's
Equation will be solved exactly if it so happens that
the instant of stopping coincides with one of the

minima of the sawtooth pattern of fig., 5.6.1l. If it
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stops at any other point, then a certain amount of
inaccuracy arises., If it stops at time xT, as in
fig. 5.6.1l, then the shaded area of the last triangle
has no 2's in it and so the potentials of the points
concerned will turn out to be low. As it would be
difficult in general to arrange for the input to stop
at just the right moment, in fact this would be impossible
in more complex problemsy,it is necessary to allow
a large number of complete pulse patterns to form.
In this way, the errors will be insignificant
compared with the total potentials. The number of
sawteeth is directly proportional, in this case, to
s/n and so the larger the computer network the larger
the number of pulses which must be fed in at the
boundaries in order to achieve comparable accuracy.
In the above cases, it has been assumed for
simplicity that the boundary pulses were sent in
in g steady stream. The results are not materially
affected if the boundary pulses are fed in at longer
intervals, or in a random manner, provided always
that they are emitted at the rate of not more than
one per clock cycle. The only difference in such a
case would be the obvious one that there is then

no direct relation between time and the number of

pulses emitted.
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5.7 ‘Extension to Two=-Dimensional Systems. It seems

to be rather unprofitable to attempt to extend the
previous method of analysis to systems having two
dimensions because of the large amount of work
involved and the likelihood of making mistakes.

The simplest case, that of the potential distribution
between two infinite parallel plates, is of little
interest since it is precisely equivalent to the
one=dimensional system already considered. All

that can be concluded from such attempts is that

the residue at each point should initially be set

to some value greater than O if the same sort of
results as in the one-dimensional system are to be
obtained., With an initisl residue of 3 in the parallel
plate case, injection of 1 pulse at a boundary will
result in propagation of the disturbance to the other
boundary, the first few steps being shown in fig., 5.7.1.
If the initial residue is 2, however, fig. 5.7.%2

shows that this sort of propagation does not occur.

2 is the mean of the possible values of the residue
and so seems likely to be the mean value of all

the residues at the end of a computation. Thewfore,

at this stage it is rather doubtful which value should

be used in a general problem ,
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Figure 5.7.1
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Pigure b5.7.2
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6.8 Simulation of the Field Computer on a Digital
Computer. In order to discover whetheb the machine

behaves satisfactorily and solves Laplace's Egquation,
it is necessary either to build a fair-sized example
of the field computer or to simulate it somehow.
Theoretical methods seem unable to provide the
information required and so it was decided to
simuilate the operation of the computer omi the Pegasus
digital computer, By causing the computer to print
out frequently it should be possible to check that
the field computer would behave as predicted, and
the final result of the computation should give some
idea of the accuracy of the field computer. Another
important result is the time taken for the field
computer to settle down to the final solution after
all the boundary condition pulses have been fed in.
The scheme adopted for the programme for the
digital computer was to scan ali points in the mesh
in series in a five=phage cycle. These phases correspond
to the five clock phases needed in the two-~dimensional
problem. The nett effect, with the system of phasing
used, is the same as if the processes in any given
phase happened simultaneously, as in the field computer,
rather than sequentially as in the digital computer.
This is because the pulses emitted by a unit in its
phase cannot affect another unit having the same
phase, and neither can two units of the same phase

simuManeously give a pulse to a unit of different phase.
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At each mesh point, the process is the same
as in the field computer. The input store, or residue,
is examined; if it is greater or equal to 4 a pulse is
emitted to the four adjacent points,i.e. one is added
to the residue of each. One is also added to the
total potential store at that point; The programme
is arranged so that one word in the computer contains
the total potential and the residue at the point
together with information as to whether the point is
on a boundary or is internal. In order to do this,
the programme had to be written in machine language
for Pegasus.

At a boundary point the procedure was somewhat
different, as the potential of that point was initially
put into the store there, one subtracted from it
every clock cycle and one added to the residues of
the adjacent internal points until the potential
store was exhausted. At a boundary where the potential
was specified all incoming pulses were, of course,
ignored as in the field computer. This situation
corresponds to that in the field computer in which
all boundary points are fed at the same time by
separate pulse generators. It would be quite easy
to modify the digital computer programme so that
it could simulate the case where pulses are fed in
at different times at various boundaries, but this

has not yet been done as it seems that no very
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significant problems would be resolved by so doing.

A print out subroutine was written which
printed in tabular form the potential and residue at
each point in the mesh. Initially the programme was
set to print out once in every cycle of 5 clock phases,
This could be increased for cases where a large number
of cycles had to be gone through before the computation
settled down to give final values of potentials. The
programme in addition printed out all these values
at the end of the computation, this stage being sensed
by checking whether any pulses had flowed in the last
clock cycle.

The complete programme is given in Appendix 2.

5,9 Apdication of Simulation to Specific Cases.

To test the programme, it was applied first
to the case of the infinite parallel plate capacitor.

As the computer

gv, A
f ; cannot properly take
G: 'D  account of the edges,
' : C & D in fig. 5.9.1,
'Ov.l B ‘ of tie section of the
Figure 5.9.1 capacitor which is

considered, a uniform potential gradient along these
two edges was inserted as boundary conditions.

Figures 5.9.2, 5.9.3 and 5.9.4 show the results
after 1, 5 and 10 clock cycles for the cases where the
initial residues were 0, 2 and 3 respectively. In all

cases the 10th cyecle produced the final solution.
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With residues of 2 and 3, the final statea of the
residues are the same as the initial ones, in this
particular case, and the solution is exactly correct.
In a more complex problem it would be most unlikely
that all the residues would return to their initial
values, and, as 2 is the mean value of the states of
the residue, it was decided that this would be used
in the next computation. However, it can be seen
from fig. 5.9.4 that with en initial residue of 3
the solution is approached more quickly at first.
This question of inital residues is, of course,

not at all important when large potentials are involved.

In all three cases the number of cycles taken
was the same and the time for settling down after the
last pulse had been fed in was negligible. The time
taken on Pegasus was about 3 minutes in each case,
the majority of this time being taken in punching
the results, this taking about 15 seconds per cycle
compared with about 2 seconds computing time,

A more complex problem, that of the electron
gun in fig. 5.9.5, was next tried. This had been
solved previously by relaxation and so the
solution obtained by the computer could be readily
checked.The relaxation solution is shown in fig. 5.9.6
an the computer solution in fig. 5.9.7. Good agreement
between the two is shown, and no residues ( in the
usual relaxation sense ) of greater than 2 could be

found in the computer solution. The only discrepancy
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petween the two was that the computer solution
tended to be slightly lower than the relaxation one.
This might have been avoided if initial residues
of 3 had been used, but this has not yet been tried.
The time taken for this computation was 20
minutes and although this time is not excessive it
is probably slower than using more normal digital
computer methods for solving such a problem. The
time for settling down at the end of the computation
was less than 30 clock cycles, and s0 was small
compared with the time taken for the reading in of
pulses. The time taken in the actual field computer
would be much less, as the time for each cycle would
be much smaller, and constant however large the machine
were. This does not mean that the time for solving
a problem on a large machine will be the same as for
a small machine. In the large one, in order to take
advantage of the greater sccecuracy possible due to
the greater number of mesh points, larger potentials
will be used on the boundaries, with a consequent
increase in computing time. The time for settling
down at the end of the computation will increase
in the larger machine, but may stay at a fixed fraction
of the total computing time because of the increase

in the latter.
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6 FURTHER DEVELOPMENT OF THE FIELD COMPUTER

6.1 Feasibility of the Computer. It has been shown

that the computer will behave as expected and solve
Laplace's Equation, and is a practical proposition
if some further development work is done on the circuits
needed. 1t is not suggested that the circuits described
are the only ones possible, but they show that it is
economically possible to build such a computer using
existing circuit components. Whatever circuit is
finally developed for the basic unit, a large  number
of identical units will be needed so that quantity
production will simplify their memufacture and tend
to reduce their cost.

Apart from the basic units, there are other
aspects of the computer which need further consideration,
principally concerning the imposition of various

types of boundary conditions.

6.2 Neumenn Boundary Conditions. With such
conditions, the normal derivétive of potential at the
boundary is specified, rather than the potential
itself, In fig. 6.2.1ly, if the normal derivative is
known at point a on the surface 8, then the potentisal
difference between a and the next point out, b, can
be deduced. The computer must then ensure that the
correct p.d. exists between a snd b at al1l1l times.
This will involve special units at points like a

which will initially have to emit enough pulses to
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bring its potential to the right amount above that

of b and thereafter maintain this potential difference

by emitting one pulse to b for every pulse received

from b.. These requirements are simplified, of course,

if %}.‘i = 0 Dbecause then the initial emission of

pulsé; becomes unnecessary, as a and b will normally

be at the same potential at the start of a calculation.
The boundary units needed for Neumann conditions

are, then, more complicated than for Dirichlet

conditions but should be realizable in a not too

complex form. It has not yet been possible to investigate

designs for such a unit.

6.5 The Effect of an Electrically Isolated Conductor.

This case seems likely to be rather troublesome
in realization. The essential requirement is that
all points on the conducting surface nmust be always
at the mame potential. When the potential of the
whole conductor rises by one unit, each point on
the surface emits a pulse to its neighbours outside
the surface. But before this can happen the conductor
must have received one pulse on every input connected
to mesh point units on its surface or, as will
generally be the case, a number of pulses equal to the
number of inputs (but not necessarily one on each
input ). This requirement is based on the principle
that pulses are conserved in the system, as many
pulses leave as enter a point and so as many pulses

leave an area as enter it (assuming no pulse sources
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are enclosed).

What is required, then, is an enlarged version
of a mesh point unit with a large number of inputs,
and capable of counting to this number. It may be
possible to connect the idle units in the interior
of the conductor to do this, or at least to help
with it, but this has not been investigated.

6.4 Special Units Needed at Dielectric Interfaces.

We shall consider only the simplest case,
that of a straight boundary between two dielectrics
with different permittivities,,x.and M, the boundary
being along a line of nodes as in fig. 6.4.1.
Allenn'jhas shown that the residue in a relaxation

calculation at node '0' on the interface is:=

. 2M 2
R veyw ¢ + 9, +}7§4— + by =4, +oe(604.1)

where¢>'s are potentials on the left of the interface
and $'s potentials to the right. Hence 4>‘ and @aare
fictitious and have been eliminated in the above
equation.

It is therefore necessary to interpose special
units between units 3 and O and between 1 and O, to
multiply the number of pulses reaching point 0 from
3 and O by Z}J/(}u+ M) and 2M/()J.+ M) respectively.

The outgoing pulses from point O should be unaffected.
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4.

Figure 6.4.2
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Fig. 6.4.2 shows which paths will be affected, plain
arro¥s indicating unaffected paths.

These units will be quite difficult to design
because }1/(}1+ M) or M/(}4+ M) will in general
not be a small integer, but a fraction. As the basiec
unit normally only divides by 2, 4 or 6 , these
interface units must be considerably more complex
than normal basic units. However, it is very important
that al units should be kept as simple and reliable
as possible. The following is only a suggested
general scheme of operation.

The ratio of output to input number of pulses
will be some number like 2.546, say. This number
should be stored semi-permanently in the unit, but
should be capable of being read nondestructively.
Transfluxor cores might be used for this, with partial
switching as in the basic units, but with the
additional facility of nondestructive readout.

In order to achieve the non-integral multiplication
of pulses, normally for every one input pulse there
will be 2 output pulses. Howeve®, when there have
been 10 input pulses, an extra 5 pulses must be
emitted at the 10th input (for the ratio 2.546).
Similafly, at every 100th pulse an extra 4 pulses
must be emitted (a total of 2 + 5 + 4 pulses on every
100th pulse). At every 1000th pulse an extra 6 are

emitted, and so on as in fig. 6.4.3.
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Total no.of Actual ratio Total no. of No. of o/p pulses
pulses in of o/p:i/p pulses out per i/p pulse
1 2 2 2
2 2 4 2
3 2 6 2
9 2 18 2
10 2,5 25 7(=2+5)
11 2.46 27 2
12 .42 29 2
19 2. 26 43 2
21 2.48 52 2
99 2.46 243 2
100 2. 54 254 11(=2+5+4)

Figure 6.4.3
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Now, as more pulses come out than go in,
trouble will arise if there is an input on successive
clock cycles, as there will not be time to get rid
of the output pulses. Therefore an output store will
be needed, where the output pulses can wait their
turn to be put out. An input store is also needed,
so that the device knows when the 10th, 100th etc.
pulse has come in.

Input and output registers could be of the
same type as the potential registers used at each
mesh-point. The output register will need to be more
complex, in fact, as it will need to count both ways,
backwards when a pulse is emitted to an adjacent
point. The means of producing 2+5+4 pulses etc. seems
likely to be the biggest problem, as this must be done
in between computer clock cycles and so must be done
rather quickly. This problem might be removed if, in
the example chosen, 3 pulses were normally emitted
for every input pulse normally and output suppressed
at every 1l0th etec. pulse for the appropriate number
of pulses.

6.5 Possibility of Improved Field Computer.

The existing design of Digital Field
Computer solves only Laplace's and Poisson's Equations.
For such a complex device this seems a rather small
range agnd so it is of interest to inquire whether

it is possible to extend the range of application of
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the computer, preferably with little extra complication.
It has been shown that the computer does not solve
the Diffusion Equation because can only take on
a few discrete values. However, if the computer did
its operations on the total potentials at each point,
things would be rather different, as the required
derivatives could be available. The total potential
is in any case stored at each point so this would
not cause any further complication. However, rather
more complex arithmetic units would be needed. The
arithmetical operations are not very complicated,
division by 2, 4 or 6 and addition, but they involve
the total potential and so the units would be more
complex than the existing design.

Consider the Diffusion Equation;

2 2
VvV
.é_—\{. + ?'_ = A ‘—b—\'/— 000(60501)
DX bjz 2t
or, in finite difference form;
Vi + Vé + V5 + V4 - 4V, _ A( Ve - Vo)
h? T
or, V. = v, + T{V1#Vp+V5+Vy=4Vo) vee(6.5.2)
2
Ah

where V; is the new value and Vo the present value

of the potential at the central point of the b«point

finite-difference star. If scale factors are arranged

80 that T = Ahz, then the arithmetic is quite simple.
With more complication it is also possible

to solve the wave equation;
—é:y + EE:Y :::B éj!
2xr 2 y? 2t v (6.5.3)
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in finite difference form:e

Vi + Vg + Vg + Vg =4V, B( Ve 4 Vo - 2Vo)
he - T3
OI’, + T2
V3 = RVo=Vo +=mn(Vi+Vo#Vp47,~47,) eee(6.5.4)

Where V§ is the new potential at point '0', V, the
existing potential and V; the previous potential.
In this case it is necessary to store at each point
the potential at the previous clock cycle as well as
the existing potential.

These cases have not been investigated in
further detail as even the Laplace computer is not
yet made, but they show that the principle of the
Digital Eield Computer can be extended to differential

equations other than Laplace's.
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APPENDIX 1
THE SOLUTION OF A PIERCE GUN PROBLEM FOR RELATIVISTIC

ELECTRON FLOW, USING A DIGITAL COMPUTER

Al.,1 Derivation of the Differential Egquation.

The problem is to design the focusing electrodes
for a gun producing a planar electron beam with
relativistic electron velocities. The equations

governing the electron flow are:-

Poisson's Equation,

av = - S_ ees(Als1.1)
do * €

The kinetic energy equation,

c2(m = m ) = eV ees (AL 1.2)
Where m is the mass and m, the rest-mass of an electron.,

= M0

m= d ...(Al.l.c."))
(1 - vo/cR)Z

where v is the velocity of an electron (uniform at

any given cross-section).

From Al.1l.2 and Al.1l.3,

v2 = o2 | (ev/c2 + m )2 « md
(ev/cg + mo>2

Putting U = eV/m,c? ees (Al.1.4)

1
¢ (UR + 2u)2
TU o+ 1
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therefore, from Al.l.1 ;
d2U el o (U+1)
-dx? ¢ moc (v 4-213)1T

Putting eJ/€ moc5 K, where J is the current density

in the beam,

%{2%= L vee (AL 1.5)
or ( u) 4V K(J+1)
X A U7'-+ZU
nntegmhm_:]
1/ du %
) (_;(__) Kk (J? +ZUJ
dv | J2K (UZ+2U)‘/+
dx
J
| av

eee(Al.1.6)

A/—:z—?— (\J +2 U) /4
This equation gives the variation of potential
along the beam edge, and from this we wish to find
the necessary electric field ocutside the beam for this
to be so.

Al.2 Application of Complex Varisble Theorg.

As the system is 2 dimensional, the results
of complex variable theory can be applied to the
solution of Laplace's Equation outside the beam.
Any analytic function of a complex variable is a

solution of Laplace's Equation. So, if we take
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equation Al.1l.6 and replace V2Kx by z, = x+jy, and

the potential function, U, by a "complex potential®

U, =V + jW, and then integrate with respect to U,

we shall obtain a description of the required electric
field. Integrating with W = O is equivalent to
integrating along the beam edge. Integrating along

lines of constant V in the complex U plane will

give equipotentials directly as complex numbers in

the x + Jy plane. In other words, the required electrode
shapes are given directly .

Al,3 Method of Computation. Th® integral to be

evaluated is

u
_ dJ
} = J (—m)./4 (A1.3.1)

o
over the complex U plane.

Although this integral can be expressed in
terms of elliptic integrals snd so can, in principle
be solved enalytically, such a process is extremely
long and tedious. It was therefore decided to attempt
a computer solution.

For purposes of computdion, the compkex U plane
was split up into rectangles, ng in the V direction
and mg in the W direction. The potentials were computed
at each intersection, the paths of integration being
along W=0 and then along V= cast. For the numerical
integration process, each of these steps was further

divided into n; and my divisions respectively.
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Al.4 Computer Programming. The computer used was

an English Electric Deuce and the programme was
written in Deuce Alphacode. This interpretive scheme
incorporates instructions for manipulating complex
numbers and for numerical integration using Simpson's
Rule, both of which were used in the programme.

Al.5 Results Obtained. The results for the most

accurate solution obtained are plotted in fig. Al.5.1l.
From this it is clear that the integration is not
accurate enough, because the electric flux lines and
equipotentials do not cross perpendicularly at the
cathode electrode. There is, however, an improvement
over an earlier , cruder result shown in fig. Al,5.2
and further improvement could therefore reasonably

be expected if more steps of integration were used.
However, the computation was discontinued at this stage,
as about 8 hours computer time would be needed to

get o significantly more accurate result. It was

thus not considered worth while to continue in view

of the expense, or alternitively the re-~writing of

the programme in Deuce machine language. The computation
should be much more rapid on a larger more modern

machine.
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0
Programme for integrating dU/(U%+ 2U)ﬁ§n the complex
U plane, using Deuce Alphacode.

No. » R A

1 23

2 54

3 23

4 23

5 23

6 23

7 1 N13
8 49 X703
9 1l N10
10 1 N12
11 1 T1
12 1 T2
13 5

14 49 X101
15 1 X12
16 1 X1l
17 1 X12
18 49 T1
19 5

20 12 N6
21 49 Z103
22 10

23 1 N7
24 1 N9
25 12 N8
26 O X101
27 12 N8
28 O X301
29 10

30 1 X100
31 43 X21
32 1 N11
33 12 N1l
34 1 X702
35 1 X300
36 43 X22
a7 12 N1l
38 2 X701
39 bb

40 12

41 55

42 1 N12
43 12

44 O X101
45 12

46 O X102
47 10

48 1 N12
49 9

50 1 N13

51 1 N15

HFHHFHFGRO

X12

N6
N3
N8
N9
X101
N9
X102
N8

N3
N12
N12
X702

N3
N12
X701l
1

1
N12
N3
X101
N3
X301
N13
N12
N14

N4

FUNCTION
DATA

Q DATA
DATA
DATA
DATA
DATA

oYy o
tHEEEEL S+

O

JUMP
MODIFY
Q +
Up T0O

+

+
MODIFY
MOVED
MODIFY
MOVED
UP TO

+
INTEGRAL

+
MODIFY

+

+
INTEGRAL
MODIFY

Q RESULT
MODIFY
Q RESULT

+
MODIFY
MOVED
MODIFY
MOVED
UP TO

+
>
+
+

C D
X1
X5
N1
N2
N3
N4
1
X5
1
N10o
0]
X4
81

T3

X4

0

X2

X1l

Sl

T3
N3 R1

N8

N7
X2
X100
N10

R2

X21
X2
X300

X22
X11 1
N1l
X701 1
N10O

N4 Rl

N10

Pg

PO

PO

PO

NOTES
Read Re.,
Read Im.

T1=U

X103=(U2+20)~%

N7=m1+1

X21= sae TAW

X702=8um of [ReIAW

X22= [TnIAW



r R A
12 N1s
49 X701
1 N1l9
12 N15
49 X703
1 N12
1 Nl4
49 X11
1 X501
5

1 4 K11
1 Tl

1 72

5 ,

12 N23
1 X502
10

1 X500
43 X13
L Nle6
1 N17
1 N18
3 N20
3 N17
1 N18
1 N17
12 N18
1 X701
24

12

24

12

0 X501
01 X12
10

14

19 81

49 T3
51 Tl
49 T3
56 T3
56 T3
52 T3
20

18

B

N12

X1l

N23

N1
N2
N4
N19
N17
N19
N20
N17
N17
X701

N1
X601

N19
Tl

Tl
T3
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FUNCTION ¢ D
MODIFY

Q + X7

+ 1l
MODIFY
Q + X9

+ N10

+ 1l
Q + X3

+ X3 1l
JUMP R1

+ X1

+ X11

+ 0
JUMP S1
MODIFY

+ T3
Up TO N1 R4

+ X1
INTEGRAL X500

+ 1

+ 1

* 1

X N18

X N17

+ N20

+ N17
MODIFY

+ X13
RESULT X111 1
MODIFY N18
RESULT X701 1
MODIFY
MOVED

+ 0
Up TO N1l6 R1
STOP
SUBROUTINE
Q + Tl
Q x Tl
QR+ Tl
@ ROOT T3
@ ROOT gs
Q& S
END OF 81
FINISH

P NOTES

Po

sl
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APPENDIX 2

COMPUTER PROGRAMME FOR SIMULATING THE FIELD COMPUTER

AR2.,1 Organigation of Data. At each mesh point,

the total potential and the state of the mesh point
counter (the 'residue') must be stored. In addition,
in order to treat the data at a given point correctly
it must be known whether the point is a boundary one
or not and also some means of deciding when the end

of the mesh has been reached must be incorporated.

All the data for one point were stored in one word

in the machine. The sign digit('a') was set to O

(+#) for all points at which computation was required,
and set to 1 to indicate the end of the mesh. The

last digit in the word (b) was set to 1 for a boundary
point, or one outside the boundaries, and to O for an
internal point. The state of the 'residue' was stored
in binary places 35, 36 and 37 and the total potential
in the places directly above these. As a two dimensional
system was being considered, the maximum possible
state of the residue was 7 (= 3 from the previous
phase + a possible maximum of 4 in the current phase)

and so needed 3 bits.

4'0..........0....l...........OC..I.Q.'L

'al T
Pigure A2.1.1

A2.2 Data Input. Boundary values were fed in in the

form of pseudo orders and an Input Interlude rearranged

these into the form indicated shove. The modifier
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position contained the potential of the point, and

1 was put in the counter position and so provided
the correct value for 'b'. A boundary point at zero
potential could be more simply represented by a +1,
and all internal points were set to have the desired
residue, +0 for a zero residue, +4 for a residue of
2y, and +6 for a residue of 3. The input interlude
operated only on the number in the modifier position,
80 these latter numbers would be unaffected by it.

A2.3 The Computing Process. The programme scans through

the mesh 5 times in a clock cycle. A cycle starts with
the first point in the mesh, then Jumps to the fifth,
then to the tenth and so on to the end of the mesh.
This completes the first phase. The next .phase starts
at the second point in the mesh, and so on for the 5
phases. At each internal point the residue, R, is
checked and if it is greater than 4 then 1 is added
to the residues of the 4 adjacent points and to the
potential register of the point, the residue being
reduced by 4 at the same time.

At a boundary point, a 1 is added to the adjacent
residues and 1 subtracted from the potential register
at each cycle until the register contains zero.

In order to determine when to stop the computation,
1 is added to a register (Cstop) every time any unit
emits a pulse. Cgiop is reset to zero at the end of

each cycle unless it is already zero, in which case
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the computation stops and the final results are
printed out.

A2.4 Print Out. Print out can be arranged to occur

every time a given number of cycles have been gone
through. The total potential together with the residue
at each point are printed out in tabular form

corresponding to the mesh of the Field Comnuter.



110

FLOW DIAGRAM FOR MESH POINT PROGRAMME

——— ‘ ~al-

Read block of data
containing appropriate word
from main store

is a=1%
%es No
end of . _
mesh) LIs b= 1%
No Yes(gound ry
c +1 ' e Pt )
phase Is RS 4% ;S S 09
Is Cph= 59 yNo Yes o
4o 'y Yes T, +1
¥moa=Cpn = s Add 1 to R_,q, J{
Jump to Start
Print out Rnglé Fo4m, Ry
1 Results & an stop
STOP ' Write block
1 back to main store
Have Cprintout cycles Xmod+ 5
been completed? Go on to next point
No erS
‘f; [Print out
Results
Set Cph= 0
Set cst0p=0
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APPENDIX 3

EXPERIMENTAL THREE PHASE PULSE GENERATOR

A3.1 Timing Circuits.A multivibrator is used as the

basig of the timing of the pulses. It produces

a rectangular waveform with a mark/space ratio of
1:2. The leading edge of this pulse triggers a
monostable circuit which is 'on' for the required

duration of the output pulse., This pulse is amplified

multivibpratop |

chammer1 || | |
channel 2 ﬂ —L -l -]

delay circuit

channel 3 —! ]

for output channel 1. The trailing of the pulse
triggers another similar monostable circuit which

is connected to output amplifier 2. This edge also
triggers a different monostable circuit, the 'delay
circuit', and the trailing edge of the pulse thereby
produced is used to trigger a monostable circuit of

the former type and so give channel 3.



120

A3.2 Pulse Amplifier. This is quite straightforward,

and the amplitude of the output pulses can be varied
from about 10 volts to 30 volts by varying the supply
voltage to the output stage. The 10 ohm resistor in
the collector circuit of this stage is to 1limit the
maximum current through the transistor to avoid
damaging it, but normally tlke ocutput pulses have a
nearly constant=-voltage characteristic. For an output
pulse of 1 amp the rise time of the pulses is about

1 microsecond.

This pulse generator is fairly crude and an
improved one, with a better timing system and faster
rise time is needed for a complete computer. The
efficiency of such a generator could be much greater
than for this one, about 80% should be easily

attainable.
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