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ANALYSIS OF HIGH VOLTAGE IMPULSE GENERATOR CIRCUITS.

Resume of Thesis by L. Martin Haddow.

A study is made of transient or oscillatory voltages
which arise in an impulse generator of the two-column Marx type
during the firing process (i.e. between the breakdown of the first
and the last spark-gap and immediately thereafter). These volt-
ages are liable to appear on the external test and measuring
equipment, but this aspect is not dealt with, nor are the spark-
gap characteristics investigated systematically.

The voltages are shown to be relatively independent
of the main circuit elements, but to be set up in the stray
capacitative and inductive fields in the generator structure.
These fields are resolved into an equivalent circuit involving
measurable parameters. A matrix method is developed to analyze
its dynamic properties, the solution being given in terms of
eigenvalues. It is particularly suited to numerical treatment
on a digital computer. The theory is extended, tentatively, to
the evaluation of optimum damping resistances.

By a second approach, the generator is represented by
a one-dimensional lattice circuit. Although an explicit solutior
is not‘obtained, some propagation characteristics are determined,
enabling comparison to be made with the one-column type of
generator (and with such analogous problems as transformer
windings).

The gaps cannot in general be assumed to fire
simultaneously. The transient voltages are of primary importance
in causing their successive breakdown, but the instant of break-
down due to an overvoltage cannot be determined from present data.
Again, the firing of the gaps constitutes the excitation to the
circuit, but it is doubtful whether they behave as ideal switches.
These two factors make a complete solution impracticable.



The experimental work made use of a four-stage
generator. Voltages calculated from measured parameters are
compared with oscillographic measurements. Sources of error
in the capacitance-divider circuit are investigated and
compensation for the connecting leads shown to be desirable.
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Iist of Symbols used in Section 2.1.

a diagonal matrix, in Eguation 9.

a matrix in Equation 19.

diagonal matrix of cos wpt - terms (Equ. 9).

partial capacitances.

symmetrical matrix of capacitance coefficients
Cij.

a/at.

(column-matrix of) impressed emf(s) ei €2 vauo

£ e(t).
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characteristic matrices of U, ¥ ZEqu. 4(a,b).

adjoints of f(w), f(z).

modgl row, or eigenvector, of mode r.

square matrix formed of rows hr.

mesh currents,

unit meatrix of order n,
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matrix conjugate to k.
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J

"Laplace transform of".
No. of conducting gaps = order of matrix.
transform parameter.

(matrix of) charge displacements in arbitrary
meshes.
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.ﬁ(t) | = ditto in normal meshés._
ap) = £ a(b). |
T = ‘'typical mesh number.
R = resiétanoe matrix.
S = 07! = matrix of elastance coefficients, Sj.
t = time. |
U = CL = dynamical’matrix (square).
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" " h, K, 9, W, 2z, w refer to normal modes or meshes,

Double Suffixes to C, L, S refer to mutuals between arbitrary
- meshes.



List of Symbols used in Section 2. 3.

a = wave number = 1/wavelength in sections.
b = cos k = parameter in Equations 6 and 8.
C = capacitance from node to earth.
Ci, C2 ... = capacitances at ends (Figure 8).
T = frequency.
k = 2 1 a.
Ky K2 = capacitancc between adjacent, alternate nodes.

L = 1nductance per section.
n = section number,
N = total number of sections.
P = parameter of Laplace transform with respect to t.
q = constants in Equation 4.
t = time.

U(p,2z) = transform of v(t,n) with respect to both t and n.

v(t,n) = voltage from node n to earth at time t.

Vip,n) = Laplace transform of V(t;n).

Vi,Vo ..o Vy = ditto at nodes 1, 2, ... N,
Vin = voltage across Gap m following firing of Gap n.

N = constants in Equation 1.
Z = parameter of sequence transform with respect

to n.

W = 2 1 f.
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SECTION 1 -~ THESIS.

1.1 Introduction.

The analytical work that has been done elsewhere on
the multi-stage impulse generator has been concerned mainly with
the "external" phenomena, viz. with the wave-shaping and test-
load circuits connected to its terminals, and the main series
circuit through the generator after it has fired. It is rather
fortuitous that equipment based on Marx's original circuits
should tend to work at all, even though the processes involved
have been only incompletely and imperfectly understood. A paper
by Edwards, Husbands and Perry (Reference 4) describes the
development of the machine over about 25 years. In that time,
three or four basic physical arrangements of the main components
have emerged, and it is now a standard piece of high-voltage
equipment in both research laboratory and industrial test-house.
Yet even now there is no thorough understanding of what takes
place internal to the generator between the firing of the first
and the last spark-gap. Transient oscillations, overvoltages,
and photo-irradiation effects are all involved.

The successful operation of the generator depends on
the several spark-gaps firing simultaneously, or with very little
time-lag Tbetween them. Actually, this tends to occur automatic-
ally provided the gaps are reasonably well adjusted. Neverthe-
less, generators having designs that appear suitable for the
intended output, have been found, when assembled and tested, to
operate anomalously. The authors of Reference 4, for instance,
mention an 8-stage, 1000 kV. generator "which could not be made to
work consistently at charging voltages in excess of 60 kV. when
arranged to deliver a wave of 5 microsec. wavetail', The over-
voltages appearing across the first two or three successive gaps
were then calculated, taking into consideration certain stray
capacitances and tail resistors. This led to a better under-
standing of that particular anomaly, and hence to improvement in



the machine's performance. Goodlet, (Reference 6) also discusses
the influence of the gaps on the output wave-shape, as have many
others in the field.

With the early oscillographic methods, high-fregquency
superimposed oscillations due to transients within the generator
were either not recorded at all, or were indistinguishable from
spurious oscillations produced in the measuring circuit itself,
Improvements both in high-speed oscillographic equipment and in
the associated potential dividers have made for far more precision
in impulse work, as for instance in fault detection in machine
windings., There has thus arisen the need for purer and smoother
output voltages, and hence a real interest in the behaviour of
the internal elements of the impulse generator.

Many of these circuit elements exist, however, more
by accident than by design, Apart from the spark-gaps, they
include the inductances of connecting links, and capacitances of
insulated supports and of the air-space between the main
electrodes and the earthed surroundings. Although never the
same for any two installations, the predominant elements are
characteristic for each basic physical arrangement of generator
components. This thesis will deal only with the type of gener-
ator shown in the photographs and in Figure 2, which comprises
stage capacitors and spacers arranged alternately in two vertical
columns.

A certain amount of work has already been done on the
internal analysis of generators in addition to that mentioned in
Reference 2. Flsner (Reference 5) regards the generator stack as
a transmission-line type of network, with infinitely small
batteries spaced between the uniformly-distributed parameters.
Partial differential equations are set up to give a system of
travelling waves. These waves appear as oscillations super-
imposed on the terminal impulse voltage, but seemingly they do not
agree well with the recorded oscillations. Provoost (Ref. 19)
extends the same theory to show how travelling waves can be made
aperiodic by the insertion of terminating resistance. |
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Im an attempt to obtain a truer representation of the
machine, Miller, in a Thesis to London University (Ref. 15)
reviewed by Professor John (Ref. 12), regards it as a ladder net-
work, having the same number of stages as there are generator
stages, and made up of lumped parameters, Finite batteries
between sections represent the charged capacitors. Difference
equations are set up, which are successfully manipulated to take
account of the superposition of transients produced by the simult-
aneous firing of several gaps. To obtain a solution, however,
the capacitances of the spacers have to be.neglected, although
they are several times the inter-stage capacitances that have been
included., Further, his theory does not set out to determine the
over-voltages across the gaps prior to their sparking over, all
gaps being assumed to fire at time t = O, There is room for
further improvement in the agreement with the measured output
voltage.

What appears to be required now is, on the one hand,
an extended and more analytical study of the problem discussed in
Reference 4 of the firing of the successive gaps, and, on the
other, an improved analysis in terms of oscillations in an extended
network. A general theory should result from a successful meet-
ing of these two approaches to the problem.



1,2 DIGEST OF STUDY,

1.2.1 Scope.
l.2.2 Scheme of Work and Preliminaries.
1.2.3 Matrix Analysis.
1.2.4  Lattice Analysis.

1.2.5 Oscillographic Measurements.
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1.2 DIGEST OF STUDY.

l.2.1 Scope.
In the present study of the impulse generator, only

the firing process will be dealt with, This covers the events
between the firing of the first and the last spark-gap, and the
oscillations arising therefrom, the charging process being com-
pleted prior to this. The external components used to control
and measure the waveshape applied to a test-object, and the test-
object itself, will not be involved, although the analysis should
make it possible to determine the internal oscillations that are
liable to be impressed on themn.

Such superimposed or picked-up oscillations can be
troublesome in practice, and a knowledge of their origin is an
advantage. Generally, each type of generator, and even each
installation, has its own characteristic features. Here, the
primary concern will be with the two-column, Marx type, the one
used in the experimental work being a 4-stage machine (actually
part of a 9-gvage installation; see Section 3.1 and Figure 2).

The object of the mathematical theory is to determine
the pattern of internal voltages, and hence the gap overvoltages.
The latter are of particular interest in understanding the
tripping range and consistency of cascading. The ultimate aim
is to make possible a stage-by-stage analysis, whereby the over-
voltage on the second gap due to the firing of the first is first
obtained, and then, after arriving at the instant at which the
sec~nd gap fires, to find the overvoltage on the third due to the
firing of the first two; and so on, Clearly, with each success-
ive stage, the complexity of the system will increase, and the
method should be applicable to generators of perhaps a dozen or

more stages.
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1.2.2 Scheme of Work and Preliminaries.

The various sub-divisions of the work are indicated
diagfammatically in Figure 1. This shows how the three basic
elements in terms of which the generator is first seen, viz.
physical structure, damping and loading components, and spark-gaps.
are re-interpreted into the more abstract elements of passive
parameters, arbitrary connections, and switches and excitation
functions. The precise natures of the latter elements have to be
defined before combining them in a wathematical analysis.

The passive parameters are discussed in Sections 3.2
and 3.3. When frequencies of 20 - 30 mc/s. are involved in a
structure of this size, retarded-potential and energy-radiation
factors become significant. Nevertheless, it is shown that to
assume "near-zone" conditions does not introduce significant
error, and allows of ordinary circuit theory to be used.

There is no unique system of passive parameters by
which the electro-magnetic complex can be described. One may be
more suitable for measurement purposes, and another for the math-
ematical treatment, and it thus becomes necessary to transform
from one to another. Again, apart from the fact that both are
involved in the numerical calculations, there is a close relation-
ship between the measured values and the choice of mathematical
analysis. For, the suitability of the latter may depend on the
relative unimportance of some complicating parameter-element,
which only the measurements can disclose. The result, in the
present instance, are the alternative equivalent circuits of
Figures 3, 4 and 8.

The spark-gaps are discussed in Section 3.4. In
general, their firing is not assumed to occur simultaneously, but
to depend on the over-voltages appearing across them. Since
these over-voltages take the form of short-duration pulses super-
imposed on a steady voltage, the breakdown characteristics are
very uncertain. This makes 1t almost impossible, with present
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knowledge, to predict the instants of breakdown, given the over-
voltages and the gap settings. Thus only in certain simple
conditions can the theoretical and experimental results be com
pared. ,

When a gap fires, it changes from a non-conducting to
a conducting state, and at the same time cancels the voltage
across 1it. An ideal gap can therefore be regarded either as a
simple switch, or as the source of a voltage chop; in either
case it will excite the passive network. But also discussed in
Section 3.4 is the possibility that the change is a more gradual
transient; also that there may be appreciable energy absorbed by
the spark-formation.

| The arbitrary connections mainly consist of opening
out, shorting, or precise setting of spark-gaps, and of arrange-
mnents to charge one or more of the main capacitors. They apply
both to the cases considered in the mathematical analysis, and to
the experiments in which the voltages are measured oscillographic-
ally. The latter will be discussed presently.

There are, broadly, two approaches to the problem:-
either to regard the generator as a single unit, or as a series
of similar, recurrent units. The former is the more strictly
correct in any case, since the floor, ceiling, and surrounding
laboratory equipment prevent the stages from being exactly similar
units, More especially is this so when there are only four
stages available, which also putsa limit to correlation of an
extended network analysis. But with a large number of stages, a
recurrent pattern in the parameter values should appear, and a
recurrent network analysis would have certain advantages.
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1.2.3 Matrix Analysis.

The method of analysis described in Section 2.1 uses
the first of these approaches. It combines Laplace-transforms
and matrix techniques for the solution of the simultaneous
differential equations for the equivalent circuit. The matrix
methods follow closely those described in "Elementary Matrices"
by Frazer, Duncan and Collar (Reference B6) to which direct
reference is made for definitions and proofs of theorems.
References 3, 22 and 24, were also of assistance here.

As a result of the preliminary study of Section 3.2
the complete generator can be represented by the equivalent
circuit of Figure 3. When the effects of the resistances are
ignoied, and the stage capacitors left out of account in the
oscillatory circuit, the result is the simplified analytical net-
work- of Figure 4(a). This represents a linear conservative
system, having Lagrange-type of cquations for mesh currents.

When in general matrix form, these equations can refer to any
number of generator stages, although their solution will depend
on the ability to deal with matrices of high enough order. Thus,
for the charge-displacements round the meshes, q(t), we have

(LD°+S)g = e ... Egu. 1 of Section 2.1 *

together with the supplementary or boundary conditions. The
number of equations, and therefore the order of the matrices,
equals the number of conducting (or shorted) spark-gaps. The
solution consists of finding the latent roots of the dynamic
matrix CL (or its reciprocal), and its model matrix k. (These

are also known as eigenvalues and eigenvectors respectively.)

When CL is expressed with numerical elements, a numerical solution
1s possible, and an iterative method is described. The result
of one calculation for a 4-stage casc done on a digital computer
is included.

* See List of Symbols.
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The latent roots represent the frequencies of
oscillation of the network, while the modal matrix governs their
relative amplitudes in each mesh. For the conditions assumed
(gaps acting as simple switches, closing at t = o), and given an
initial charge distribution q(o), the solution has the form

q(t) = k¢ kL q(o) oo Bqu. 13 of Section 2.1
where c¢ 1is a diagonal matrix of elements cosw, t.
A similar solution in terms of the voltages is
v(t) = KecXTv (o) Equ. 23 of Section 2.1.

It is shown that these two are closely related, so that we can
write k'K = 1. By means of these modal matrices, the complete
original system can be transformed into a system of normal or
"primitive" networks, each involving only one frequency. It is
then suggested that this property enables an optimum arrangement
of resistances to be found which will damp out these oscillations
to any desired degree. This suggestion is quite tentative, with-
out proof or experimental confirmation, however, and the resulting
resistance network cannot necessarily be incorporated in a
practical generator.

The method in general can take account of one or more
gaps firing at t = o, and gives the voltage at any point in the
generator, including the over-voltages across the unfired gaps
(still ignoring the effects of all resistances). The same
method, repeated stage by stage, could also deal with the case of
the gaps firing at given intervals of time. In that case,
currents as well as charge-displacements at the instant of firing
of a gap would be involved in the boundary conditions, these being
evaluated from the solution of the previous stage. The practical
problem does, however, depend on knowing the instants of firing of
the successive gaps and, as discussed in Section 3.4, this appears
to be beyond present information on theilr spark-over characterist-

ics.
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The approach adopted was to assume various arbitrary
modes of firing of the gaps, and to try to reproduce them in the
generator, so that the calculated and the oscillographically
measured responses could be compared, In the general case, one
group of gaps is assumed 1o be conducting, the rest remaining non-
conducting. Usually, only one of the former, say Gap N, is
assumed to fire at t = o, the others, say the first N-1 gaps in
the column, being already conducting (or made so by shorting to
simulate the test condition). Simultaneous firing can be
represented by super-positioning, the modal analysis being the
same for all cases having the same N conducting gaps.

1.,2.4 Lattice Analysis.

As the number of stages increases, so does the work
of resolving the matrices, and an analysis in terms of a one-
dimensional lattice becomes more attractive. This 1s discussed
in Section 2.3, and is based on "unified" parameters of stray
capacitance (sce Section 3.2.4 and TFigures 8 and 13). These
comprise equal shunt capacitances, C, from each stage to earth,
and equal coupling capacitances, K1 and K2, between adjacent and

alternate stages along the lattice respectively. Coupling
between more remotcly separated stages 1is 1gnored. There are
capacitance terminations at each end, The node-points are

connected through the spark-gaps and inductances in a single line
(Figure 8). The samc¢ circult can alternatively be regarded as
identical 6-terminal sections in cascade (Figure 11).

The former type of circuit has been studied quite
extensively by Rudenberg (Ref. 20) and others (Ref. 14, 18, 25)
in connection with surges in transformer windings, The charact-
eristic equations are partly differential with rcspect to time,f,
and partly of finite differences with respect to the stage number,
n, and two theorics have been developed, interpreting the
solutions in terms of standing waves and travelling waves
respectively. Lewis, in RcZcerence 14, discusses the relation-
ship between the two.
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A feature common to all the above papers, however, is
to lgnore capacitance coupling other than that between adjacent
sections (K37), although considerable attention has been devoted
to more-remote mutual inductances. Flsner and Miller (Refs., 5
and 15) also ignore Ko in the circuit for the impulse generators.
But although this may be'justified for the single-layer trans-
former winding and for the single-column generator, in the case
of the 2-column type of generator, Ky is mainly the capacitance
of the spacers between the main capacitors, and the measurements
of Section 3.3.1 make Ko about three times XKj. On the basis of
steady-state voltages,; alone, the characteristics of the two are
very different (Section 2.3.2).

The problem has been more adequately dealt with by
Brillouin in Reference B.,3 for the analogous system of a row of
particles having equal masses, and inter-acting forces between
them extending over any distance. His work is mainly concerned
with the propagation characteristics at any section of the lattice,
and he points out that reflections at the terminations make the
complete solution extremely complicated. In the present problem,
couplings across three sections (K3) and beyond are ignorable,
and a solution seemed feasible, The work of Section 2.3 is the
result, but an explicit solution of the voltage equation was not
achieved, The difficulties were algebraic, however, and may
yield to different treatment. The recurrent-section method was
also not pursued far, although it might likewise respond to more
advanced treatment. A recent paper by Waldvogel and Rouxel
(Ref. 25) suggests that an extended matrix form of solution may
be used.

1.2.5 Oscillographic Measurements.

The second major part of the work was to obtain sets
of oscillograms of the voltages from the various points on the
generator to earth. Each set was for arbitrary circuit condit-
ions, chosen because it revealed some characteristic feature of
the performance, or corresponded to a conveniently calculated
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condition, It was hoped to obtain correlation of both
Trequencies and amplitudes of the component oscillations,
although the decrements would be governed by the rather indeter-
minate losses.

Considerations of recording with a capacitance
divider are given in Section 3.6. The divider itself was
required to have a low gross capacitance, both to avoid unduly
disturbing the field of stray capacitances, and to enable it to
respond to the high frequencies. That used (Figure 21) was of
quite simple construction. Numerous tests indicated that the
screening of the middle electrode was adequate. The gross capac-
itance was estimated at 15 pr. Since all voltage amplitudes
could be related to the charging voltage of the first stage, a
knowledge of the exact value of the divider-ratio was not required,
rrovided this ratio remained constant with, or could be corrected
for, variations in voltaze and frequency (or rate of change of
voltage). The capacitance unit itself appeared to be sufficiently
linear, but a major source of non-linearity was introduced by the
inductance of the loop formed by the connections, and by the
series resistance required to damp out the oscillations in this
loop.

A response-frequency calibration of the complete
divider was attempted, but was not satisfactory for the higher
range of frequencies (above about 5 mc/sa)° A theoretical
response curve was calculated, and the correction factors, when
applied to the recorded amplitudes, gave much improved correlation
with calculations for the simplest generator arrangements (one and
two stages). But this 1s not considered a sufficiently sound
basis for comparison, especially in the more complex waveforms
that are obtained from multi-stage arrangements, Additional
uncertainty arises because the possible charscteristics of the
spark-gaps can also cause the large initial decrements, (Section
3.4), which are the main feature of the divider-response.
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1.3 CONCLUSIONS.

The Tour principal features of the investigation wre
the following:-

(a) Resolution into, and measurement of the passive
clrcuit perameters.

(b) Mathematical analysis into oscillatory modes,
assuming step-function excitation.

(c) Representation of spark-gaps for both time-lag and
nature of breakdown.

(a) Oscillographic measurement.

(a) The various impedance matrices and equivalent circuits

appear to have been formed satisfactorily except possibly for the
inductances. Iutual inductances night have improved the correl-
ation of frequencies. Dissipation has not been included in the
original parameters. The validity of the Lattice equivalent
circult requirss to be confirmed after measurements of partial
capaclitances on a generator of more than four stages, and a
further study of the inductances of an extended generator.

(b) Given the equivalent circuit, =nd the assumptions
relating to gap breakdown, the natrix aenalysis developed in
Section 2.1 is put forward as a satisfactory and quite general
method of solution. It i1s not dependent on any special pattern
cxisting in the stray capacitances and inductances. The treat-
ment depends on numerical analrsis, unlike the methods used
previously in impulse generator, transformer, and other analogous
problems, (except in some very recent papers on the application
of computers) in which the solution is given in symbolic form,
It is therefore particularly adapted For solution on a digital
computer, and avoids the nced for major approximations in the
equivalent circuit. Further, provided the relationship between
gap over-voltage and gap breakdown 1s known, o stage-by-stage

solution could be carried out quite economically. Dissipation
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factors could not be introduced very easily, in the initial
solution, although resistance values for optimum damping can
probably be evaluated.

The one-dimensional lattice and the recurrent network
circuits of Section 2.3 are only to be regarded as sketches of
methods which may offer advantages in the case of a very large
number of stages. The difference equations, involving a new
system of voltages, might be formed into matrices which are
easicr to resolve than those of Section 2.1, while an analytic
solution might reveal a pattern in the frequencies which the
numerical method obscures. Both the steady-state voltage dis-
tributions and the propagation characteristics indicate that the
firing process of the 2-column construction of generator 1is
markedly different from that of the single-column type, and this
does not appear to have been revealed in previous work.

(c) Although the analysis enables the frequencies which
can occur to be calculated, the amplitudes of oscillation under
normal operating conditions cannot be predicted without a
detailed knowledge of the gap-brcecakdown characteristics. This is
also a factor which scems to be ignored in previous analytical
investigations. The instant of breakdown, the nature of the
change to a conducting state, and the possible effects on the
decrements are unknown factors, outwith the scope of this thesis,
and probably of present-day knowledge, Some of the problems
raised might form subjects of future investigations.

(a) Further work is also required on the oscillographic
measuring techniqgue. Tite construction of an inherently linecar
divider circuit does not appear to be feasible, and a frequency
calibration up to at least 20 me/s., with a view to compensating
the lower arm, would seem to be the most hopeful approach.
Nevertheless, the very simple construction of capacitance divider,
used with an ordinary commercial oscilloscope enabled much
relevant information to be obtained on the firing process.
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2,1  MATRIX ANALYSIS OF OSCILLATORY NETWORK.

2.1,1 Introduction.

2.1.2 Formation of Equations.

2.1.3 Resolution of Modes of Oscillation.

2.1.4 Normal co-ordinates,

2.1.5 Iterative Treatment.

2.1.6 Conjugate voltage solution and normal transformation,
2.1.7 Damping of Oscillations.

2.1.8 Two Stage Case.

2.1.9 Special case when L1C1 = LoCo2.

The List of Symbols used in Section 2.1 follow the

Contents Page.

2.1.,1 Introduction.

In the present mathematical approach, the generator
is to be analysed as a single, complex unit as shown in Figure 4.
The natural modes of oscillation and the frequencies and ampli-
tudes due to the firing of the spark-gaps in any arbitrary manner
are to be found. The immediate objective is to do the analysis
for the 4-stage generator shown, but with a view to extending the
method to a larger number of stages. In order to make the work
manageable, the analysis will be done for the equivalent conserv-
ative system, in which series resistors are shorted out, and shunt
resistors removed (or, in tests, increased to very large values).
Figure 4 shows the result, which is a system of capacitances and
a system of inductances. The two are completely segregated
except at the terminal points.
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- Bach spark-gap will be interpreted, arbitrarily, in
one of the following ways:-— as an open circuit, when the voltage
across it corresponds to an over-~voltage; as a short circuit,
because it has fired at some previous instant (or has teen shorted
for the test); or as a source of excitation for the whaole system,
because, in firing, it cancels any voltage across it, and closes a
mesh.

2el.2 Formation of Equations.

A 2-stage generator (or any generator in which two
gaps are conducting) will be used occasionally to illustrate the
method. Ignoring resistances, it can be visualized as three
main electrodes (in reality, stage capacitors) with a capacitance-
field between them, and having two inductive connections through
the spark-gaps, (Figure 5(a). The field is fully described by
the partial capacitances C1, C2, C3, (or by their reciprocals, the
elastances S1, S2, S3), Figure 5(b). The straightforward method
of analysing this circuit would be to choose three meshes,
including, say, one round the three capacitances, and set up
three equations. Since, however, there is no initial displace-
ment round this mesh, it can be ignored provided the capacitance
network is re-described by a matrix of self and mutual capacitance
or elastance coefficients relative to the "external" meshes 1 and
2.

) ,C11 , C12) [(c1+c3) , ¢y }

| Cp1 4 Co2f L C3 (C2 + C3)
- 'S S121
and CT =35 = o B2
i Se1 . S22

The general metnod of obtaining the C- or S- matrix
is given in Section 3.2.2. The capacitance network can then be
shown as a "box" with pairs of access terminals,as in Figure 4(a).
A similar "box" represents the inductance system, which, when
connected to the same pairs of terminals, enclose the two meshes.
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Mutual inductance terms will be included when setting up the
equaticns, but later neglected. The equations will be in terms
of the charge displacements, q(t), round the arbitrarily chosen
meshes, and the impressed voltages e(t), and can be written

(D2 111 + S17) g1 () + (D2 Lyp + S19) ao (%) = ey (%)

(D Loy + Sp1) a1 (8) + (D° Iop + 522) an (8) =  ep (%)
A () e e w0
Lpyp Lo2 qz} S22 322_‘ {qg} ) {eg}
(LD°+S) g = e « v o . . . (1
where D = d/dt, so that a mesh current equals
i(¢) = § = Dg = ag/at.

If mutual inductances are neglected, Ljo = Lpy; = o, and L
becomes a diagonal matrix.  The order of the¢ matrices is equal to

the number of meshes (or conducting gaps).

2143 Resoluticon of Modes of Oscillation.

The solution of (LD2 + S)ag = e consists of the

complementary‘function, which is the solution of (LD2 + S)g = o
and involves the initial conditions q(o) and 4(o), and the
particular integral, which involves e(t). In the general
provlem, dealing with spark-gaps firing at different instants,
both initial conditions and impressed voltages would have to be
taken into account, but, for the present, the case of only one
gap firing in & quiescent circuit will ve considered. This can
be done in two ways, In one, Heaviside's conditions can be
assumed, viz. that there is neither charge nor current in the
circuit at t = o, when the firing of a gap impresses a unit-step
voltage (say ep = 1). The other approach assumcs that there arc
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initial charges q(o) (calculated from the steady voltage across
the gap before it fires), but no impressed voltages. The
currents begin to fiow at t = o as the system seeks a new condit-
ion of equilibrium.

This distinction ceases to exist when the Laplace
transform is taken of the whole equation. In doing this, the
time-functions e(t) and q(t) become the p-functions E(p) and Q(p)
according to the following relations.

The Laplace transform oif q(t) = & q(t) = Q(p), where

Qlp) = p ‘[abea*pt q(t) dt , (and likewise for E(p) ).
(0]

£ 4(p) = & Dg = p Q{p) - p alo)

£ yp) = &D° = p° Q(p) - p° q(o) - p &(o)

where (o) and §(o) are the values of charge and current at
t = o,

Hence Iquation 1 becomes

(Lp?+8)ap) = Lp° alo) + Lp o)+ Ep) . . . (2)
Symbols denoting the same matrices as before.

In the present case, all currents are initially =zero, If the
second approach is used, E(p) = o, but there are voltages v(o)
initially across the capacitance-terminals, corresponding to
charges q(o) = C v(o). The voltaces, v(o), are numerically
identical with-E(p) if the latter represents only shorted gaps or
step-functions (Figure 5b).

Therc are two slightly different ways of writing the
transformcd equation; both will be useful in determining the
oscillations:

(L p° + 8) Q(p)

It

p2 L q(o) e« o« v . (3a)

(L p° + 8) Q(p) 2(p) = -v(o) = -8 q(o) . (3Db)

{f
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From (2a) (p2 T+ Lt C"l) Q = p2 q(o)
(z I -7Y)Q = zaq(o) . . . . (43)
1 1
and from (3b) P?I+CL)Q = - =5 q(o0)
b b
. (wI ~-1U)Q = - w g(o0) A A D)
where S=c¢1, yv=1Tc?t, U-=cL
Z = - p°, w= - l/pg, I = unit matrix of the same

order, n, as the system.

The Zquations (4a2) and (4b) are of the same form, all
the system characteristics being contained in either Y or U,
(U is sometimes known as the dynamical matrix of the system).
f(z) = 2z I - Y is called the "characteristic matrix" of Y

. . T(2)Q = 2z q(o), CLAp) = oz £ ao) « . . (5).

The problem is to resolve the right-hand-side into explicit
functions of p.

Let TF(z) = adjoint of f(z) (the adjoint being the transpose
of the matrix made of the co-factors of the original).
and A(z) = determinant of f(z)

= (z -21)(z = 22) ..... (2 - 2n)
It will be assumed that z1, z2 ... 2pn, the roots of A = o
(also called the latent roots of Y) are all distinct.

Also let (d.ﬁ ) - A (z4)
— = T
ndz /z = 2,
Then f‘l(z) - E(z)
A(z)
- \ F (ZI')
e
< A'(zp) Zz - Zp,
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If we put 2r = wyp , then
2 2
—Z . = -E_EL__E = Iaplace transform of cos wr t
Z = Zr P +w1-.
. T (zr) ‘
. . from (5), coswyp t . g(o) . . . (6)
f AR (Zr) |

Thus the charges oscillate in n characteristic modes.

Now, since & (zr) = o (zp all different), f (zp) is
a simply degenerate matrix, having n-l1 independent rows, Then
(see Ref. B6 Scection 3.5) its adjoint, F (zy) must have only one
independent row, the others being in proportion. It can there-
fore be expressed as a product of a column and a row, say

F(zr) = kp hp e
Ceoalt) = :g kp . Coswr © . hy q(o) . . . . (8)
T A (zp)

and by simple summation

Cooq(t) = k.A.c(t). h.qglo) S )
where k and h are square matrices made up of the columns kr and
the rows hy respectively, and A and c(t) are diagcnal matrices
formed of the terms 1/' (zy) and cos ot respectively.

Again (see Ref. B6 Section 3.8) it can be proved that

“hy kr = A (zp) . . . . . . (10)
. hk = ALl Cen o= At pd
Cea(t) = k.e(t) . XTg() . . . . . . v
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It is now apparent that definite ratiosexist
between the amplitudes of a particular frequency-component in the
various meshes which are given by the mcdal column, kp. The
column k, can be chosen proportional to any non-zero column of
F (zp), or, as explained later, can be found by a numerical
iterative method from Y.

The alternative form of the transformed equation
gives a similar result.

Ve (wI-TU)Q = w . q(o) N €2 )

Setting up similar functions f, F, A gives

- 13 W
Q (p) = > ____er_) —Lr— g (o). . . . (12)
il A (wy) W= Wr
- 2 W - 2 ’
If wr = L1y, r = p- = £ cos wyp T
W - Wp p2 + wr2
Hence q(t) = k.A.c(t).n.q(o) = k.c(t).X T.qlo) . . (13)

which is in the same form as before, although note that the
actual matrices k, h, A, etc. are now different.

2.1.4 Normal Co-ordinates.

~ If now new co-ordinates (i.e. system of meshes) g,
are adopted, given by q = kg

g (t) = c(t) 3 (o) . . . . . . . (14)
i.e. q1 (B) = d; (o) coswy t.
a» (t) = d» (o) cosws, %, ete.

The meshes in which the displacements q occur are known as the
normal co-ordinates or meshes. Each involves only one charact-
eristic frequency, the amplitude of which is equal to the initial
charge displacement in that mesh. As a rule, such normal meshes
cannot be readily identified on the equivalent circuit of the
system. An interesting result follows from putting Lj C1 = Ly Co
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in the 2-stage case, when the two normal meshes can bé easily
located, (see Section 2.1.9).

2.1.5 Iterative Treatment.
Although the form of solution given by Equ. 11 (or 13)

is very convenient, the practical difficulty lies in obtaining the
roots of A(z) = o and in evaluating F (zp)/A'(zp) by ordinary
algebra. However, a numerical iteration method is given in

Ref. B6 Chap., 10 whereby the roots (or frequencies) and the modal
columns can be obtained directly frcm the original equation

(D° I - ¥) q(3) = O

Substituting g(t) = ¥ c(t) ¥ T g(o)
-1

o (=% 2 cd). kT4 ¥ kee(t). ¥ qo)

i
]

where Z is the diagonal matrix formed by z], 22, ... 2n
since D° coswnt = - wrg cos wyp t = - zp COSwq T

This is true for all t, soput t = o

~x Zx Y ¢ vYxIw?T = o
. _l
.Y = kT ok ... ... (15a)
. - 2 -
LY - wzxt L rzxl - kgt
. AT n . -
Voo = x g%yt N 1))

For convenience, let this be post-multiplied by an arbitrary
column of constants x

-1
Yx = x oz, % x.
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Now, if there is one dominant root zj, corresponding to a maximum
frequency component wq (where zy = (»12) so that 24 > Zo etc.

then zgm, etc. will be negligible by comparison with zlm

provided m 1s large enough.

. Y% = [ki ko ...} lem y O, O ..\ k—l X.
0 s Oy vese
0 ' Oy eees
= Ky . 270 . kp - X R G 0

where k1 1s the first row of k"l, mnaking El X a scaler. Thus
the column Y%k is proportional to the first modal column kl,
and further pre-multiplation of it by Y multiplies the result by
zZ1 = wlg.

The procedure for finding the maximum frequency and
its modal column is to pre-multiply en arbitrary column of con-
stants, say [l, l, 1 ...]‘ ,.by Y =11 ¢t repeatedly
until the ratios of the elements in the resulting column become
sufficiently constant. This can be observed by dividing out say
the top element at each stage. In the end, this factor will
approach z1 = (»lz and the remaining column can be taken to be

-
Lok

The alternmative form of transformed equation would
have given U = kW™t ..... (15b) whers U = CI,

W = diagonal matrix formed of w; = 1/ w®, wy,= 1/w,° ete.

The above procedurc would then result in w, being the lowest or
fundamental frequency, and kl its modal column,

The dynamical matrix U = CL contains all modes of
oscillations as its latent roots. In order to evaluate the
first sub-dominant root by the present method, it is necessary to
modify U (or Y) so that it will represent a system in which the
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dominant frequency is absent, This is done by introducing an
equation of constraint for the first normal mesh.

Eil = k q = O . . . . . . . (18)

where k, 1s the first row of k_l. This reciprocal cannot be
calculated directly from the kl - column already found, but we
have

1 . 1

U = kwkt, .. w=%xtux = xt

C 1L k.

Since C, L, W, are symmetrical matrices, it follows that k_l nust
be proportional to either k! ¢t
the symmetry# (i.e. 1= ax L, say, where a 1is a diagonal

or k' L 1in order to preserve

natrix)., For the present purpose, therefore, we can take
k, = kl'L, where k,' is the transposed of k. (The same condit-
ions hold for the alternative form Y = k 2 k—1.)

This equation of constraint, El q= 0, can be
re—exprcssed as follows:

k

=12 =1
ql = - q_2 - ——_;3' q_3 - s e 00

1 1

“.q = [o ; /%11 ok )k Y[ )

-12 —"13 _ll ) e o0 q_l

0 1 0 s

o , 0 1 d3

. ¢ ) y { ¢

. . (19)
. _ 2 2
or write q = B g, say, and then D q = B D q.

Sect. 1.13 of te{. BO6.



Sec. 2.1.5. 32.

Substituting this in one side of the differential equation

(0° I -Y)q = o, i.e. D°q = Ygq

we get D°q = YBq , .'» (D°I-YB)g = o . . . (20)
Thus multiplying by B transforms Y for the original system to YB
for a system constrained so that there is no displacement, ﬁl ,
round the normal mesh 1. The dominant root and mode of this
system can be found by the same iterative method, and will be the
first sub-dominant of the original. The procedure can be
repeated to yield the other roots.

2.,1.6 Conjugate Voltage Solution and Normal Transformation,

The mesh equations and their solution given above are
in terms of the charge-displacement functions and the initial

charges, but no currents. Thzy can therefore be re-stated in
terms of voltage functions and initial voltages, since
a(t) = O©v(t), and qg(o) = Cv(o).
Equation 4 becomes.
(e T+ 1™h v = 2% v(o)
e (2 I -Y")V = z.v(o) . . . . (21)
and Equ. 11 becomes
(1/p° + 1C) V = v(o)/p°
e (wI-UY)V = w.v(o) . . . . (22)

Y' and U' being the transposed matrices of Y and U, since L and C
are symmetrical, Thesc equations are of exactly the same form
as before, and yield solutions of the same form, viz.

-1

v(t) = X CKX~ v(o) B =KD
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It should be noted that these are voltages across node-pairs and
not in the meshes. It will be convenient in future to regard q
as charge~displacement between node-pairs, and in the present case,
this can be done without change.

The modal matrices k and K are related as follows,
Equation 11 gives
-1

qa = Cv = ke k=T glo) = XkXeck  C v(o)
e v = o1 k.é.k'l ¢. v(o) = KecX7* v(o) identically,
Thus K must be proportional to C'lk, and as was shown in forming
Equation 19, k"l is proportional to k'C‘l. And now the arbitrary
proportional elements can be so chosen that
k' X = 1 S -2

This equetion indicates that there is an orthogonal relationship
between the two modal matrices, and brings out the conjugate
properties of the voltages and charge-displacements. In tensor
algebra (see Ref. B.1l) they are the co- and contra-variant
quantities of the systemn. Further, there is a system of normal
voltages, v, given by v = K v, corresponding to q = k q.

As with the normal charges, each normal voltage
involves only one frequency. The relationship between the
original and normal systems can be interpreted as a transformation
~ between the original network and a set of "primitive" networks, as
shown in Figure 4(b), The capacitance matrix can be transformed
as follows

I
Q
=
<1

qg = Cv, e kg

Q
™
<
1
s
Q
s
<
|
Ql
<

... C = X! C K and C = k C k . . . . o (25)
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where C is the capacitance matrix of the primitive system, and is

diagonal, (i.e., without mutual terms) since KXK' x g1 o1

Similarly, L = KLX' and L = k'Lk . . . . . (26)

The above process is analogous to that developed by
Kron (Ref. B.1l1l) to effect transformations between the original
network, and a set of primitive networks, each cohsisting of an
element of the former. In the present case, however, there is
no identification of the original and normal quantities (except
the frequencies, and, implicitly, the energies). In fact the
latter are not even unique, but depend on an arbitrary scale-
factor contained in k or X.

2el.7 Damping of Oscillations.

It is now proposed to apply the transformation concept
just developed to calculate the resistances required to effect
damping in any of the natural modes of oscillation. It is
suggested, by analogy, that if each primitive network be shunted
by the resistance necessary to give the desired degree of damping
of its mode, (Fig. 4c) the resulting resistance matrix R can be
transformed to R = K R K pertaining to the original system
(Figure 44). More conveniently, if reciprocal-resistance, or

conductance G is used, then G =k G k'. This will be similar to

the original C-matrix, which (see Figure 14) can be readily
interpreted into individual admittances between terminals. The
resistances have been calculated for complete damping of the 2-
stage case in Section 2.2.4. The values appear to be of the
right order, but the arrangement has not been tried experimentally.
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2,1.8 Two-Stage Case,

For the case in which the first two gaps are conducting
(one or both having fired at t = o), the expressions can be
obtained more directly. Assuming le = L21 =0

YO 0 Cop 107y DIosn U0y Ings Cop Doy
oy = et U1 (oo, Lo, » - Cpp L22]
A
(0]
=C1o D17 s C11 D1
where 4 (C.. C ¢ .2) Lo, I
0 11 %20 12 ) Inq Iop

_ 2y ' -

£(z) = £(7) = (7 - Cop I/ by, Cpp Ipo/ b,
- Cpp I/ 8y sz = Cpq Iyg/ 8y
Flz) = {Z - Cpp I/l ‘(ﬁsz/Ao]
= Co g/ 8y s 7= Cpp Ipo/ B

_ 2 <
A(z) = z° - oz (cll Li; + Cpo L22) /zxo + 1/'AO

= (z - z)(z - 2)
In this case it is easy to show that
P (z;) = L ’ [Zl - €3 I3/ 85 - Cpp L22/%]

- Cp g |
29 By = Cp1 D97
= kl hl y Say, (cp. Equ. 7)

and similarly F (z,) =k, h, .
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Also A = 1/ A (Zl) = l/(zl - 22)
A, = 1/ O (z2) = l/(z2 - zl)
Substitutions also show that k¥ X = A h ... (as Equ. 10).
R q(t) = (A1 ky hy coswy ¥ + A, k, hy, cosw, t) q(o)
= k . c(t) . A.h.q(o)
Ceooqlt) = X o.oe(t). Xt L g(o) as Equ. 11.
2.1.9 Special Case when Ll Cl = L2 02

The special case
will be considered.
2
O

A (z) P

+ C

of Iy G = Iy, Cy (see Figure Tb)

2) I+ (Cp ¢ 03) L,)

LlLZ(C

+

1%

+ C,C

oC3 + C3Cq)

1

L1L2(0102

L,C

Substituting Llcl 5

2

A(z)

Cl + C

+ C,C

2C3 + C3Cy)

y, and manipulating, gives

2

+ I + L

2 11y 1t Lo

(Ll + L2)(0102

2y (2
(p° + w,7)(p +<»22

|

. I
+ C 03 + 0301)) ]

)

as before

1

(L, + L,)(C
1

3+ 0102/(C1 + c,))
1

(Cl + Cg)Ll

Lo/ (L7 .+ Lp) In O
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Substituting these in the modal matrix expression,

1 -1 1 I L, L, |
i1, - In/Lo " L + Lo

k. sl ’

-

-1

e q(t) = k ¢ k— g(o)

(cos wyt , O Eﬂ'Ll’ Lg}' ql(O)
0, cos<u2tJ{ Lg, —LQ” q2(o)

v
e s —

o.n ql = 4 l’ v
[ Ly +L, 5‘1, —Ll/L2

_ 1 { L, cos wyt, L, cosw,t ]{ql(o)Ll/L2 + qz(o)}

L1+L2 | L2 CoS wlt, —Ll COS(D2t ql(O) —q2(0)

From this result, it is apparent that w4 refers to an
oscillation round Mesh 1' , Figure 7(c), through the two induct-
ances in series. The g-metrix shows that the current of this
component flows with equel amplitude in Meshes 1 and 2. None of
this current flows in the connection from the mid-point; 1in fact
it is the current which would flow if this connection were opened.
Similarly, wo refers to opposing oscillations in the meshes formed
by Llcl and L202. The current in the common connection divides
in the two meshes in the ratio L2:Ll, making the voltage-component
across 03 zero, so that it could be opened without affecting w 5.
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2.2 NUMERICAL CALCULATIONS.

2.2.1 Steady-Stute Voltages.

2:2.2 One-Stage oscillations,

2.2.3 Two-stage oscillations.

2.2.4 Two-stages : normal networks and damrning.
2.2.5 Iterative Solution of 2-Stage case.

2.2.6 Four-Stage oscillations.

In this section, the theory of Section 2.1 and the
mcasured parameters of Section 3.3 will be used to evaluate the
transients in the 4-Stage gencrator for a number of arbitrary
conditions (i.e. arrangements of connections). These are to be

compared with oscillographic measurements in Section 3.7.

2.2,1  Steady State Voltages.

From the C- and S- matrices alone, it is possible to
calculate the steady-state components of the over-voltages
produced across the uafired gaps by the firing of the others. If
the voltage changes are Av, corresponding to charge displacements
A q (and assuming there is no charge lost through resistive leaks)

Aq = C. Av where 1r 1is the number of
(1,r) (r,r)(l,rs conducting gaps
. - — "l
Ce by = S. 8¢ = S . ST . bv
(194) (r’4)(19r) (ry4) (rrr) (lyr)

(The figures in the brackets indicate the number of rows, columns
in the matrix, Refer also to Section 3.2.3.)
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(a) Gap 1 firing alone : v, changes from - 1 %o O,

N -~ .\ r

r‘ —
Av = [51 g;_ _ [ 1007} = 1
o 11 gg | 197 824
f S21 "'Oo e
541 0.24 0,224
| 51 | -0.24 |  —-224

Ttus, if there were a voltage of -1 initially across each gap,
Gaps 2 and 4 will now tend to be fired by voltages of -1.824 and
-1.224 respectively, while the firing of Gap 3 will be inhibited,
as shown in Figure 7(a).

(Note, the negative signs follow the conventions of Figure 3.)

(b) Gaps 1 and 2 firing (i.c. assuming Gap 4 does not fire under

~1.224),
Ay = §’1.07 -.89),{1.53, 0.72 .'11 =( 1
| -.88 1.90 ! (0.72, 0.865){ 1} | 1 |
0.24 -1.15 -1.28
-.24 0,63} L 0.46 !

The steady-statc voltage across Gap 3 is now -2.28, while that
across Gap 4 will fall to -1 + 0.46 = -0.54.

(¢) Gaps 1, 2 and 3 firing. Similarly by inverting thg
(3,3) S-matrix gives A v = (1,1, 1, —l,36f .

|
:

These results have been plotted in Figure 7. This
shows that as each successive gap fires, the overvoltage on the
next, unfired, gap increases.

2e242 One-Stage Oscillations.

Consider the case when Gap 1 fires, all other remain-
ing non-conducting. Then Ll will oscillate with Sll’ giving the
simple equation
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(L, p° + S17) @ = -v,(0) = 1
1 11 1 1
.o (p) = 1 = 10°
L 2 ) e
Ly p° + 894 1.8 p° + 1.07 =€
5 it
=  0.93 0,77 10 5'°
2 2 o » !
P~ + 0,777 »e10
. . _ -6 _ 10 -1
since from Section 3.3, Iy = 1.8 x 107~ H, Sy = 1.07 x 1077 F
eag (t) = 0.93(0—os <»t),,o”°
where ® = 0,77 rad/sec., , f = 12,3 mc/s,
»i0%
e v(t) = 8g = 0.93 ( 1.07(1l-cos wt) = 1 1(1—005 wt)
'—0089 —0.83
0.24 0.22)
|-0.24 ~0.22)

[ 4

With a charging voltage of 1 unit, the initial voltage across
each gap will be -1 (see Figure 3).
After Gap 1 fires,
v(t) = - [ Cos wt
1+ (0.83 - 0.83 cos wth)
1 -~ (0.22 - 0,22 cos wt)
11 + (0,22 = 0,22 cos wt)J

Thus both Gaps 2 and 4 will tend to fire due to the transients of
Gap 1, while the tendency for Gap 3 to fire will be reduced.
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2243 Two-Stage Oscillations.

The measured values of parameters are given in

Section 3.3.
I, = 1.8x107%, I, = 1.3 x107® (Henry)
S _ ( 1.07 , =-0.89 -10
oy = (-0,89 ; 1.90} x 10719 (1/Farad)
¢ _ (1.90 , 0.89] {1.53 » 0727y 10710 (Paraa)
(2,2) LO.89 y 1.07 = 0.72 ’ 0.865

(1.07 x 1.90 - 0,892} (See Section 3.2.3)

7

_ 2
Then, & = (Cll Con = Cy5 ) Ly I

= (1.53 x 0.865 = 0.72%) x 1.8 x 1.3 x 1072

= 1.884 x 10732 (Farad-—Henry)2 units.

A (z) = 22+ 2(1.53 x 1.8 + 0.865 x 1.3) x 10%° . 10%°
| 1.88 1.88
= (z + 0.303 x 1016)(2 + 1,76 x 1016)

ez = -0 ? = 00303 x 100, 2, = —w,® = -1.76 x 10%°
wy = 0.55x10° w, = 1.325x 100
. (Rad/sec. )

£, = 8.77 me/s. : f, = 21.1 me/s.

Also, K = { 1 , 1 ) L = (0.80 y 0.34 ).
0.59 , =2.35) L0.20 , -0.34

ond K = (0.80 0.20)
wOo34' —034)
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The initial charges must be so disposed as to give
the pre-breakdown voltage across each gap about to fire at t = o,
and zero across the already-conducting gaps. With the sign
conventions indicated in Figure 5, the initial charges and volt-
ages will be negative, when the stage charging voltage is, say,
1 unit positive. The charges can be calculated from q(o) = Cv(o).

Case (a). Suppose Gap 1 fires on unit voltage, Gap 2 being
shorted
-'l . 53]
_OQ 72_

qll [1.53 0.72 (-1
Ao | =g 0.72 0.865 L 0
Case (b). Suppose Gap 1 is shorted, and Gap 2 fires

(Ql} - {-0.72 ‘
L) =g ~0.865)

The various numerical matrices can now be substituted

in
q = k ¢ k~l q(o)
Case (a).
(ql] _ ( 1 1 1 {cos 0 ] (0. 80, 0.34} '-1.53w
a, 0.59, -2.35) | @  cosw,t) (0.20, -0.341 |-0.72]
) { cos wqt | cos W% } i—i.47}
0.59 cos Wt , -2.35 cos © t) | -0.06

l1.47 , 0,06 ][ cos @t

0.87 , -0.14 cos W, j
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Further, the voltage across each node-pair is given by v = 35q.
If q(t) for the meshes with open-circuited gaps be taken as zero,
S is the first two columns of the 4 x 4 S-matrix.

. ,Vlz o 1,07 , -0.89 7 {1,468, 0.063! c
v, | ~0.89 , 1.90 Lo.871, - 147 |
vy | i 0.24 , -1.15{
LV4J ;-0.24 , o.63_}

(0,796 , 0.199} [cos wqt)

i
= - 10.348 , =-.335 cos ot
-.649 , 0.184

i

1 0.196  -0.108

At t = o, this gives v % -1, 0, 0.47, -0.09}

The voltages of 0.47 and -0.09 indicated to be across Gaps 3 and

4 initially are due to the charge displacements g(o) in Meshes 1
and 2. If, as in normal operation, Stages 3 and 4 were charged,
the initial voltage across, say, Gap 3 would be -1, i,e, due to a
displacement through the charging resistors, there would be a volt-
age change of ~1.47,. Thus when Gap 1 fires, there would be
additional voltages of -(0.47 - 0,65 cos @t + 0.18 cos wzt)
superimposed on Gap 3, tending to make it fire, and (0.09 - 0.20

cos wlt + 0.11 cos<»2t) on Gap 4, tending to retard firing.

Case (b). Similarly:-

(a1 L [0.871 , —001511 ;cos<»lt\

i - - l . : J
Vo ! .0.517 , 0.354¢ Vcos<»2t-
(v _ ( 0,472 , -0.476) (costult}
Vs 0.207 , 0.806 1008(u2t1
V3 —00385 ] —00443

L7y _ 0.117 , 0.259
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2.2.4 Two Stages : Normal Networks and Damping.

The parameters of the normal or primitive networks
are given by

€T = K' CK = (1,47 0 } 10710,
, 0 , 0.063]
I = k' Tk = [2.26.0 ) 10%8.
L0 9.0
Check that L/ill _11 = 0,302 = w12 as before.
l/LZZ o = L.TT = cu22
Shunt resistance for critical damping = % oI,

hence completely to damp out w5 and Wo requires

-6

ﬁll = 4 x0.55 x 10° x 2.26 x 10 = 62 ohms.
. G - 1/E = 1.61 x 107
e G /B9 '
Similarly Gy, = 0.168 x 1072
. G = kG o= (178 056y _ (G ¥ Gyl Gy )
‘O 56 1.49) . G3 , (G2 + G3)§
.6 = 1,22 %1077 . R, = 82 ohms
G, = 0.93 " R, = 107 *
= 1" - "
G3 0.56 R3 178

These are shown in Figure 5(d), and at (e) are in possible
situations in the actual generator. It.should be noted, however,
that they are only about 10% of the practical values of tail
resistors. ‘ '
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2,265 Iterative Solution of 2-Stage Case.

The modal matrix, k, can also be found by the iterat-
ive method, although it is not really justified for a 2 x 2

matrix,
U = CL = {1.53 , 0,721 (1.8, 0 ) x 107° ra-my.
10,72 , 0.865] | 0 3 1.3
= (2.76, 0.935
' x 10716
1.3 , l.12
Let the arbitrary column be x = 1, 1
Then Ux = |2.76 , o.935} (11 _ (310} L 2 )
= = 3.7 |
t1.3 , 1.12 | 1J !2.42} LO.655J
Repeated multiplication of the column by U :-
Iteration No.
X
1 2 3 4 5
1 §3.701 1 {3.38} 1 |3.33] 1 3.321 1 3,321 1
1 }2.42]0.66/2.04].605}1.98}.59511.97].593[1.96{0.59
This gives k = { 1 } y, while the constant factor is
1 "io.591] |
. = 3.32 = 1/ w.° : = 0.55 x 10°
l L] - wl L] L] wl L]
as before. Then k; = kll L = [1.8 , 0.76}
- 1.8 [1 . 0.426]
... B = [O - 0.426]
0 1
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0.. U2 = Ul B e f: 2-76 s 0.935E %'{O [} —0426 ‘3' — ‘PO [] —'00240(}
1,3 , 1,12 ‘0, 1 to , 0.566¢
U2X = {— 0,24 | = ~0.24 f 1 }
2 ( ' } = 0.566 | ;
-1,33 1 -2,35)

The result is thereafter constant.

The column matrix is k2 , and + W, = 0.566 = l/wg2 ’
Ceows = L33 X 108 rad/sec. both the same as by direct
calculation.

2.2,6  Four-Stage Oscillations.

The following results in resolving the 4-Etage case
have been obtained with the aid of the Ferranti "Pegasus" computer
at King's College, Newcastle, by another person in the course of
experimental programme work. Only the latent roots and modal
columns were obtained on the machine, the rest being done by
slide-rule, although the latter, too, could have been computed
with a small extencion to the programme. The form of matrix
equation developed in the iast Section (actually Equation 22 was
used) appears to be particularly suit:c le for solution by
computer. The programmie, once made, will deal with any
dynamical matrix, U' = LC, up to about the 16th order (and
possibly to twice tihis order, by operating on the inverse
matrix Y'),. Mutual terms in the inductance metrix would
present no difficulty, but damping or dissipation could not be
readily dealt with.
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Inductance matrix, L = {1.8 0 0 0 3 (10_6 Henry)
o 1.3 O 0
0 0 1.3 0
t 0 0 0 1.3J
Capacitance matrix as given in Figure 14.
Latent roots, w, of U1 = LC, and equivalent frequsncies:-
2 W f = w/2mw
M =1
1 4,9183 ... 0.489 T.79
2 1.6138 ... 0,787 12.55
3 0.7427 ... 1.16 18.5
4 0.2951 ... 1.84 29.3
Vector columns as computed:—
Mode 1 Mode 2 Mode 3 Mode 4
1.0 -.9259 ... -. 0747 -.3049 ...
0.6594 ... 0.1538 ... 1.0 0.7378 ...
0.4655 ... 1.0 ~-0,0398 -0.9293 ..
001663 o o 0 006120 0o s o _09234‘ loo
Changing ratios of columns, for convenience, gives
Kk o= (1 -1 -1 -1
io.66 0.17 1.48 2443
L0.17 0.66  ~1,37 3.29
k1= (+.513  +.469  +.334  +.113)
i—.314 +.067 +.462 +.277
_0149 +0309 —-Ol2 -0286
. =,030 +.,093 -.116 +.122
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Now, by Equation 23, v(t) = k ¢ X v(o).
Consider only the case where Gap 1 closes at t = o, all others
being conducting (or shorted). Then v(o) = 1, 0, 0, O S0
that the last three columms of k—l can be omitted. Writing out
the 2nd order expressions (showing the elements of o underlined)

IR s VA E R O k)
. Lo

-

S B c,

= otk |y, B 3’512“‘ jcoswq %

lk k. coswa. b
21 =11y -k, l(_lgj 2 V)

In the same way, for the 4-stage case, we get

A i} \ , .
vy = Bl . 31 .15 .03} }cos w4 t
Vo .34 -.05 -.22 -.07 cos w, t;
!
Vo o 24 -. 34 .01 .09 i cCos w. T ¢
3 { 3
.V4’ Q.O9 -.21 « 20 —.103 icos<u4 t;

The expressions for voltages to earth (corresponding to the
measured guantities) are

vy ) _ (.51 .31 .15 .03) fcos wq )
VitV .85 26 =07 -.04 cos w, t
vy o+ Vy 1.09 -, 08 -.06 .05 cos w, +

[Vt TVt V3 - ,1.18 ~.29 .14 “'05; \cos w, t/

Two of these have been plotted in Figure 28,
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2.3 ANATYSIS AS ONE-DIMINSIONAL LATTICE.

2.3.1 Introduction.

2.3.2 Hypothetical Steady-State voltages.
2.3.3 Dynamical analysis of lattice,

2.3.4 General Propagation Characteristics.

2.3.5 Note on Rccurrent Section analysis.

The List of Symbols in Section 2,3 follows the Contents

Page

2.3.1 Introduction.

The equivalent circuit of a generator extended to a
large number of stages is shown in Figure 8 (Section 2.2.4).
Before attempting a dynamic anslysis, the hypothetical distribut-
ions of steady-state voltage as each gap fires will be considered,
Figure 6. These arc based on the uniform stray capacitances
derived from Figure 13, and ignoring the inductances and resist-
ances,

2e3e2 Hypothetical Steady State Voltages.

The upper diagrams are for coupling between adjacent
stages only, Ki bein:s comparable with C. This is the circuit
condition studied by Elsner (Ref. 5) and Miller (Ref. 15). It
corresponds more to the single-column generator than to the
present 2-column type. There is the usual hyperbolic distribut-
ion, so that a positive ovcr-voltage appcars at each unfired gap
as soon as Gap 1 fires, that at Gap 2 being the greatest. The
over-voltage across an unfired gap increases as more of tlhe pre-
ceding gaps fire. Thus, by very carcful adjustment, it is
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possible for Gap 1 to cause all the remaining gaps to fire
practically simultaneously. On the other hend, unless Kl 1ls
small compared with C, the over-voltages, and hence the tripping
range, will be small, and firing may be irregular.

In the lower diagrams, only capacitance coupling
between alternate nodes, K2, is assumed. This corresponds more
closely to the 2-column type of impulse generator and has quite
a different voltage-distribution characteristic. After Gap 1
fires, a positive over-voltage appears across Gaps 2, 4, 6, etc.,
while at the odd-numbered gaps the voltage change t:ands to
inhibit firing. (e.g. VBl)' This pattern is reversed when Gap 2
fires (increasing the voltage across Gzp 3 to V32), and again with
the firing of the others. Because, in practice, these changes do
not occur instantarneously owing to the inductances and resigtances,
the whole firing process may take an appreciable time, if the gaps
fire strictly in turn. If, however, the gaps are very critically
set, so that Vd is only slightly greater than Vc’ it 1is conceiv-
able that all the even-numbered gaps fire simultaneously. The
remaining gaps should thus fire at the next swing of the voltage
distribution. Compared with the previous case, the over-voltages
do not decrease as K2 is increased, and in practice are likely to

e greater, at the start. Vél’ for instance, can approach 200%
of Vc‘

When both Kl and K2 are present, the distribution
characteristic will be intermediate between these two.
In the generator the estimated values are

K, = 10 pF, K, = 33 pF, C = 30 pF.

so that the second characteristic will predominate, Distributions
“calculated from the capacitance matrices, are given in Section
2.2, and Figure 6 can be seen to agree with this, One or two
points found cxperimentally are also in agreement.

This shows the importance of taking K2 into account
with the 2-column type of generator. It also shows how the
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measured values of parameters determine the choice of mathemat-
ical technique. The influence of K2 will again be discussed
later in this Section in connection with the propagation
characteristics of Figure 9.

23463 Dynamical Analysis of Lattice.

Turning again to the equivalent circuit of Figure &,
the one-dimensional dynamical lattice extends from Node O to
Node N, and is excited by the firing of a gap between Nodes N-1
and N, The terminations consist of Cl’ 02, 03, 04, as shown.
Equating to zero the branch currents flowing into node n using
the "operational" or transformed voltages.

p KZ(Vn+2 + Vn-2 - th)
1 ‘r fal -—

+ (ff + P kl)(Vn+l + V9 - 2Vn) - pCV, = 0

e yZ(Vn+2 + Vn—2> + y1(Vn+l + Vn—l) - Yo Vn = 0
L) . (l)

where = K = L + K

Yo P25 I1 pL TP ™

) _
Yo = 7L + 20D K2 + 2 p Kl + pC

It is proposed to attempt a solution of this differ-
ence equation, using the sequence transform given in Reference 13
by Lawden. If u = u(nT) is a function of time known by samples
taken at intervals T, so that t = mT, then u can be transformed
into a new function
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This is a generalized Laplace transform, and reverts to it in the

limit (T = 0). It has the property that the transform of

_ X AR X-r
u(mT + xT) = z© U(z) + o U, 2 A Y
=0
where u_  , Wy 5 ... U 5 cre the initial conditions (m=0).

The transform is also used by Barker (Reference 2) and, in a
slightly different form, by Gardner and Barnes (Ref. B7, Chap. 9),
both of whom give useful tables of transformed functions., (Also
References 16 and 23).

In the present application, the transform has to be

made with respect to the nrde-number n (instead of time), Let
the voltages at the first few functions be V(p,0) = Vo o

V(p,1) =V, , etc., and restate Equation 1 for Node (n + 2), for
convenience,

e Vo Vg TV Vs 7 Yo Ve V1 Vpep TV Vo =00

N )

Applying the sequence transiorm

Yo (24 U o+ 2t v, o+ 22 v, 22 V, + oz V3)
vy (22U v 2V, o+ E U+ 5 T)
-V, (z2 U o+ z° V, + 2z Vl)
+ ¥y (z U + = VO) + Vo U = 0

0.' U (pQZ) = - 4_ 3 D

R )
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where d3 = Io VO
Ao = YV, + T Vy
Gp = Ve Vy + ¥y Vg ot ¥ Vs
W% = T3 Vo = oV * vy Vo + T Vs

VO y Vo ... have to be interpreted in terms of the boundary
conditions at the ends of the lattice, which comprise the capacit-

ances Cl’ 02, 03, 04, and the impressed voltage VN - VN_l = 1.
At the base-end, VO = 0, %, 4y = 0

Since Cl = K2 y, the equation for currents into Node 1 is

yl(V2 - Vl) + yZ(VB - V1> - (yl + y2 + PC) Vl = 0
e = Y, Vl + vy V2 + Vs V3 = 0
But this also equals Ay o dy = 0.

Vl, V2 need to be stated in terms of the conditions at the other
end, but meantime:-
3 2
U(p,z) R A I N €3

y224 + ylzj - yoz2 + Y12 + Yo

Il

Since the denominator is a reciprocal function in z, it can be
factorized in the form

Yo (22 - 2by z + l)(z2 - 2b, z + 1)
| V.2° + (3,7 + y,V,)z 1 1)
.t Ulp,z) =921 Y1'1 * I2'2 _( _
2 2
2(b2 - bl)y2 |z =2by 2+l v —2b22+1f
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Barker, (Reference 2) gives the sequence transform pairs:-

U(z) .. V(n)
Z ] ] 3
5 . . 5in kn where cos k = b { 1
z- - 2bz + 1 sin k
.. sinh kn where cosh kX = b > 1
sinh k
2 . .
z . sin(k+1)n op sinh(k+1)n
22 - 2bz + 1 sin k sinh k

Hence the inverse transform of U(p,z) , assuming b{ 1 , 1is

{ sin kl(n+1) sin kz(n+1)\
V(p,n) = yovy | - : +
| sin k7 sin ko
fsin kqn sin kzn.
¥ (ys Vi 4y, V i
1 vy Vo) Iom sin kp
2 y, (cos k, = cos ky) .. . (T

In order to eliminate Vl and V2 from this equation,
it is apparently necessary to find first the expressions for Vy,
VN-17
N and N-1,. No way hus been found of doing this without involving

extremely cumbersome expressions. And even then, the poles of

etc. and substitute in the equations for currents at Nodes

the resulting expression for V(p,n) have to be determined in
order to find the inverse Laplace transform v(t,n), and hence to
interpret the solution in physical terms.



Sec. 2.3.4. | ‘ 55-

2,34 General Propagation Characteristics.

Nevertheless, the general propagation characteristics
of the lattice can be found from an examination of the parameters

bl, b2. By equating coefficients of the denominators of
Aquaetions 5 and 6, we get
by + b, = -y /2y, , 2+40b b, = ~y/y,
2

a.o 4‘:V2b +2ylb - 2y2_yo = O . ] . 3 (8)

This is a quadratic containing both roots for b = cos k.

Assuming the s>lution is made up of travelling-wave
components, so that

R j{wt - ¥n)
v(t,n) = > Ae e e e e e . (9)
we can, by putting
P = Jjwo = J 2wt , where f = frequency
and k = 2mwa, where a = wave number (or reciprocal

of the wavelength in sections)

and substituting for Yo Y190 write

0l = 2 (1L - cos k)/L
C+2K +4K -2 Ky cos k - 4 K, 0082 k

2 (1 - cos k)/L .. . (10)
C + 2 Kl(l - cos k) + 2 K2(1 - cos 2k)

This is the general propagation equation for travell-
ing'waves in the lattice, and takes no account of the end-
conditions. The significance of this relationship between the
frequency, f, and the wave-member, a, is discussed in the earlier
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chapters of Reference B3 by Brillouin, It allows the separate
effects of Kl and K2 to be found, as shown graphically in
Figure 9, using values for the circuit elements estimated in
Section 3.3.

When Kl = K2 = 0, the lattice is that of a simple
artificial line, and |
we - 2(1 - cos k) « 5 - sin ma
LC ’ ' n I

This shows that there is then a cut-off freguency of

Lo = 1/oVIC = 51 me/s. Any component of a higher

frequency would be attenuated with distance from the point at
which it is impressed. Tiie cut-off frequency corresponds to

a = %, or a wavelength of 2 sections. This is in accordance with
general theory: 1in the analagous mechanical system of particles
discussed by Brillouin,; the minimum wavelength equals twice the
distance between the particles. It can also be regarded as the
natural frequency of a section comprising inductance L and twq
capacitors C/2 in series, As a travelling wave, the velocity is
f/a, and therefore varies with frequency. The minimum velocity

is therefore about 100 x 106 sections/second.

When the coupling coefficients Kl and K2 are intro-
duced, the maximum frequency occurs when

cosk = -1, k = 2wa = ", a = + , as before.
Then w2 = 1 , giving f__. = 33 me/s. (approx.

This mode of oscillation is independent of K2, and correspond: to
current in the mesh shown in Figure 10(a). The introduction of
Kl thus reduces the maximum frequency which can be propagated in
the lattice.

A thorough search for the natural modes of oscillation
on this basis has not been attempted, but'two others are shown.
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One is given for a = % cos k = 0, and then

we = L | and ¥ = 14 mc/s. (Figure 10D).

2L(K /2 + Ky + C/4)

Another is for cos k = 1 - C/7F K2 , and
we = L = = , and f = 12 mc/s.
L(Ey + 4 K5) NL(Kl/N + 4 KQ/N)

This is equivalent to an oscillation along the whole length of
the lattice, as shown in Figure 1O0c. It is not irmmediately
apparent why this should be indevendent of the value of C, since
the C's will gain or lose charge during a cycle, It probavly
depends on the initial distribution of the voltage being along
the whole lattice.

These natural modes of propagated waves correspond to
the standing waves discussed by Lewis (Ref., 14). They cannot
necessarily be interpreted on the equivalent circuit (compare the
discussion on the Z2-mesh case in Section 2.1;9). The propagation
equation cannot give a complete analysis for this reason, and also
because 1t takes no account of the boundary conditions.,

2.3.5 Note on Recurrent-Section Analysis,
. :

The recurrent section is shown in Tigure 11 from
which the admittance matrix hac been directly derived. By simple
manipulation, this has been converted to a matrix relating the
"input" to "output! quantities, The response of N such sections
in cascade would be given by the Nth power of this matrix.
However, the matrix does not appezr to be amenable to such treat-
ment, and the method has not been pursued further.
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3.1 DESCRIPTION OF IMPULSE GENERATOR.

The impulse test plant used for the experimental work
is shown in the photographs (frontispiece), its electrical dispos-
ition being given in Figure 2, When permanently installed, the
impulse generator will have 9 stages, giving a nominal output of
1500 kV with a stored energy of 10.5 kil-sec. It is of the two-
column type; each column is made up of a stack of outwardly-
identical porcelain containers consisting of the stage-capacitors,
(0.085 uWF each) and oil-filled spacers, arranged alternately.

The principal dimensions are: column-centres 6 ft., height 22 in.
per stage, diameter of units 28 in. Connections tc the horizont-
ally mounted spark gap are made through clip-on shorting rods.
Resistors (usually of 25 oums each) can be substituted for inter-
nal series damping and wavefront control, The charging and tail
resistors are mounted diagonally between the flanges. The
number of stages can therefore be increased, within limits, by
merely increasing the number of units in the columns. A recent
installation of this design is of 18 such stages, with a nominal
output of 4000 kV. |

During the present investigation, only the first four
stages could be erected, owing to limitations of space in the
laboratory - mainly roof-truss ties, The proximity of other
equipment would be about normal, so that a fairly typical system
of stray capacitances should have obtained for these four stages.
The most prominent sources of stray-capacitance fields were the
corona-shielded flanges between the units. This is further dis-
cussed in Section 3.Z2. ,

For most of the tests, the 25 ohm wave-front resistors
were not inserted. Although of a "non-inductive" wire-wound
construction, they were found to have about 5 uH inductance,
which considerably altered the frequencies or oscillation, while
providing no appreciablc damping effect. (See Section 3.3.3).
Again, the normal wavetail resistors were sometimes replaced by
higher-value carbon resistors, mainly to increase the duration of
over-voltages.
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The normal surge potentiometer consisted of two
600 kV units of about 60 pF each in the upper arm. It was un-
suitable for inter-stage measurements because its capacitarice was
large enough to disturb the stray-field system, and inductance in
both the upper-—-arm loop and in the lower arm unit made its
response too slow for 20-30 mc/s. The divider used is described
in Section 3.6.

The high frequencies and low divider capacitance also
made 1t undesirable to use a delay cable. The original trip-
control system, (shown in the photographs), which consisted of
two sets of 3-electrode gaps, could not be made consistent enough
for recording on fast time-sweeps; and it was replaced by a
Trigatron-controlled sap (Section 3.5). Although consistent
enough, the behaviour of this device under certain conditions was
somewhat anomalous.

Two transient recorders were used, Southern Instruments
models "T.R.10" and "T.R.12", both using 10 kV *tubes (G.E.C., 908
BCC). Most of the work was done when only the former was avail-
able. Triggering of its time-sweep was tirough a 3-electrode
magnesium gap, with 1 microsec., maximum sweep speed. The T.R.12
model had electronic triggering, with a meximum sweep speed of
0.2 microsec,
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3.2 RESOLUTION INTO PASSIVE PARAMETERS.

3.2.1  General,
3.2.2 Capacitance field cystem,
3.2.3 Matrices for I'swer than Four Stages,

3.2.4 Parameters of Lattice networks.

3.2.1 General.,

The impulse generator used in the investigation is
described in Scetion 3.1. Tiiure 2 1s a diagram of the main
circuit connections (in the S-stage arrangement) the components of
wihich control the output wave-shape. Hone of them plays a major
part in the analysis of the firing orocess, the phenomena of which
are principally rooted in the physical structure of the generator
and its surroundings, and in the characteristics of the spark-gaps.
The present object is to visualize this electro-magnetic complex
in terms of sultable mathematical parameters,

A cursory series of oscillograms was made of the
voltages appearing at the more obvious points of the 4-stage
generator, These showed that frequencies of about 20 me/ ¢,
could occur. At that frequency, it becomes questionable whether
normal circulit theory can be applied. The problem is discussed
in Refzrence B.1lO0, A gensral field system can be resolved into
the mathematical components of induction and radiation fields.
Under so-called "near-zone" conditions, of small physical dimens-
ions and low frequencies, the latter field is negligible, and the
Tormer leads to conventional circult elements. The criterion is
that the maximum separation of currents and charges that exert a
significant and uncancelled effect on cne anothcer be much smaller
than v/w, where v is the velocity characteristic of the medium
between them, and w = 2 mw£f. Here, w % 108 rad./.ec., so that
for the error duc to the neglect of the radiation field not to



Sec. 3.2.1. 61.

exceed 1%, the separation must not exceed 3 cm.: for an error of
10%, 30 cm,

Clearly, the actual dimensions will, at these
frequencies, bring the system into the intermediate zone, in
which radiation and potential retardation should be taken into
account. The solutions of vproblems in this zone are seldom
practicable, although in the border-line region, the effects are
mainly to alter the values of the lumped-circuit parameters as
measured at low frequencies, and still allow the use of circuit
theory. In the case of a loop conductor, the effect would be to
reduce the inductance slightly, and to introduce a radiation
equlvalent, resistance. For a square loop of 1 m. sides, this
resistance is in the order of % ohm for w = 108, and this is
probably negligible. Further, when discussing over-voltages
across spark-gaps, the electrodes of which are fairly close
together, retardation of potentials induced by other parts of the
system may be unimportant. The effect on the potentials of more
widely separated parts of the system, although difficult to pre-
dict, is likely to be only of second order, because the interact-
ions between them must decreasc with the separation.

On the whole, therefore, it seems justified to use the
near-zone conditions of ordinary circuit theory, and to assume
that parameters measured at low frequencies can be applied at 20-
30 mc/s. without much error. The structure is to be resolved
into a capacitance system between a number of electrodes, and
inductive (and possibly resistive) connections between themn.

Ti.e preliminary oscillograms showed that transient
voltages on either side of the main .085 uF capacitors were
practically identical, Their internal impedance can therefore
be neglected at these frequencies, and each regarded as a single
electrode. One of these capacitors is mounted on the earthed
base-plate, and hence forms part of the earthed surroundings.
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There are also the capacitances associated with 15-cm,
diameter spark-gap hemispheres and their mountings. These are
strictly speaking separated from the sbove by inductive connect-
ions (which may consist of 25 ohm resistors) but considering their
relatively small values it seems justified to lump them in with
the main capacitors to which they are connected.

The capacitance system of the 4--stage generator now
consists of four isolated electrodes and the earthed surroundings.
This can be resolved either into the 10 inter-electrode, partial
capacitances shown in Figure 12; or into a set of Maxwell's
coefficients of capacitance or elastance (i.e. recirrocal capacit-
ance). The former (which include the capacitances of the spacer
units) were the most convenient to obtain by bridge meusurements,
(Section 3.3.1) =nd can be transformed into any other szt mathem-
atically. First, howasver, the cther components of the generator
will be dealt with.

The main interconncctions between th: electrodes are
through those spark-gaps which are either shorted or conducting
at the time bveing considered (Figure 3). The whole of the
inductance in the system is assunced to be located in these connect-
ilons. A rough calculation indicated that mutual inductances
between adjacent connections would be less then 10% of the self-
inductances, so that 1t seemed Jjustified in ignoring them in the
analysis, * Self-inductance values were estimated as in Scction
3.3.2. The wave-front control recistors also normally form part
of these connections, but in most of the tests they were replaced
by shorting links.. Their damping effect at the frequencies con-
cerned was negligible (25 ohms compared with a critical damping in
the order of 500 ohms) whereas the scelf-inductance of the normal
resistors (Scction 3.3.3) considerably altered the natural
frequencies.

There remain the charging and tail resistors (Re and
Rp in Figure 2). Both are essential to the charging of the main

(* But see Corrigendum at end of Section 3,7).
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capacitors, but their practical values are so large that they
cannot involve any fresh oscillations, and have only a shunting
effect on the transient circuit. Besides tending to damp out
oscillations, this shunting increases the decrement of over-
voltage pulses across the gaps, and can have an important erffect
on their firing. Noeveortheless,any analysis of oscillatory
circuits is best done without damping in the first instance, so
in the experiments these resistors were made large enough not to
affect the transients during firing, and they need not be
included in the equivalent circuit at the nresent stage. Their
omission leads to the simplified oscillatory networi of Figure 4a.

3.2.2 Capacitance Field Systemn.

The theory developed in Section 2.1 requires the cap-
acitance field system to be described in terms of capacitance or
elastance cocfficients, These have to be calculated from the
inter—-electrode capacitances alrcady found. Trcating the system
as a "box" with four pairs of access terminals, the voltages and
\\\currents will be related bv an elastance-matrix, as follows:-

| Vl‘ = % S Sz Sz Swy
% I
Vs } Soq S0 So3 Soq | I §
i ' H '
. | . ; + ;
LY 1S3 Sz B33 Sy i3
| | L
Yy ) 1S40 Sgo Sz Sgpy I
that is, V = % S I, in ordinary matrix notation,.
Now if _ _ _
I, = I, =1, = 0O
o - \ ¢ Yy ‘ ‘
i, = ko !Slli LS} = (/L
. D ;
Ay So1 | So1 Vo/ Ty
| - |
iv3§ 531; SES) V3/Il
X ! i i
bv, | s, S v, /1
L4 | P41, V41 A
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Fach elastance coefficient, say 821’ is given by p-times the
ratio of the voltage appearing across (2) and the current
impressed on terminals (1), all terminal-pairs other than (1)
being open-circuited.

But this response is not easy to calculacte directly
from the partial capacitances. On the other hand, the response
based on the capacitance matrix can be written down bLy inspection

using the relationship I = pCWV,
—_ = T =
It v, Vy v, 0
N\ _ Al . - A — ," .":
(1, =V, p { Cyq e 1 Cpq = 1 iIl/vli
I | Co1 | Co1 glz/vit
{ H . |
: t i ; g t ‘: !
1, O 31 I3/
. , | 3
Iy L Caa LS4 | /Y

K

~. E R - N

Thus the capacitance coefficient 021, for instance, is given by
l/p times the ratio of the current flowing in terminal-pairs (2),
and the voltage impressed acrosg terminals (1), all terminal pairs
other than (1) being short-circuited.

The result of making these short-circuits can be seen
in Figure 14. The current through each short-circuit is simply
that through one or a number of parallel capacitors, so that, for
instance, 021 = 012 = C5 + 08 + ClO'

Now the equation I = pCV can be inverted to give

v = 101 1, and this must be identical with V = % s 1,

o]

.S =0t Thus S can be obtained most easily by inverting

the C-matrix after substituting numerical wvalues.
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3.2,3. Matrices for Fewer than Four Stages.

The C- and S~ matrices refer to a network in which all
four currents are taken into account. When some of the spark-
gaps remain open-circuits throughout the period considered, it is
convenient to reduce the number of mesh-ecquations, and hence the
order of the system.

When an S-matrix is involved in these equations, it is
simply a suob-partition of the 4 = 4 S-matrix, the columns corres-
ponding to the zero currents being omitted. The reduced C-matrix
is not, however, a sub-partition of the 4 x 4 C-matrix, but the
reciprocal of the active part of the new S-matrix. Thus, if Caps
3 and 4 remain open,

[V} - * 511 Si5% I3 - Ll.s. 1 say
. J bt L p(2,2)’
; : ! H
v, S, Sy, ! LI,
Then T = p(q02>V where O = 5™t
“ (2,2) (2,2)

where the figures in the brackets denote the number of rows,

columns in the matrix.

3.2.4 Psrameters of Lattice Network.

In the case of a generator with a larger number of
stages, 1t might be expccted that a definite pattern woulc exist
in the values of capacitanccs between electrodes (except, possibly,
at the top and bottom of the stack). - Referring to Figure 13 it is
suggested that the partial capacitance from each isolated electrode
(i.e, main-capacitor unit) to the carthed surroundings is C = 30 pF
that between adjacent olectrodes (considered in the order in which
they are connccted through the gaps), = K1 = 10 pF; +that between
alternate clectrodes (which is largely the capacitance of the
spacer-unit) = K, = 33 pF; that between third (and more remote)
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electrodes = K3 = negligible. This pattern of capacitances
requires changes of less than 10% in the wvalues measured on the
4-stage generator (Figure 12) (except that C,g» which was only
that of a corona shield, is increased from 17 pF to 30 pF in the
extended case). It is also reasonable to suppose that the
inductances of interconnections will remain constant at the value
found for L2 = 1.3 pH. Thus an approximate but very convenient
equivalent circuit for a generator of any number of steps can now
be drawvn, and the L- and C- matricés written down by inspection,
as has been done for a 9-stage generator, TI'igure 15.

Further, the connection of a load-capacitance CX
would only require the matrix to be énlarged by another row and
column, each element of which equals CX, and all the original
elements to be increased by Cx'

More important, the circuit can now be regarded as a
uniform, one-dimensional lattice network, {(Figure 8), or alternat-
ively =285 a row of identical sections, ol the kind shown in
Figure 11, in cascade. In cach case there arc special end-
terminations. At the top there are the capacitances 02, 03, 04,
representing the remaining unfired stages of the generator, or
some other inmpedances reoresenting the external loading. At the
base~end there is the capacitance of the first spacer, Cl = K2

approximately.
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3.3 MEASUREMENT OF PARAMETFERS.

3.3.1 Partial Capacitances.
3.3.2 Self Inductance per Stage.

3¢363 Inductance of 25 ohm Resistors.

3.3.1 Partial Capacitances.

The cajpacitance system of the 4-stage generator con-
sists of four isolated electrodes, and a fifth made up of the
first stage capacitors, the generator bedplate and the earthed .
surroundings. The ten pertial capacitances which exist between
these nodes (Figure 12) were found from measurements made with the
10 kc/s substitution bridge shown in Figure 16.  All measurements
were of capacitance to earth from one or more of the isolated
electrodes, the others being earthed. Fifteen groupings of this
kind were possible, giving a like number of simultaneous equations
in the ten capacitances, ten of which were then solved and checked
against the other five. (Table, Figure 17).

The bridge, made up of standard screened components,
needs no special explanation, but it may be noted that all connect-
ions to the gzenerator were made through fixed wires coming to a
small terminal board. All interconnections were made at this
board, thus minimising changes in the lead capacitances. Then
with the wires in the same positions, but disconnected frcm the
generator, their respective capacitances to earth were measured.
Allowances were made for them before solving the simultaneous
equations, Such precautions were found nececssary because the
solution involved differences of fairly large numbers. The
detection was very sensitive, and permitted indicated readings to
better than 0.1 pF on the varigble air capacitor when set around
500 pF. substitution of the ten capacitance values in the five
unused equations gave a consistency of better than 1% between the
two sides.
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The group capacitances were also measured by means of
a Q-meter at 208 kc/s. and 646 ke/s. but without the precautions
of using fixed connecting wires. The results were all between
the "gross'" and "net" values given by the above method, and the
difference in the values at the two frequencies was in the order
of 1%.

3.3.2 Self-Inductance per Stage.

The stage inductance of the generator (without the
internal damping resistors) is that of the spark-gap assembly and
connecting links and one stage capacitor, The arruangement shown
in Figure 304 comprising two stage capacitors, each supported on
spacers, one being in the position normally occupied by the spacer
A/D, should form a lcop of twice this inductance. With one gap
permanently shorted, one capnacitor was charged to about 20 kV, and
then discharged into the cthsr through the trigatron-controlled
gap, the oscillatlons at the point B being recorded. (Osc. 1085).
The frequency was 0.5 mc/s. and there were two — 0.085 microfarad
capacitors in scries, so that the loop inductance was 2,56 pH or
say 1.3 uwH per stage. (Q~meter measurements gave a loop induct-
ance of 2.8 wH, but the detection was not sensitive.)

' Since the first stage inductance included that of the
base-plate of the gensrator, a separate test was made (Fig. 30e).
Oscillogram 1053 indicated a frequency of 0.59 mc/s. and the loop
inductance worked out to 1.8 pH. Tnig is practically the same as
the stage inductance, since the 0.08 wF capacitors were shown to
nave negligible inductance.

The inductance was alsc estimated by calculation from V
the dimensions, as given in Figure 18, The connections through
the spark gaps are assumed to be straight conductors of 2 ry =
0.025 m, diameter, ana the stezc capacitors cylinders of 2R = 0.2m,
diameter, length of conductors = a = 1.8 m., separation of
conductors = b = 0.2m,.
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The self-inductance of the rectangular loop ABCD is
proportional to the flux through it due to an equal current in the
four sides. Attwood (Ref., Bl, Chap.l0) gives formulae for calcu-
lating the contribution of each side.

Neglecting internal flux, that due to AB is

s —_ r="5
awa’é‘wﬂ

‘a” +rT - 1T -~ a logeg i
r Sor =1y

where r is a radius out from the axis of AB, r, radius of
Conductor AB. ‘
There will be a similar expression for BC, so that, after substit-

ution, half loop inductance

+ Ipg = 1.26 + 0,15 = 1.41uH (compared with
1.3 wpH.

Mutual inductance between adjacent loops is proport-
ional to the flux from AB betweeb CD and EF, represented by the
limits r = b and r = 2b. This gives M1 = 0,16 uH,

o]
<

Mutual inductances can probably be neglected for the approximate
calculation intended here. (But see Corrigendum to Section 3.7).

36363 Inductance of 25 ohm Resistors.

The internal series (or wave-front) resistors used
with the generator consist of 25 ohm wire-wound units which can be
inserted in place of the tubular connecting links on either side of
the gaps. They serve as damping in the whole generator. circuit,
which includes the load, but do not damp out the internal oscillat-
ions, When a single stage fires, the oscillation is about 12 mc/s.
as indicated in Oscillograms 1112-1117, Fig. 32,a, and the estim-
ated inductance is 1.8 pH. Inserting a 25 ohm resistor reduces
this to about 6 mc/s. indicating an additional 5.4 pH in the
circuit.
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An approximate direct measurement was made, using a
Q-neter and the arrangement shown in Figure 19. L' 1is a series
"ballast" inductance inserted to increase the Q of the resonant
circuit, which, even then, was low and the indicated resistance
unreliable, L is the change of inductance caused by replacing
the shorting link with the resistor, and the two values obtained,
5.3 and 4.8 uH, are considered consistent enough with the previous
value.
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3.4 GAP BREAKDOWN CONSIDERATICNS.

The excitation of the system arises Ifrom the cancell-
ations of wvoltage across the gap electrodes, and the changes from
an open-circuit to a short-circult condition between them, when
the gaps fire, Ixcept in hypothetical tregtment, the gaps camnot

‘be assumed to fire simultaneously. Tha first gap-voltage to be

cancelled will be the steady charging voltage VC; but that of
any later gap will involve superimposed oscillatory voltages as
well. Thus, both this transient voltage function, and the instant
of its cancellation need to be known in any realistic analysis,
But the instant of firing of a gap appears to be governed by con-
siderations otner than the direct treakdown voltage, Vd , of, and
the instantaneous voltage across, the garp.

Consider trnec first two stages of the generator,
Figure 26(a), and equivalent circuit (b), derived from Figure 3.
As stated in Secticn 3.2, the voltages across the stage capacitors,
Vc’ remain unchanged for the duration of the Tiring vrocess; and
are represented by "batteriest, This 1s the situation considered
by Eiwards, et al (Reforence 4), with the addition of the induct-
ance, On Gag 1 firing, the voltage of B will be V, (1L - cos wt),
neglecting damping, where o /2w ~~ 10 me/s. A fraction of this
voltage (actually 0.8 from Scction 2,2.1) will be superimposed on
V., across Gap 2, waich is set at V; (perhaps 10% greater than v,).
The resistive losses nroduce exponential danping, witlh the result
shown in Figure 26(c). If, in addition, R (Cy + 05) is comparable
with the period of oscillation, there will be a decrement of the
axis of oscillation from 1.8 vV, to V,, as shown at (a).
(For S, = 9 pF, GCg = 56 pF, Ry = 1 kilohm, this time-constant =
0.07 microsec. For Ry = 60 kilohm, T = 4 microsec.). The gap-
voltage excceds V; as shown by the areas shown shaded in (c) and
(a). Thus the overvoltage on Gap 2 is a variable function, and
can consist of a series of pulses of initially about 1.5 V., and
then of decreasing amplitude, and of less than 0.1 microsec.
duration each.
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Data of breakdown characteristics under these condit-
ions are not easy to obtain. Some work by Hardy (Reference 8)
shows that the initial direct potential may have a marked and very
variable effect on time~lags, and in any case tends to increase
the peak-valuc of the impulse requir=d to cause breakdown. It is
further increased by the steepness of the front (or sharpness of
the pulse).

Herdy's observations are for constant irradiation,
Now although Gap 2 is usually said to be irradiated by the spark
of Gap 1, thie irradiation does not commence earlier than 1/20
microsec. before the crest of the first pulse, and may not grow to
an adequate intensity instantaneocusly. This guestion has been
discussed by H.G, White (guoted in Relcrence B.14, Chap. 4) in
explaining times of this order for breakdown with 10 - 20% over-
voltage.

Thus, while Oscillograms 914-918 (Figure 31, and
and seec Section 3.7) show that quite long time-lags can occur
within the working range of the generator, the calculation of the
delays between the firing of two japs from a knowledge of the
voltage~function and gap-setting is quite complicated,and probably
impossible with present data. One compromise basis for the
analysis is to assume the delays are long enough for the oscillat-
iong due to the preceding gzp(s) to die out, but not for the
decrement of their axis (or "steadry-state value") to be appreciable
This condition obtaincd in the experiments when Rt ‘= 60 kilohms.

In some oscillograms, particularly for Gap 1 firing
alone, there is a large decrcment on the first loop of the oscill-
ation (see Osc., 912,913 in Fig. 31 a, b, and Osc, 1112-7, Fig.32,za)
Its relationship to the normal exponential decrement is shown in
Figure 26(e). Thao question is raised (Section 3.7) whether it is
correct to regard the firing of a gap as an instantaneous change
from a non-conducting to a conducting state. An exponential
collapse, with a time-constant of 1/30 microsec. would explain the
observed initial decrement. Such times (in the order of 10_7 sec,
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for the formation of the highly--conducting part of the spark-
channel seem not unreasonable. judging by published results (e.g.
in Reference B.1l4, Chap. 4).

Another explanation of this initial decrement has been
considered. The loss of ehergy in a conducting spark-gap through
radiation, etc. would appear to be relatively small, and, being
constant, can be included in the overall damping of the circuit.
If, however, energy were absorbed at a very much greater rate
during the formative period of the spark channel, it would account
for the observed effect. Come deta by J.W, Flowers are quoted
(rather diffidently) in Reference B.1l4, page 393. In the present
case, the only source from which such a block of energy can be
taken is the stray capacitances. If these total 100 pF, charged
to 50 kV, energy = 3 CV2 = 0.1 watt-second. Peak current under
a 10 me/s, free oscillation = 400A. There is also the current
from the stage capacitor through the tail resistor:-~ about 1A,
for Ry = 60 kilohm, and 60A., for Rt = 1 kilohm. These figures
differ considerably from those given in the reference. Neverthe-
less, a closer study may well show a connection between this
aspect of the breakdown mechanism and the behaviour of the
generator.

Note: as described in the next Section, Gap 1 was
normally a self-illuminating triggering device, or Trigatron, the
behaviour of which was alweys suspect. But one experiment
suggested that the behaviour of a simple sphere gap was no differ-
ent. (Oscillograms 1356, 1358, Figure 29c),

A similar, though smallzsr, initial decrement can be
observed in the train of oscillations set up on the firing of a
sphere-gap connected across =sn u~ ~xzr2A divider. (See Osc. 846,
1237 in Figure 30c).-



3.5 TRIGATRON DEVICE,

In order to provide, without the use of a delay cable,
a triggering pulse to the oscilloscope in advance of the signal
from the divider, '"controlled firing" of the first stage of the

generator was neccssary. The method provided by the manufact-

urers consisted of two sets of 3-electrode gaps and an R-C net-
work, and proved to be too slow and inconsistent for use with fast
timesweeps., It was replaced by the well-known "Trigatron"
device (sec References 8 and 11), the construction and associated
circuit used being shown in Figure 20.

The voltage tripping range was adequate, being as
muich as 50% of the self tripping voltage on - V + polarities.
The tripping delay could be varied by altering the values of the
resistor, r, and capacitor, c, which controlled the front of the
pulse. Although not constanty, it was usuwally sufficiently so for
the purpose. The chopned pulse 1is shovm on several of the series
of oscillograms morked T. {See Sec. 3.7 for abbreviations used.)

No systematic study of the performance was made, but
much time was spent on investigating anomalies in its behaviour
during other tests., In somc cases, with Trigatron rolarity - V +,
steps appearcd on the tail of the wave. (Figure 29). The step is
upwards in Osc. 889 (Figure 29a) when the tail resistor (B/z) is
1 kilohm, and downwards in Osc. 830 when Ry = 60 kilohm.
This is further illustrated in Osc. 982-984 (Figure 29b) in which
the step appeared when the point was flush with the hemisphere,
and did not appcar when the roint was withdrawn about 4 inch into
the glass tube. The frequency of oscillation also changes, being
9 me/s. and 12 mc/s. respectively. Apparently the point elec-
trode T first sparked over to the opposite hemisphere B', while
the step occurred when the annular gap broke down, bringing the
main capecitor into circuit. The step never occurred when the
polarity of the point was the same as the facing hemisphere.
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However, tests in the series Osc., 1156-1170 (see
Fig. 294, e, T, g) when the trigatron was at Gap 2, showed that
anomalous behaviour was possible with -V}/+V+ conditions. The
figures on the traces give the main charglng voltage, Vc’ the
tripping pulse being about 12 kV. peak. The smooth waves, some-
times leading to a step occurred when VC was near the self-
tripping value. Ogc., 1170 confirms the relative polarities.
These anomalies appeared to depend partly on circuit conditions,
as they did not occur when the device was at Gap 1. The explan-
ation must lie with a better understanding of the physical
processes obtaining in the device than is provided by existing
literature. In most of the tests the -V- condition was used,
and apart from the possible cause of the initial decrement (see
Sectiom 3.4) there is reasonable confidence that the Trigatron
has not affected the oscillations appearing in the other oscillo-
grams,
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3.6 POTENTIAL DIVIDER FOR OSCILLOGRAPHIC MEASUREMENTS.

3.6.1 General,

3,6,2 Frequency Response of Measuring Circuit.
3.6,3 Design of Idealized Divider.

3.6.4 Bridge Measurements on Divider.

3.6.5 Oscillographic Tests,

The essential requirements of the potential divider
were as follows, very approximately.

Working voltage 100 kV,
Divider ratio 1/150.
Freguency range 1-30 me/s.
D.C, time constant 10 microsec.
Max, capacitive shunting. 15 pF.
Inherent inductance of connections 5 uH.
Desired accuracy. t 104

Max. pickup of spurious voltages

%
of order 100 kV. 107

No delay cable was required, as the generator was operated
in a controlled manner throughout. The divider was to be used
in association with a Southern Instruments Ltd. "T.R.10"
Oscillograph.
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3.6.1 General.

Various recognized forms of potential divider were
considered (Reference B.5, Chap. 9). A pure resistance divider
would not be difficult to design for this voltage, but was not
recommended for high frequencies on account of distributed capac-
itances in the upper arm, and the capacitance of the plates and
connections of the oscillograph shunting the lower arm, Since
the voltages most of interest were those between pairs of adjacent
points, both at a potential above earth, the use of two matched
dividers, in a symmetrical arrangement similar to that used by
Hohl (Reference 9) might have been possible.  But until a
generator arrangement with 2 large number of stages was being
studied, it offered no advantaze over the single-unit capacitance
divider, which was also the simplest to make. Provided the gross
capacitance to earth was not more than sbout 15 pF it should be
possible to allow for any disturbance to the waveform due to its
connection. To obtain a faithful linear response was a more
serious problem, however, as will be shown later,

The divider shown in Figure 21 (actually two very
similar units were made) is practically the same as that incorpor-
ated in the oscillograph described by Nuttall,(Reference 17) in
that it compriscs a single arrangement of electrodes and a
screened connection from the low voltage electrode to the plates
of the oscillograph. 0il instead of alr was used for the main
dielectric, making for a more compact construction. It was
found necessary to add a .00l uF mica cavacitor across the lower
arm to give the required ratioc, and a resistor of 100n to suppress
oscillations of about 100 mc/s. between it and the co-axial
connection. Some adjustment of the upper-arm capacitance Cl was |
possible by raising or lowering the h.v. electrode, but the
smaller Cl and 62, the greater the chance of spurious pickup for
the same screening. Further, reducing C; did not appreciably
reduce the gross capacitance which, as will be shown later, is
fixed by the voltage and the dielectric material used, and by the
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basic shape and proportions of the electrodes, which are deter-
mined by the shielding required.

Figure 22(a) showe the divider reduced to an idealized
form. The objective is to measure VX without picking ur a com-
ponent of Vy through Cy. Cy is reduced by extending the shield
upwards while still allowing culfficient clearance Tor the access
of Vx'

3.6.2  TFrequency Response of Measuring Circuit.

So far the divider would be expected to have perfectly
linear response to the voltage applied between its h.v. 2nd earth
terminals. But what is required is a response to tne voltage at
points on the gzgenerator, aad it is inevitable that the connections
must form a loor of at least 1 metre square, having, therefore, an
inductance in the order of 5 wil, This is liable to oscillate
with the 15 pP gross capacitance at 17 me/s., and will do so if
the voltage being measured contains components greeater than this
frequency, so that series rescistance damping is necesgsary. (In
this case the critical resistance is about 1000 n ). In either
case the response tecomen non-linear.

Howard (Keference 10) has calculated the response of
g similar arrangement to a stecadily rising voltage. In this work
the response to a sinusoidal voltage, and in particular to
(1 - cos wt), ic required. The response can be given in terms
of the voltage across the wholc capacitance unit (since cl/02 is
constant). (see Figure 23).
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_ 2 2 2
Laplace transform of (1 - cos wt) = w/(p + 0%)
Response = voltage across capacitance, C
_ /90 . _w®
pL + R + 1/1C p° & we
- w 02 . we
T T T T T T2 o2
p- o+ 2worp + oW T+ W

11

where o 1/JVIC = natural frequency, end r = R/2w L =

0
fractional-damping factor. Also let w = k Wy and
a = 1 - J-rg -1, b = r + ‘[rz -1 , provided r # 1,
4 102
then response-transform = Wo ¢
2 2 2
(p+—awo)u)+13woﬂp + k wo)

.+« resoonse time-function

-1 - k2 g~ 8" _ ® o~PF _ cos(wt -6)

a(b-a) (a°+k°) b(a-b) (b°+k°) M +%7) (b°+k°)

where tan o = 2rk/(l—k2)°

In particular, the amplitude ol the main oscillation, of frequency
f = w/2m, is reduced in the ratio

1/ V(2202) (02412) = 1/Vkbe(a v2oo)k?41 = 1/ (1%+1)
when r» = 1.

This response ratio is plotted against k for a number of damping
factors in Figure 23.
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The distortion is considerable for all components
with a frequency in the order of w . For k =1, w= W s and
r =1, the amplitude is reduced to half. The only way of obtain-
ing even the most approximate of practical results with a divider
of this form would be to increase ® well beyond the range of
expected, ana this can only be done by reducing the gross divider

capacitance.,

3.6.,3 Design of Idealized Divider.

The gross capacitance of the idealized divider of
Figure 22(a) is mainly the effective upper-arm Cl and the "bushing
capacitance", Cy. A formal analysis of the field system to
relate the bushing capacitance to Cl (and hence to optimize the
conflicting requirements of access and shielding) has not been
attempted.

For the present it will be assumed thet if, somewhere
between the h.v. electrode and the earthed shield, there is a
region, sufficiently free from external coupling, in which the
middle clectrode can be located, the latter can be lcft out of
account. The field sycstem, whatever its practical shape, may be
imagined to be transformed into the field between two concentric
spheres (Fig. 22(b)). Their dimensions and the dielectric
between them have then to be chosen to withstand 100 kV. with
minimum capacitance.

From simple elcctrostatic theory:-—

y
E

1l

v L1y ,02

2
E ri” T, 71 and €= AT Ky Kyrg /
T
Minimun capacitence is obtained for rq = Ve r, = infinity,

and then C_. =~ = 47 K (*~L/E).v.

Minimum overall size requires rq = Z(V/E) y Tp = 4(V/E)

and then C = 4 Cmin‘
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The curves of Figure 22(c) give relative dimensions and capacitance
values between these two extremes, and a practical compromise
would probably be to make ry = 1.2 (V/E) or thereabouts.

A more significant point is that for a given voltage,
the capacitance is controlied by the factor (Kl/E), i.e. by the
dielectric material. The Table gives the results for various
commonly-used materials., There is very little to choose between
air and transformer oil, both indicating that the capacitance will
be in the order of 5 and 7 pF. for an idealized capacitance with
Ty = 1.2 V/E. Assuming a practical divider could be designed to
have the same gross capacitance as this, the frequency range could
only be increased by about 50%.

Certain other dielectric materials appear attractive
from this point of wview, Pyrex glass and carbon-~tetrachloride
(CC14) being outstanding. No proper investigation of the use of
these materials has been made here, although a very crude divider
incorporating a 1" dia. test-tube filled with 0014 was put together,
and generator oscillations of about 50 kV. were observed visually.
The results, although promising, were too late to affecct the rest
of the work,

3.6.4 Bridge Measurenments on Divider.

The above discussion indicates that a divider with pure
capacitances in the lower arm cannot, for present purposes, give a
linear rcsponse. Further, thce use of the mathematical formula as
a means of applying a correction to the amplitudes of the recorded
oscillations is not altogether satisfying, unless the formula can
be confirmed experimentally. What 1s considered necessary is to
add inductance and resistance in the lower arm in such proportions
that the ratio and rhase-anglc of the divider remains constant with
frequency. About & ohms and 0.05 uwH would nced to be added, and
accuratc measurements of the small capacitanccs and inductances

would be very uncertain by any dircct mathod.
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An overall frequency calibration of the divider was
therefore attempted. A similar calibration had already been done
in the Electrical =Zngineering Department on a 300 pF divider by .
Aked, Reference 1. The maximum frequencies used were 2-3 mc/s.,
beyond which the limitations of the supply- and detector-
components of the bridge were reached, Figure 24 shows the
response, or transfer function, of the present divider with a
connection to the upper arm of approximately the usual size, but
without damping resistance, made with the same equipment.

The apparatus is shown in its final form in Figure 25
after a series of modifications. One arm of the bridge, viz. the
upper arm of the divider, and its connecting lead, had to remain
unscreened, Pick-up to this arm was not considered to be very
important as a high degree of accuracy was not reguired, The
detector had however to be screencd very thoroughly because of the
strong electric and magnetic fields. The syvmmetrical detcctor
input, after passing through a de-coupling transformer, was ampli-
fied by a tuned anode stage before being fed into the probe-~unit
of a valve milli-voltmeter, The probe-unit and batteries supply-
ing the 8D3 Valve were all contained in an outer box, The design
of the transformer was an adaption of that described by Sinclair
(Reference 21).

In order to have about 1 mV detector signal for 1%
sensitivity, an output of about 20 volts was required, This
represented quite a large power with a load of about 50 pPF at
20 me/s. Two "807" Pentodes were used in parallel in a tuned-
anode/cathode-follower power unit supplied from a signal generator.
The cathode resistance was about 1000 ohms.

The bridge now appeared to be satisfactory technically,
but useful results were still not obtained. The response of the
divider with damping resistor of 1000 ohms is also shown in
Figure 24, and the ratio is gcen to increase with frequency, and
to be indeterminate beyond about 7 mc/s. This is contrary to the
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theory, see Figure 23, and to observations of oscillograms. The
work was terminated before any more definite results could be
obtained, but enough was done to show that a bridge-calibration
up to even 20 mc/s. would be quite difficult with the equipment
available.

3.6.5 Oscillographic Tests.

The disturbance-level of the measuring circuit is
indicated by the pick-up recorded when the divider is connected to
"earth". The divider and oscilloscope were earthed to a point Zb
on the generator base directly below B. (Figure 21).  The trace
when the divider is connected to Zb (Osc. 1097, Figure 32b) is
therefore due to electrostatic (and possible electro-magnetic)
pickup. It differs slightly from that at Z, (a point below A)
and at the c.r.o. chassis (Osc. 1111 and 1098). However, the
pickup is considered to be smell encugh to make corrections
unnecessary.

Another effect is the disturbance of the electro-
static field system due to the capacitance of the divider. Its
magnitude was assessed by noting the effect of connecting the
other divider, regarded as a capacitor of about the same wvalue,
to the same point. This wag done for a number of conditions, the
most sevecre effect being at H, where the steady-state level was
reduced by about 20%, the oscillations being practically unaffected
This is the expected result of connecting 15-20 pF between H and Z,
and the divider itself can therefore be assumed to have about the
same effact. (See Figure 30b, Osc. 1234, 1236),

The natural freguency of oscillation of the divider
circuit was found as indicated in Figure 30c. It was dependent
on the size of the ccnnecting loop through the sphere-gap: in
Osc., 846 the loop was about 1 metre square, and the frequency
17 mc/s, A minimum loop gave about 23 mc/s. The appearance of
this frequency in the record when an undamped divider is used for



84,
Secs 3.6,5.

voltage meacurements has been mentioned in Section 3.7 (Osc. 1215-
1236, Fig. 30b). A damping resistor of 1000 ohms appears from
Osc. 845, 1239 (Fig. 30c) to be slightly less than critical,

which agrees with a gross capacitance of 15 pF. Its effect on
the response is further discussed in Section 3.7.
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3.7 DISCUSSION OF OSCILLOGRAIS.

rReproductions of selected oscillograms are given 1in
Plgures 29-33. Except where otherwise indicated, the records
were made with the arrangement of Figure 21, the letters A, A' ...
Z corresnhonding to the points shown on the outline of the
generator, the Oscillogram number being given alongside, Data on
the generator stage connections and other conditions are given in
the small tables, in which the following abbreviations have been

used.
T = gap triggered by Trigatron device,
F = gap fired by overvoltage, ctc.
S = gap made conducting by being shorted.
0] = gap non-conducting by being opened out.
'x'cm = gap spacing approximately.
Vd = corresponding direct breakdown voltage (by meter)
VC = charging voltage.
Rt = tall resistor value.
CeI. 0. = nominal timesweep and timing oscillation.
Trig, = Trizatron polarity arrangement.*

All series resistors were replaced by normal shorting links,
Charging resistors were 60 kilohme each, When a stage was not
charged, the charging resistor was removed, and a resistor of

about 150 kilohms conncctcd across the stage capacitor.

* The first = 5ign is the polarity of the main electrode B',
the second ¥ sign that of the pulse applied to the trigger--point
T, both relative to the main electrodec A'. V indicates that

A'" is at the charging vcltagce above carth. Thus with Vc
positive, and a negative tripping pulse, Trig = -V-,
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Before analysing the oscillations for normal 1, 2 and
4 stage conditions, various factors influencing the firing of Gap
2 will be discussed, see Figure 31. In Osc. 914-918, Gap 2 was
set with Vd 65% greater than VO, with the result that Gap 2 fires
a considerable time after Gap 1. The two events appear in the
voltage waves at all points on the generator. Before Gap 2 fires,
the oscillations are the same as when Gap 1 fires alone (compare
traces from Osc. 912, 913, in (a), (b) ). Thereafter a new
double-frequency oscillation appears. The delays are progress-
ively shortened as V; is reduced to 41% (e f.) and 13% (h,i) above
Vc‘

The voltage at B' always follows closely that at A!
apart from the steady voltuge on A, which 1s not recorded. The
same applies between C' and D' after Gap 2 fires, at which instant
D' increases by approximately 2 Vc’ Before Gap 2 fires, the
difference between the transients at C' and D' is the over-voltage
across Gap 2. The mean voltage at C' is raised by Vc above its
original value; that at D' by 0.2 Vc,due to the position of
Capacitor III (D,E) in the capacitance field. Thus the average
overvoltage is 0,8 V., and remains fairly steady owing to the large
value of R, (60 kilohms).

After ap 2 fires, a similar condition occurs between
E' and F' at Gap 3 (which is not allowed to fire). The mean
overvoltage is now about 1.4 V_ (see j) and remains fairly
constant when Ry = 660 kilohms between D,F.

The effect of the tail resistors on the overvoltage is
shown in (g), where Ry =1 kilohm between D,F. Point F! now
returns to the potential of E' (less VC) with a time—constant of
about 1/5 microsec., which makes the overvoltage pulse quite short.
The same applies at (c,d). Tne effect is explained theoretically
in Section 3.4.

The records show that the maximum overvoltage occurs
on the gap adjacent to the one that has just fired. The next gap
has a small, negative overvoltage (see c,k) and the next again a
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small positive overvoltage (see d).

In all cases, the transient voltages on either side
of a main stage capacitor are the same, the charging voltage, if
present, not being recorded by the arrangement of Figure 21.

This shows that these capacitors present negligible impedance to
the transient currents.

The oscillograms in Figures 32, 33, form the basis for
correlation with the results of the theory of Section 2. There
are two methods of comparison. The mathematical result can be
drawn out graphically, and the waveform compared, more or less
quajitatively with the oscillogram; or the recorded wave can be
analysed into its steady-state level, and the component
frequencies, amplitudes and decrements of its oscillations.

The second method, which has been adopted for the 1
and 2 stage cases, follows mainly that given in lManley's "Viaveform
Analysis" (Reference B.12, Chap. 4), although there is here the
additional factor of decrements. All amplitudes are referred to
the stage charging voltage, generally indicated by the level of
the axis of oscillations of the voltage at B or C. Two component
frequencies are separated as follows. The lower frequency is
sketched on tracing paper in such a way that when placed either
above or below the composite wave it forms an cenvelope to the
higher frequency component. The distance between the two
envelopes is the double-amplitude of the latter. See Figure 27(b).
The results of this analysis on the oscillograms in Figures 32,33,
for a variety of conditions in which one and two gaps are conduct-
ing, are given in the Teble at the end of this Section.

The simplest arrangement (gap condition "T,0,0,0")
comprises only one inductive loop oscillating with the stray
capacitances. Agssuming that none of the inductance is directly
between point B and the datum Z (and in fact there is only the
0il-filled spacer and cxternal strays) the voltage-oscillation at
B (Osc. 1113, Fig. 32a) should theorctically have an initial ampli-
tude of unity, mcasured from the axis of oscillations, followed Dby
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exponential decrement. In fact there is a large initial decre-
ment (see also Figure 26e). Allowing for an exponential
decrement of about 0.7 per half-cycle, the initial amplitude is
only about 0.15.

Non-linearity of the measuring circult would tend to
distort the recorded waveform in this way, as discussed in y
Section 3.6, but the calculations indicate that the response to ‘
12 me/s. oscillation should be at least 0.7 of its original ampli-
tude, for the critically-damped divider. The voltage was again 4
measured with the damping resistance removed, and the result \
(Ose. 1187, Figure 30a) appears rmuch more reasonable, Heverthe-
less, the curves for r = R/ZwOL = 0.(Figure 23) show that the

response should be considerably magnified. (In that case,
k =(»/w0 = 12 me/s/15 me/s. = 0.8.) The result is therefore {

gquite unreliable, and further if the original component freguencies
exceed 15 mc/s., the divider oscillations will predominate (see
Osc, 1215-1236, Fig. 30b).

An alternative explanation is that Gap 1 does not
break down instantaneously, but takes in the order of 1/30 micro-
sec. to become conducting. The difference between A' and B' in
Osc., 1112, Fig. 32a) in fact gives a "front" of about this
duration, instead of a unit step. (Figure 27a). This is discussed
in Section 3.4. Again, slight variations in the initial ampli-
tude occur between one trace and another, which would agree with
irregularities in firing. The Trigatron device in Gap 1 was
frequently suspected of causing these effects, and indeed often
behaved anomalously, see Figure 29. Nevertheless, Osc. 1356,
1358, show that it could behave the same as a sphere-gap (Fig. 29c)

Most of the steady-state voltages agree approximately
with those calculated. The overvoltage across Gap 2 is about
0.8,
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The generator with two gaps conducting can be excited
in a number of different ways, the normal one being when both
capacitors are charged and both gaps fire without appreciable
delay between them. (T,F,0,0, in Osc. 1097-1111, Fig. 32b).
Analyses of the voltages at the main capacitors are given in the
Table (see also Figure 27b). The two frequencies are fairly
close to the theoretical values as is the steady-state level at
F,G (it is rather too low at H). The amplitudes again do not
compare well, even after allowing for the divider response.

It can be seen from the records of Figure 31 that the
oscillations are much the same, whatever instant Gap 2 fires.
This is understandable if it 1s the "slow" firing Gep 1 which
inhibits the oscillation in the first loop. The condition
actually obtaining, therefore, is one in which Gap 2 fires on an
approximately steady voltage of 1.8, Gap 1 being merely conducting.
This condition (S,T,0,0) has been calculated in Section 2,2, and
the results are compared in the Table with the analysis of Osc.
1171-1175 (Fig. 334). The comparison is again not very good,
pogsibly because of the large initial decrement, but multiplying
the theoretical values by 1.8 gives & rather closer comparison
with the measurement of the lower frequency component for  the
T,F,0,0 case (Osc, 1097-1111)(Fig. 32a).

A similar condition holds for Osc., 1122-1126,

(Figure 33a) in which Gap 2 fircs under the over-voltage alone.
The oscillations are of correspondingly smaller amplitude, but of
much the samc shape. The condition T7,5,0,0 of Osc. 1132-1135
(Fig. 33c) was donc because it was of an easily calculated form,
The slower oscillations are of the expected amplitudes, relative
one to another, but only about 0.4 of the calculated values.

Two conditions in which all four gaps are conducting,
the excitation being by one gap only in ecach case, are given in
Osc. 1137-1141 (Fig. 33b) and Osec. 1142-1147 (Fig. 33e). Four
frequencies would be expected, but only one of about 6 mc/s.
appears predominantly. The higher components are likely to be



Sec., 3,7. 90:

attenuated by either (or both) the effects already mentioned.

The conditions for the former series are the same as for the
calculations in Section 2.2 for the 4-Stage case, the resolution
of the dynamic matrix of which was done on a digital computer.
The theoretical waveforms contain predominant frequencies of 7.8,
12.6, 18,5 mc/s. and are plotted for two points in Figure 28 for
comparison with Oscillograms 1137 and 1141. (Those of 29,3 mc/s.
are of less than 10% in amplitude and are ignored.) No correlat-
ion can be claimed here; even the predominant frequency in the
oscillograms (6.2 mc/s. and 5.5 me/s. respectively) is consider-
ably lower than the calculated value, Assuming the measured
frequencies to be correct, the discrepancy might be put down to
inaccuracy of inductance (including omission of mutuals).

Corrigendum.

After the work had been brought to a close, it became
apparent to the writer that the conception of the inductances
given in Section 3.3.2 is not correct, The field of self-
inductance round one of the horizontal connectors cannot be said

to extend only as far as an adjacent connector, (Figures 18 and
30d), since the latter does not necessarily form the return path
for any part of the current through it. The return current can
flow through non-adjacent conductors and through the various
partial-capacitance fields. Strictly speaking, 1t would be
fallacious to state any definite value of inductance for a
conductor that is not part of a single, closed, current path,

The lumped parameters given in the equivalent-circuit analysis are
approximate, and depend on the inductance field being concentrated
close to the conductor, In a horizontal connector, nearly 90%
lies between radii r, and b,and this space should contain only a
small part of the displacements in the capacitance field system.
Nevertheless, the discrepancies in the frequencies may well be

due to such errors in assessing the parameters,
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TABLE OF CALCULATED AND MEASURED COMPONENTS OF VOLTAGES.

A1l voltages are relative to the charging voltage, Vg, as
given by the steady-state level at B (or at D in the STOO case).

The response factor, q, of the divider is obtained from
Figure 23, assuming o, = 15 ne/s.

I.G. CONDITION (ha E’S’gifohm) 7,0,0,0 (Bd = 0)
0SCITLOGRAMS 1112 - 1117 1185 - 1190
GENERATOR POINT B,C |D,E |F,¢ ! H B,cID,E iF,0 | H
§

¢

LEVEL meas. 1 0.2 10,290,114 1 0.2y .29} .14

OSCILLATION calc. 12,31 - - - 12.3 " it "

FREQUENCY (mc/s) meas. | 12 12 | 12 | 12 |12 nofon "

Amplitude calc. 1 {0.17{0.3910.17 || 1 {0.17[0.39{0.17
calce. x (q = 0.7, 1.6) } 0.7 |0.12{0.28{0.12 || 1.6{ .27| .63] .27
meas. { 0.2 |0,05{ .05| .05 || 0.910.2 }0.28{0.13

i ;

Table continued.




TABLE (cont'd.)

92

I.G. CONDITION T, 5, 0, © 5, T, 0, O
OSCILLOGRANS 1132 - 1135 1171 - 1175
GENERATOR POINT B,C VD,E i F,G | = B,C %D,E |7, G L H
STEADY STATE  caic. 1 1 0.5310.61 0 1 {0.17}0.54
LEVEL. meas. | 1 1 (0.4 {0.4 0 1 (0.2 ]0.35
LOW _FREQUENCY calc. | &.74f " " " L " "
COMPONENT (me/s) meas. | 9.1 | " " f 8.3 1 " " n
Amplitude cale, | 0.31{1.15}0.5010.69 || 0.48{0.68{0.29|0.41
calc., x (q = .75) 0.,61]0.8610.37]0.52 | 0.3510.5110.220.31
meas. { 0.25]0.4 10.1710.2 0.1740.20{0,1010,1
HIGH FREQUENCY  calc. 2l " " " 21 " " "
COMPONENT (me/s) mecas. | nil nil
Amplitude calc.| 0,19{0.15)0,04}0.07 || 0.48]0.32/0,12}0.13
cale. x (q = .35) 0.0710.05/0.01{0.03 || 0,17{0.11} .04 .05
meas. | nil = - - nil ~ - -

Table continued.
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I.G. CONDITION T, ¥, 0, O T, ¥, 0, O *
0SCILLOGRAMS 1097 - 1111 1097 - 1111
GENERATOR POINT B,C |{D,B {F,¢ | H B,¢ |D,E iF,G | H
STEADY STATE calec.| 1 2 ]0.71}1.2 1 2 |o,71i1.2
LEVEL meas. | 1 2 10.63}0.77 1 > 10.6310.77
]
ILOW FREQUENCY calc. | 8.74] " " 8.74} " g
COMPONENT (mc/s) meas.| 8.8 [8.3 [8.8 |8,6 8.8 | " oo
Amplitude calc. { 1.28/1.83]0.79{1.1 0.8711.2510.5210.75
cale., x (g = 0.75) 0.96]1.37(0.5910.82 0.65/0.9410.39{0.56
meas. | 0.50]0.6410.30[0.34 |} 0.50]0.64]0.30!0.34
HIGH FREQUENCY  calc.| 21 | " 4 " 21 | " "
COMPONENT (mc/s meas. | 18.7| 19 18.9 || 18.7] " n
Amplitude calec. | 0.28)0.17]0.08{0.06 |} 0.87]0.58}0.,23{0.24
cale. x (g = 0,35) 0.1 {0.06{0.0310.02  0.32[0.2 10.081{0.09
meas,., | 0.1210.20!Inil {0.07 0,120,201 O 0.07
t

* In this case, the calculations are based on Gap 2 firing on

a steady voltage of 1.8, the oscillations (but not the steady-

state components) due to the firing of Gap 1 having died out.
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INVESTIGATION OF FIRING PROCESS OF I.G

Essential Elements
Physical Spark-Gaps Damping
Structure & Loading
Re N Interpretatio&
Passive Switches & Arbitrary
Parameters Excitation Connections
Functions.
Parameter Mathematical
Measurements Analysis
\r
Calculated Unverified Unexplained
Responses Theory Observations
2.2
1r

(The numbers refer to Sub-Sections of the Text)

No Correlation Possible

Correlation Expected
3.7

SCHEME OF INVESTIGATION.

Direct
ifieasurements

Divider
alibration

Analysis of
Oscillograms

Measured
Responses

FIGURE 1



irsTERlsiAu

RRONT- Ap ELX-TERrsiAU FRONT RESISTOR
- VVVVWW  —————- >
180-600 5U OUTPUT
I* TAtU RT CMARCINO Rc
yvw DIVIDELR
RESISTOR
ST/RC3E —
CR.PACITORS
0-085/*
POTENTIAL
CvH DIVIDER
urPELR-
Cv LOWER-
TO C.R.O
c PLATES
Rc 60-70 un
~A/v-rD G
/ RT 500- 1oco sr1
Rr 2s n
+0-|7BK.V. /VvVVV\/—C__ G
—AAA/"tAVV\A ) Gr-wyv
RT
EARTHING TRIP PULSE TO TPIGATROW
SWITCH

NIH13-STAGE E LPDLS* GEF3RATOR COHITFATICFS. FIGURE 2.



tTO UOAD

v
D.C., V=1 =
>A/VW\A
_____ v___________ \l
Stages Meshes Stray Capacitances
Charging Shunt Series Controlling Firing.
or Tail or Front
Resistances

4-STACE I.e. EQUIVALENT CIRCUIT. FIGURE 3.



INDUCTANCE NETWORK
described by L-Matrix.

‘ A S I
[ A ! A ! A / A Meshes and

Original
Terminal-Pairs.

<l Je “1 ix....... ,n

CAPACITANCE NETWORK
described by C- or S- Matrix.

(a) Connection of Segregated L and C Networks.

J

1 A r 4" .1
C|X C, €,

(b) Normal-Terminal-Pair Networks. (c) Damped wn-*“Gtwork

Connections to
Original
. Terminal-Pairs,

ir v

DISSIPATION NETWORK
described by R- or Q- Matrix.

(d) Derived Damping Network.

4-STAGE I.G. ANALYTICAL NETWORKS, FIGURE 4.



I 2 Meshes

(a) Electrostatic Fields. (b) Equivalent Circuit.
L, ~2 L, *2
— rmr-— -annRT*
co
\ A dR)
o, H: 3
4P o
(c) Special Case, LACA = 1*%272/ Normal Meshes.
BWWYV-— "'
/7sn
(d) Damped Circuit. (e) Estimated Resistance Values

for Critical Damping.

TWO-STAGE I.G. THEORY. FIGURE 5



DISTRIBUTION AFTER

FIRINCr OF

6 ft H a K
GAP | 5 b
¥ Ih— oo O0O— H &+ oo
nrc
Note: v "Voltage across Gap 4 following Firing of Gap 1" etc

FiRINtf oF CtAT N9 ()

i4
AB co EF GH JK cM
GAPI V4 3 . 4 ' S T
\r —— I I
oI 1 11
—c —c ——c -4c -—C --c

HYPOTHSTICAl V.ITASS DISTRIBUTIONS. FIGURB 6.



EXF»ERIir E.rs1TAL

V/AUU ELS
-3
a = After firing of Gap 1.
b = x I Gaps 1,2.
c = E £ Gaps 1,2,3
CHARGING
VOIJTAGEt-H
For Experimental points, v = ’ where

= d.c. spark-over voltage of Gap 2.

<
I

charging voltage giving 50% spark-over of Gap 2
following firing of Gap 1.

STEADY-STATE VOLTAGES ACROSS GAPS. FIGURE 7.



NODE

o] / & 3 n-2 n-i n n-rt  n-tZ N-l  j N N+1
— rwHXVTnrsDOi
V(t.n)

N-I N

- pOr™->»"Tr*00
L 1.3 MH
K- 10 pP.
K/ 33 pF.
c' 30 pF.

— hh
Cg, C,, equivalent to remaining

unfired stages and terminal 1load.

LATTICE EQUIVALENT CIRCUIT OF

EXTENDED GENERATOR. FIGURE 8.



oI

Le

Lck,

01 0-2 05
a ,WAve NUr*BEIR - I/a

g (1 - CcOS 2Tra)/L

c/2 + $(1 - CCS 2ira) + KgCl - ces 4rra) *

Estimated values

L =1.3 C = 30 pF, = 10 pF, Kg = 33 pF.

(Components taken into account shown against curves.)

PROPAGATION CHARACTERISTICS OF LATTICE. FIGURE ©9.



lh m—

S | — Ir K, Fc4)

1
“%nox
(a)
wimmnrvTEfThynrs,  r/?mr
54)
HI--
®)
L L t
-f-onrmm-r*nnrmiro” r*nwmr”*—
1 / ———
."T_ If _____ | B\
4' "2 ah —_m !
L K ~ &K,)
I
+ L
(c)

MODES OP OSCILLATION IN LATTICE. FIGURE 10.



A

1/2,

s >0 OUT

REPRESENTATIVE

SECTION AND

ADMITTANCE MATRIX

i1 1-20
V,0
~T 2
= P (0]
o 2K -2 K%
2K*
2Kz 0 O
o ZKA (o]
2 Ki
4_2(! ]_4_K’A A A\Y K. 1
-2K2 (p % o
“2k2 (pKi-**) -2Kz

6—TERMINAL SECTIONS IN CASCADE.

-2Kz Lz,
o irn
(o) v, 1i
—2 K2 12 0
4
P K

- (R<-**yZp Kz

-2Kx-ti—yL 1o

K +

iij

FIGURE 11.



Partial Capacitances. (10 F)

c] 4 = 06 0?7 08 0o 0O
67.1 8.9 10.5 11.1 56.3 31.9 3.9 35.3 1.2 17.1

(Derived from Bridge Measurements: Pig. 16 and 17)

4-STAGE I.G. PARTIAL CAPACITANCES. FIGURE 12.



-r-K

Compare Values from Figure 12:-

pF

0 =30 Og = 35 , €*Q =17.2 (Flange only)
=10 cg = 89, 3 =105 ¢ =11.1

"2 =33 cg =319, cy = 32.9«

K. =0 Cg = 1.2

A2 = Kg =33

s+ c = 173 C* = 67.1

K2 + C =63 c5= 56.3

EXTSNDST GENERATOR PARTIAL CAPACITANCES. FIGURE 13.



HH

4F

Condition for evaluating terms in 2nd Column of C-matrix.

A32 A\Y PA2 ” A6 A A A Alo*

Cr + C5 + Cg N
Cg + Cog+ Q.5 4 o A0
A /\10

cs5 + cg + cpq 2t C9t+ Co A6 A8 m AQ

+ Cg + Cq +C20 - A0 Y
Cg + Cg +
°g + °10 9 9+Cq Cr+Co+Cy (g acna
M 10 AClg 4 Cg + CiQ
<0 oo Cy + cg+crQ "4 " m’g
A0

By Substitution of Measured Values from Figure 12 :-
- (10"12p) s = ¢t (10+° /F)
175 108 52 17 1.07 -0.89 0.24 -0.24
108 150 85 18 -0.88 1.90 -1.15 0.63
52 85 128 51 0.24 -1.15 2.01 -1.38
17 18 51 62 -0.24 0.63 -—1.38 2.68

DERIVATION OF CAPACITANCE AND ELASTANCE MATRICES.
FIGURE 14.



4h

2 I
»* (50U
© )0

33

30

30

13U

30

30 30

With Load capacitor C”» matrix is enlarged by one row and column,

and all elements increased by C*.

346

273

210

180

150

120

90

60

30

273

316

243

180

150

120

90

60

30

210

243

286

213

150

120

90

60

30

180

180

213

256

183

120

90

60

30

150

150

150

183

226

153

90

60

30

120

120

120

120

153

196

123

60

30

90

90

90

90

90

123

166

93

30

O9-STAGE I.G. CAPACITANCE MTRIX.

60

60

60

60

60

60

93

136

63

pF-units.

30

30

30

30

30

30

30

63

73

FIGURE 15.



SCREENING

FIXfD WIRES

disconnect ED

AND REMAIN

INTERCONNECTIONS

2000 PF

UNC/XLI Bf?/~Tep

O-tOOOPF

MOT SHOWN

CAN BE

FROIA V.0

IN SITU

MADE AT

SMALL TERMINAL B OARD
IMPULSE GENERATOR
WITH ALL RESISTORS
PARALLEL -T
DETECTOR ANODE
INPUT AMPLIFIER
BRIDGE

RHEc”-bTAT

CALIBRATED CAPACITOR
RECAOVC-D

CRO,-5

AMPLTFTCATTON

MEASUREMENTS OP PARTIAL CAPACITANCES.

FIGURE 16.



Stages in Partial Capacitances Group

Group .
Group Measured. Capacitance.
IIni IV c7 Gross Wires |Net.
No. ni aqa2  ng 6 -1 A8 S0 (pF) (pP) (PF)
1 » < ¢ ° £l 41 fl fl1 222.3 46.7 175.6
2 » 1 +141 fl fl 119.6 10.6 109.0
1
3 * +1 41 41 £l 117.3 9.7 108.6
4 * 1 +1+1 41 fl 100.9 12.1 88.8
5 # 41 f1 f1fl1 76.8 14.3  62.5
6 « = +1 +1 4-1 4111 fl 220.2 20.3 199.9
|
7 ¢ ' +1 +1 +141 f1 f1 156.6 22.7 133.9
8 ¢ ¥ +1 41 f1 f1 f1 f1 355.5 26.4 129.1
9 " " +1 41+1 +1 f1£1 129.6 24.0 105.6
10 » « » +1 41 kL £l 41 1 235.5 32.4 203.1
11 DA I I 1 8 fl1fl f1 208.5 37.0 171.5
t 1
12 » « ! Bl -Hi £1 f1 £f1f1 187.8 36.1 151.7
13 ¢ > 1 X141 414-1 f1 229.6 34.6 195.0
m T
14 7 : 4141 a1 f1l f1 £f1 194.0 24.9 169.1
15 L Wl 41 41 fl £1 £l 198.2 21.8 176.4
1
Wires:- ITI = 10.6 pF, IIT = 9.7 PpF, IV = 12.1 pF, V = 14.3 PpF.
Example: No. 1 represents the equation
Up, 4 gg + Cg + C*Q - (wires II + III + IV + V) = 175.6 pF.

Solutions given in Figure 12.

PARTIAL - CAPACITANCE EQUATIONS FIGURE 17.



a, 18

t>= 0-5bnr>
Mutual Inductance
r 0

= 0.16 MH.
b * 0-iiT
Self Inductance
= 1.4-1 kH/Stage
H I
2ro= 0 '02S m. D*A
r = radius out from AB.

ORIGINAL CALCULATION OF INDUCTANCE.»

Ballast Inductor

Resistor (R + jwL)

Shorting Link

Variable Capacitor.

FORIEULAE: R = 1 ( 1 1\ L= c1-Cp
Oyr2 22 *loj vy Glop

f (mc/s) o1 02 Ci(pF) C2(pF) L("H) R( ohms)
100 1.12 113 ~ 20 154 148 5.3 40
50 1.58 127 23 154 144 4.8 25

MEASUREMENT OF INDUCTANCE OF 2~ (HIvl RESISTOR.

* FIGURE 18.
FIGURE 19.



VOL.TA<?£S ON £LEC~rftuD£5S

Io cm DIA. Al HEIMISPHERE

Pold«lTY or B T RELATIVE TO0 /At

1
TRIG. Vi

O 15 cm. DIA “PVREX’ TUBE

Tom. O\ TUN&STCN WIRE

AMfMUL-AR GAP

' TRIGATRON” DEVICE.

500 ->000 n
o/d: 165 M.V 500 —1000pP,
A
-~/ YWHY TO STAGE 2, EIC.
0 *0 as
STAGE 0-coS
C/I\PAC ITOR (200 KV WKg) 1-60 KH
TATT..
t ISkv. RESISTOR
5K
© —/
PB, OINI CONTROL DESK
TO C.RQ

TRIGGER INPUT

IIVITULSE GENERATOR TRIP-CONTROL CIRCUIT.

FIGURE 20.



-00 4-STAGE OUTPUT TERMINAL.

(OJ0]

IMPULSE GENERATOR IN OUTLINE

10001) Damping Resistor.

1” Dia. Sphere supported on brass rod

Oil-filled Bakelite container

Metal foil Electrode

reening canister

Co-ax connection - 7 ft. 1long -
/ air dielectric
POTENTIAL DIVIDER. OSCILLOSCOPE.

OSCILLOGRAPHIC MEASURETAENT OF VOLTAGES.

FIGURE 21.



Access V.

y/ shielding

Cb

a "8
i) Shielding require, to make Cy « ,
DIELECTRIC
Permittivity K-
Io Is z0

Dielectric
Strength E

(c) Relative Dimensions

(b) "Transform" of Capacitor*
TABLE: Comparison of Dielectrics. (KV. - pF - cm Units)
Max. E r**oo, C £2= mm ~ 0
DIED CTRIC
% E % rr.=v/f£ ¢ r,=2v/f fa=2r c
AIR 1 30 30 3.3 3.7 6.7 13.3 14.8

OIL 2.5 100 40 1.0 2.8 2.0 4.0 11.0

"PYREX" 4.5 900 200 0.11 0.5 0.2 .44 2.16

c.ci4 2.2 660 300 0.15 0.37 0.3 0.6 1.47

DESIGN OF IDEALIZED DIVIDER CAPACITOR.

FIGURE 22



2

03

=O

co

L R
-nmnrmrin—

TOTAL.

THZORETICAL FREQUENCY RESPONSE OF DIVIDER.

(RCSRONSEL
cos Ob?

FIGURE 23



«007

FREOueilVICy :/s.
RD 0 case measured with original bridge.
RD 1000 ohms " ” later bridge.

Ratio output/input voltage.

Phase shift.

IEj):ASURRD FREQUENCY RESPONSE OF DIVIDER.

o~ ©

FIGURE 24.



10K,/s-2.0M/g, O

Bw r-
SIGISi~N -
GEMERATOI
L _J
T oNED — Ar~PoiFiER sn-AwoARO TesSt
AMD CATMOOEL- DIVIDER DIVIDER

FOi-LOWC. »?

DETECTOR INPUT

p -
1 J> -WW-0-
PROBE
SUNIT
BATTER IEB MARCONI VACVE
J Micul - VOLTMETER

oOuUsT COREL
SPLIT BRASS TUBE
COPPER -cAM™

Most Recent Form of Detector.

BRIDGE CIRCUIT FOR CALIBRATION OF POTENTIAL DIVIDER.

FIGURE 25



A_yAA/W-

([¢) Rt (2z+(C5) LARGE

k=o
(a) Two Stages of Generator.

Q) <o (Cz-i0g) SMALL

(b) Equivalent Circuit>
(c,d) Overvoltage Puises on Gap 2.

OF CyRP *

IIIITIAU AIMPLITUOE
EXPONENTIAL DECREMENT

INIiTIAL DECREMEN

APPROACH VOLTAGE
A CROSS GAP 2 = \A

(e) Transient Oscillation due to Gap I Firing,

THEORY OF OVERVOLTAGES ON GAP 2.
FIGURE 26.



/

GRADIENT 2011

A)Y

DIFFERENCE

0*1 MICROSEC. TIMING

(a) Apparent Voltage-change

OM MICROSEC TIMING

MICROSEC APPROX.

MARKS

at Gap 1~*

FREOUENCYy

MARKS

(b) Oscillations in 2-Stage Case.

GRAPHICAL ANALYSIS OP OSCILLOGRARIS.

A

INITIAL AMPLITUDE

0-2V,

8-8 Mc/s, O S v,

STFAPy-STATL-
LCVEL ~ V.

0-12 Y

FIGURE 27



1*0

2-0

voltage at B due to Gap 1.

Compare Ose. 1137, Fig.

2 MICROSEC,

4-STAGE TI.G.

33b.

0-8

voltage at H
due to Gap 1 firing.

Compare Ose. 1141,
Fig. 33b.
STEADV-STATE LEVEL
oG MtcRosec

CALCULATED VOLTAGES,

FIGURE 28.
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I"21
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D-1228
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vt 0*V.) VO

Ve (RV.)

&0 l|g’ 60 \ m
A" e TRIOR-V-

FACTORS INFLUENCING THE FIRING OF GAPS. FIGUPIE. 3 1
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VOLTAGES
AT GAP. |
B-T'S  VOLTAGES
ACROSS!
CAPACITOR
C —»uv
5\\
H-UI7

VOLTAGES ACROSS
CAPACITORS.

W &v;
\& (kv.)) (30 P o o
A k9 60 60 660 660

.m..O.a (yum. TRIO » —V —

One - AND Two -

Stage Cases.

/09a

~1097 ROLXT
L onLy.

A- MU 'Off

VOLTAGES AT TRIGATRON

A 23<198
ACROSS CAPACITOR |
B'- MOO
B WQi
As/x.
VOLTAGES AT GAP. |
C'I\/bZ. \ A “~C'-Moa
D' nov

ACROSS CAPACITOR n

D ItoC

VOLTAGES AT GAP. 2

£ 1(08

ACROSS CAPACITOR m F'- 11«*

VOLTAGES AT GAP. 3

W fMO
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(R «V 60 660 (obo XCA
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FIGURE. 3 2
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H- 1141
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