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EDITOR’S PREFACE

THE aim of these monographs is to report upon research carried
out in electronics and applied physics. Work in these fields continues
to expand rapidly, and it is recognized that the collation and dis-
semination of information in a usable form is of the greatest impor-
tance to all those actively engaged in them. The monographs will be
written by specialists in their own subjects, and the time required
for publication will be kept to a minimum in order that these
accounts of new work may be made quickly and widely available.
Wherever it is practical the monographs will be kept short in
length to enable all those interested in electronics to find the essen-
tials necessary for their work in a condensed and concentrated form.

D. W. FRY

AUTHORS’ PREFACE

THE techniques of applied electronics are concerned with the
handling of information by electrical devices. Systems in use fall
fairly definitely into two classes employing either modulated
continuous wave techniques, or, alternatively, pure pulse methods.
The first group includes the familiar transmission of intelligence by
radio or carrier telephony and in the second class are to be found
radar timing circuits, for example, electronic digital computers and
counting equipment for use in nuclear physics research. The con-
cept of frequency bandwidth, originally introduced in connection
with the spectrum of frequencies associated with a modulated C.W.
signal, is also applied to pure pulse systems. The speed and accuracy
with which information may be handled is determined, in both
classes, by the bandwidth of the system and the historical develop-
ment of the subject, from line telegraphy to modern pulse modulated
microwave links, indicates a continual striving after larger band-
widths and shorter and sharper pulses.

X1



xii PREFACE

We may define the millimicrosecond range as that in which time
intervals lying between 10-% and 10-1°gec. are of interest. The
former figure is chosen as representative of the state of development
of pulse techniques as reached at the end of World War II and the
latter is an optimistic lower limit set by physical considerations.
The corresponding frequency band involved extends from 1 Mc/s, or
less, up to 10,000 Mc/s, a limit of 1000 Mc/s being a more realistic
goal at the present stage of development. This range covers the
field of all short wave radio right up to the microwave region but
we are only concerned, as the title of the book indicates, with
circuit techniques employed in systems of the second class; short
wave radio methods are not directly of interest except in so far as they
provide background knowledge and experience in working with high
component frequencies. Modulated C.W. microwave systems, having
bandwidths of say 1000 Mc/s centred on a frequency of 10,000 Mc/s,
may be developed in the future and the ‘“‘video” channels of such
systems would fall within our range of interest. Important develop-
ments are taking place in this direction but we shall not be concerned
here with any such complete equipments.

In the microsecond region the familiar circuit parameters of
resistance, inductance and capacitance may be treated as discrete
entities implying that the linear dimensions of the apparatus are
very much shorter than the wavelength of electromagnetic radiation
corresponding to the highest frequency components involved;
electron transit time effects in thermionic vacuum tubes are negligibly
small. In the microwave region, at the other extreme, linear
dimensions are of prime importance, as for example in waveguide
circuits and cavity resonators, and electron transit time phenomena
form the basis of operation of the tubes employed. The milli-
microsecond range lies in the interesting region between the two in
which the techniques involved tend to overlap. Thus on the one
hand, we try to improve conventional pulse circuits and push these to
the limit of speed and, on the other, develop arrangements in which
the circuit parameters are deliberately distributed in space and
which possess wave propagation properties. Our theme is the
development of devices of large bandwidth, extending down to
comparatively low frequencies (1 Mc/s) and we are concerned, for
example, with transmission lines operating in the principal mode but
not with waveguide structures which are dispersive. It is found that
ordinary circuit theory applies to such distributed circuits but we



PREFACE xiii

must be prepared in cases of doubt to fall back on the more general
theory of electromagnetic waves.

A glance at the table of contents shows the scope of the book. A
brief theoretical introduction is included for the benefit of the non-
electronic physicist and to clarify terminology. The bulk of the
work is devoted to a consideration of basic circuit elements and
pieces of equipment of universal application. Details of specific
applications, mostly in the field of nuclear physics instrumentation,
fill the last two chapters. A short Bibliography and a comprehensive
list of references complete the volume.

It is hoped that the book may be of use to the physicist who,
with perhaps little experience in the electronic art, wishes to call
these new techniques to his aid. For the electronic engineer, the
volume aims at the collation of relevant material taken from known
fields of electronic engineering, together with an account of special
developments in the millimicrosecond range.

The authors wish to make acknowledgment to the Director,
Atomic Energy Research Establishment, for permission to publish
the results of some of their work.

I.LA.D. L.
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1
THEORETICAL INTRODUCTION

TH1is chapter is intended to serve as an introduction for the non-
electronic physicist who may wish to be reminded of some of the
terminology employed by circuit engineers and to whom a review
of circuit theory, though superficial, may be of assistance (see
EimorE [101]). Definitions given are not expressed particularly
rigorously but are included to clear up ambiguities and to avoid
repetition of phrases throughout the main text.

1.1 THE LAWS OF CIRCUIT ANALYSIS

Kircauorr’s Laws provide the foundation upon which all circuit
theory is based. In the first place we are concerned with lumped
circuits, that is, circuits composed of discrete entities (resistors for
example) connected together by wires. OmM’s Law introduces the
idea of a linear circuit element; the potential difference across it is
directly proportional to the current flowing through it.

When applied to the several junctions and loops in any network
these laws give rise to a number of simultaneous equations (called
the network equations) which are linear in the voltage and current
variables provided the circuit elements are linear. In our theoretical
analyses we shall assume, unless otherwise stated, that all circuit
elements are linear. The Principle of Superposition follows at once;
thus if an e.m.f. E, of any character whatsoever, acting at one point
(termed the input) produces a current I, at any point (termed the
output) and a second e.m.f. E, at the input causes a current I, to
flow in the output then an input e.m.f. equal to E, + E, will
produce an output current I; + I,.

The labour of solving the network equations can often be reduced,
or avoided altogether, by successive application of the elementary
rules indicated in fig. 1.1 and by making use of THEVENIN’s Theorem.
This theorem states that any two terminal network of linear resistors
and sources of e.m.f. is equivalent to a single e.m.f.  in series with
a single resistor R. Any two junction points 4 and B may be

1



2 MILLIMICROSECOND PULSE TECHNIQUES

chosen as the relevant two “terminals” and R is termed the internal
resistance or output resistance of the network (with respect to 4B).
The e.m.f. E is equal to the potential difference across 4B, before
any external circuit is connected thereto, and the equivalent
resistance is equal to that seen on looking into the two terminals
with the sources of e.m.f. inoperative but left connected. R is also

Rl
- R + Ry
R2
RR,
R —
' R +R,
A
L
v A =Ry v
|
| R, !n R t+R,
\J v
!
2
R Sa, 15, ="
I :F 2 R;"‘Rz

Fig. 1.1. The elementary rules of circuit analysis.

given by the ratio E/I where I is the current which would flow in a
short circuit connected externally across AB. The two forms of
equivalent circuit are shown in fig. 1.2; the source of e.m.f. E, or
constant voltage generator, has zero internal resistance, and the
constant current generator I has infinite internal resistance.

1.2 SINUSOIDALLY VARYING CURRENTS

The principles outlined above apply, in the first instance, to circuits
involving direct currents only. When time varying currents are
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considered KirorHOFF’s laws must still be satisfied and, in addition
to Oam’s law for a resistance, we have the fundamental relations
al

V=L.— 1.1
7 (L.1)

for an inductance L,* and
1
V==1|I.dt 1.2
c J‘ (1.2)
for a capacitance C.

These equations are linear (if ideal capacitors and inductors are
envisaged) provided the values of L and C (and also of R for that

A
:——o--—--1

t .

£ v/

b

(a)
roa t o
A $
D i
£ 1
—o 8 —o 8
(6) )]
R = _E.

Fig. 1.2. (b) Constant voltage source equivalent to (a).
(c) Constant current source equivalent to (a).

matter) do not vary with time. We shall restrict ourselves completely,
unless otherwise stated, to circuits in which the parameters are
invariable.

The network equations are now a set of simultaneous linear
ordinary differential equations, with constant coefficients. They are

* This relation is first met with in the form £ = — L. %f but it is prefer-

able to regard an inductor as an impedance of some sort across which is
developed a potential difference due to the current through it rather than as
a source of e.m.f. in the circuit.
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satisfied, for example, if all variables change sinusoidally with time;
the equations then reduce to algebraic equations involving the
various amplitudes and phase angles. The application of complex
algebra enables us to arrive directly at the latter equations without
first writing down the differential equations. A voltage V, for
example, which varies sinusoidally at an angular frequency w having
an amplitude ¥ and a phase angle § may be written as the real part
of the complex quantity

Vel + 0 — Pt

where P =: Ve% is the complex amplitude which includes both the
actual amplitude and the phase. On substituting complex variables
in equations 1.1 and 1.2* the time factor disappears and the voltage
and current complex amplitudes are related in a manner analogous
to OrM’s law. The reactances jwL and — j/wC play the same réle as
resistance R. KIrRcHHOFF’s laws continue to apply to the complex
amplitudes and the familiar rules of fig. 1.1 may be used provided
the complex reactances jwL and — j/wC (and R) and the complex
amplitudes of the e.m.fs., potential differences and currents are
employed. THEVENIN’s theorem again holds, but if e.m.fs. of
several different frequencies are present the effect of the network on
an externally connected circuit (or vice-versa) must be worked out
using a separate equivalent, for each frequency. The resultant
current or voltage is then obtained by addition.

1.3 FOURIER ANALYSIS OF PULSE WAVEFORMS

We are interested in calculating the behaviour of a circuit when the
input is in the form of a pulse rather than an infinite train of sinu-
soidal oscillations. Fourikr’s Theorem states that any function of
time is equivalent to a sum of continuous sine waves of frequencies
extending from zero to infinity and of suitable amplitudes and
phases. If the function is periodic the frequency spectrum consists
of a number of discrete lines, harmonically related, and the amplitude
of each component is finite. For an isolated pulse the spectrum
becomes continuous; the amplitude of each component tends to
zero, being replaced by an amplitude per unit frequency range and

* The constant of integration represents a superimposed steady voltage
(d.c. level) which does not affect the a.c. behaviour and may therefore be put
equal to zero.
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the sum is replaced by an integral. If f(¢) is the (real) function of
time representing the pulse then the relative complex amplitude
A(w) . dw of angular frequencies lying between w and (w + dw) is
given by

A(w) =fe‘5“'f(t)dt (1.3)
The frequency spectra of a single rectangular pulse and of a

symmetrical triangular pulse, of the same duration and double the
peak amplitude, are compared in fig. 1.3. The greater importance of

I-0
. N | NWY2)
WO RN L TR T Is'ﬁﬁ]
QA — Y - wt/2
08
goq \ / t
z >
$osb \2 2/\
< \ '
o5 Y
‘é"o“ \ 7 —_ T -
203 N -
)
2ol \L/
o \\ Sl .
(0] o5 10 I-5 2.0 25 30 35 40
wY/21m

Fig. 1.3. Fourier spectra of rectangular and triangular pulses.

(Curves copied by permission from Radio Engineer’'s Handbook, by TERMAN.
Copyright, 1943, McGraw-Hill Publishing Company, itd.)

the high frequency components in the case of the rectangular pulse,
due to the shorter rise-time of the latter, is evident.

The first step is to analyse the input pulse into its Fourier con-
ponents and calculate separately the corresponding components of
the output. By the Principle of Superposition the resultant output
is then given by the integral (or sum) of the individual components.
Thus, if a sinusoidal input of amplitude A(w) gives an output
G(w) . A(w), where G{w) is characteristic of the network, then the
output pulse ¢(¢) corresponding to the input f(?) is

©

() = él— fG(w)A(w)ej“"dw (1.4)
4 —

This procedure involves two integrations, often of the contour
type, whereas the method of Laplace Transforms, discussed in the
next section, usually requires only one such integration. The latter
method is more convenient in pulse work but the concept of frequency
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components, inherent in the Fourier approach, is exceedingly useful
and enables approximate estimates of performance to be rapidly
made.

In order that an input pulse may be reproduced without distortion
(a) the circuit must amplify (or attenuate) all frequency components
to the same extent and (b) the phase change suffered by each com-
ponent on passing through the circuit must either be zero or directly
proportional to the frequency (a simple time delay without distortion
of the pulse shape being permissible). Every practical system
suffers from amplitude distortion,* in which case (a) is not satisfied,
and also from phase distortion in which event the condition (b) is not
met. Any system possesses a certain amplitude bandwidth of fre-
quencies over which amplification is sensibly independent of
frequency, falling to zero outside the band, and also a certain phase
bandwidth over which the phase change is directly proportional to
frequency. It is easily seen that the rise-time of the leading edge of
an output pulse, corresponding to a rectangular shaped input pulse,
cannot be much less than one quarter of the period of the upper
frequency limit of amplitude response of the system. Further, the
total duration of the output pulse cannot be much longer than the
half-period of the low-frequency limit. The importance of the,
perhaps less familiar, concept of phase bandwidth must be emphasized
in pulse circuits. It is preferable, from the point of view of obtaining
minimum distortion, that frequency components should not be
reproduced at all rather than arrive at the output in the wrong phase.
In the latter case, the high frequency components do not add cor-
rectly to give a rapid pulse rise but merely produce an undesirable
series of ‘‘wriggles” which appear superimposed on the leading
edge of the output pulse: these may occur shortly before and up to
the time at which the main pulse arrives and may also persist along
its top. The effect is easily recognizable but difficult to eliminate;
since the phase and amplitude bandwidths are intimately related it is
not always easy to arrange for the amplitude response curve to
““cut off”” before the phase characteristic departs from linearity.

Much theoretical work has been done on the relationships between
bandwidths and pulse distortion, including discussions on the best
method of defining the rise-time, and the reader may consult

* The term ‘‘frequency distortion” is often employed to indicate what is
meant here by ‘‘amplitude distortion, the latter term being associated with
departures from linearity at any given frequency.
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papers by CHENG [102], EacresrFieLp [103], SamuLoN [104], D1
Toro [105] and TuckEer [106] for further information. A simple
practical measure of the time of rise is to take the time interval
between the points corresponding to 109, and 909, of the final
amplitude. The rise-time #, is then determined approximately by
the relation

t, = 0-4/f, (1.6)

where f, is the upper frequency limit to the uniform response band
defined by the point at which the amplitude falls to a fraction
1/4/2 of (or is 3 db down on) its medium frequency value.

When a number of networks are connected in cascade the
amplitude-frequency response curves are multiplicative (or additive
when a decibel scale is employed) and the phase-frequency curves
are additive. We are concerned with the cumulative deterioration in
pulse rise-time which occurs on passing through the whole system
and the following approximate relation is invaluable. If the quanti-
ties ¢, are the rise-times of the individual sections, when a rectangular
pulse is applied to each separately, then the overall rise-time 7 of
the whole is

= VI (1.8)

The low frequency limit of the system, which determines the maxi-
mum pulse duration which may be handled, usually gives us com-
paratively little cause for concern, except in the case of transformer
design and in certain types of travelling-wave amplifier tubes. The
limit lies well within the microsecond range and ‘“‘conventional”
circuit techniques may be adopted to make it as low as we please;
the measures taken must not, of course, interfere indirectly with
performance at very high frequencies which is our primary concern
in the millimicrosecond region.

14 THE UNIT STEP FUNCTION

In pulse work the Heaviside step function is a more convenient
basic waveform, both for theoretical and experimental investiga-
tions, than is a train of sine waves. The unit step function, written
[1]o, has the value zero for all times up to £ = 0 and the value unity
thereafter. Any waveform may be synthesized as the sum of a
number of step functions of suitable amplitudes (and signs) delayed
by suitable amounts. A rectangular pulse, for example, of height 4
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and duration 7 commencing at time t= 0 is equivalent to
A4 . ({11 — [1],) where the suffixes indicate the respective times at
which the step functions occur. The Principle of Superposition now
shows us that the resultant output is the sum of the individual
outputs due to the various step functions of which the input wave-
form is composed. If A(t) is the output response for a unit step

AMPLITUDE AMPLITUDE
y \
AE:
lv 3 bE, (NEGATIVE)
LU 1 4
t ' AE,
1 ) h ) A
ag| | | ) AEs | 46
L1 1 1 - v v .
ot ¢t t3 ty  ts TIME o ¢ t2  TIME
(o) (5)

Fig. 1.4. (a) Pulse composed of a limited number of step functions.
(b) Pulse with smooth top.

function input at ¢ = 0 then the output, at time ¢, corresponding to
an input of the form shown in fig. 1.4(a) is

Shit — £)AE, )

where the summation is taken over all the discontinuities. When

part (or all) of the input pulse consists of a smooth curve the

amplitudes of the steps, and the time delays between each, all tend

to zero. The sum becomes the Duhamel Superposition Integral,

taken over the smooth curve, and the output at time ¢ is given by
¢

fh(t — U)dE() + h(t — t,))AE, — h(t — t,)AE, (1.8)
0
for t, < t' < t,. For generality, we have here retained two discon-

tinuities as shown, for example, in fig. 1.4(b). The integral may also
be expressed in terms of the slope of the input curve as

t
dE{t
jh(t — ') ——%—) da’ (1.9)
0
for t; < t' < t,.
The step function method has the outstanding advantage over

the sine wave approach that the output, for any input, can be
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determined when the response to a single step function is known
(either theoretically or experimentally). When FourIERr’s theorem
isto be applied, on the other hand, the response, both in amplitude and
phase, has to be determined over a wide range of frequencies.

1.5 LAPLACE TRANSFORMS

We turn now to the method of Laplace Transforms which is
particularly suited to an analysis in terms of step functions though it
is equally applicable to an arbitrary input waveform (without
invoking DuHAMEL’s integral).

1.5.1 Basis of Method.
The Laplace Transform f of a function of time f(t) is defined by

f= f e~ Pt f(t)dt (1.10)
0

where p is a positive constant. We shall suppose throughout unless
otherwise stated, that f(¢) = O for all values of ¢ up to and including
t = 0. When this is the case the simple transforms given in Table 1.1
apply; these may be verified from the definition 1.10 by integration
by parts.

If, in any particular case, we take the Laplace transforms of
both sides of the network linear differential equations (§1.2) we
shall obtain a set of algebraic equations which may then be solved
for the transforms of the voltages and currents in terms of the trans-
forms of the e.m.fs. Let us instead apply the operation to the
equations 1.1 and 1.2. From the list of transforms we see that equa-
tion 1.1 for an inductor yields

V=pLI (1.11)
and for a capacitor relation 1.2 gives
V = I/pC (1.12)

provided the capacitor is uncharged for ¢ <C 0.

KircuHOFF'S laws and OuM’s law for a resistance continue to
apply to the new variables. We can therefore use the ordinary laws
of fig, 1.1, and also THEVENIN’S theorem, if we employ the Laplace
transforms of the variables and the operational impedances pL, 1/pC
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TaznLe 1.1. Some elementary Laplace transforms.

Function of time Transform
fity f&)=0 fort <0 F
d
(T’: of
af 11 lower derivatives zero at ¢ = 0
am el lowe = o
n=20,1,2...
t
[ e :
1)aty P
0
t tn1 1
J.ff ft)dt, . . .dt;, n=0,1,2... Io?f
0
1
[11o ?
tn 1
! n=012... P
e—UT T
1+ pT
1
=T 1
L= 1+ 57)
fit = 1) e 7T}
1
—ab
te @+ ap
e~ %sinh ft 2
p* + 2ap + (o — B7)




THEORETICAL INTRODUCTION 11

(and R). The final result relating the transform I of the output to
that of the input E, will be of the form

I=G(p)E (1.13)

where G(p) is some function of p characteristic of the particular
network. The input £ may be any function of time but  is a
function of p only; the output I is accordingly given entirely by a
function of p.

The problem remains of how to find the inverse transformation so
that the output may be obtained as a function of time. The Fourier-
Mellin Inversion Integral, in the complex p-plane, gives the required
result

c+jo

f(t)=2iﬂj J ¥ fdp (1.14)

c—jo

where ¢ is a positive constant chosen sufficiently large such that all
the singularities of f lie to the left of the line of integration. The
solution may often be obtained by reference to lists of standard
forms to be found in the books by CarRsLAW and JAEGER, GARDNER
and BARNES (see Bibliography) and elsewhere.

1.5.2 Approximations.

The correspondence between the sinusoidal and Laplacian
approaches is indicated by comparing the complex reactances
jowL and 1/jowC with the operational impedances pL and 1/pC. It is
quite generally true that the result for a sinusoidal input, of angular
frequency w, can be obtained from equation 1.13 simply by replacing
» by jw in the function G(p); the quantities £ and I then become
the complex amplitudes.

The operation of taking the inverse Laplace transform is often
difficult and it is very useful to fall back on frequency component
concepts in order that approximations may be introduced. The
correspondence shows that large values of p are associated with high
frequency components that is with (i) short pulses, (ii) the leading
edges of long sharp pulses, or (iii) with short time intervals.
Accordingly when we are interested in what happens to the leading
edge of a pulse we may obtain an approximation to part of the
solution by neglecting all except the higher powers of p in the
function G(p). Alternatively, if we are concerned with the general
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treatment suffered, throughout its whole length, by a smooth more
or less flat topped pulse low frequency components are relevant and
only the lower powers of p need be taken into account.

Y2 A
(T [ R S
N R . APPROXIMATE
! I ] v A/
I ~
W T=CR CT |2 4 EXACT
] 1
Yo o' INITIAL
(9) SLOPE /T
o >
(s) TIME
v
¢ 2 A INITIAL
A O- {} o, 1 stope-! /T
)
1Y, T=CR R 1 V2
! !
Yo -0V
(c)
APPROXIMATE
(o)

(d) TIME
Fig. 1.5. (a) Simple integrating circuit.

(b) Approximate and exact reponse to unit step function
input.

(c¢) Simple differentiating circuit.
(d) Response.

Let the circuit of fig. 1.5(a) be considered by way of example.
Here

1
= . 1.15
=17 )
At high frequencies, such that w7 > 1, we may write
1
=—_ 1.16
P g (1.16)

whence, on taking the inverse transform (see Table 1.1), we have

i
V() = C—lp f V,(t)dt (1.17)
0

For short pulses, of duration much less than 7', this simple
arrangement therefore behaves as an integrating circuit. The
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effect on a unit step function, as predicted by equation 1.17, is
compared with the familiar exact exponential solution in fig. 1.5(b).
At low frequencies, on the other hand, equation 1.15 may be
written as
Vo=(1 —pT). Vi==e®T . P, (1.18)
ie.
Va(t) == Vit — T) (1.19)

The circuit thus has the effect of a delay on pulses which change
smoothly and by small fractional amounts in times of the order of
T (a step function is therefore excluded).

Turning now to the arrangement of fig, 1.5(c) it is seen that

T

Vz=m. 1

(1.20)
When the pulses are short compared with 7, i.e. 0T > 1, we
have V,== VP, and hence V,(t)==V,(t); the circuit to a first
approximation, does not modify the pulse in any way.
As a second approximation, still at high frequencies, equation 1.20
may be written

1 _ 1
Vz - l—rl/ﬁ . Vl — (1 - ﬁ) . Vl (1.21)

On taking the inverse transform we find
1 t
Valt) = Vi(t) — 7, J V,(¢)dt' (1.22)
0

The output pulse is thus equal to the input pulse but has sub-
tracted from it a quantity proportional to the time integral of the
input. The effect on a unit step function input, as determined by the
approximate result (equation 1.22), is compared in fig. 1.5(d) with
the well known exact exponential solution.

For pulses long compared with 7', or for pulses which change
smoothly and only by small fractional amounts in intervals of time
T (thus excluding a step function), we have wT <€ 1 and

V== pT(1 — pT) . Vy=pTe ?T . P, (1.23)
whence
avyie —1T)

Vyt)y =T 7

(1.24)
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The circuit then has a differentiating action coupled with a (small)
delay.

1.6 SIMPLE VARIABLE CIRCUIT

The theory outlined above only applies, as has been pointed out, to
linear invariable circuits among which may be listed transmission
lines, delay lines, transformers, attenuators, amplifiers and the
cathode ray oscillograph. We shall also have to deal with trigger
circuits of various types and with discharge circuits involving relays
and thyratrons. Such arrangements may be both non-linear and
variable but usually they possess two stable states i.e. give rise to a
simple switching action. When such is the case no difficulty arises;
linear theory applies, with the help of the theorem below, provided
we are not interested in what happens during the actual switch-over
period.

Suppose we require to find the effect in any particular branch PQ
of an otherwise linear invariable network subsequent to the closing
of a switch, at time ¢,, connected between any two points 4 and B
of the network. The circuit may be reduced to an invariable one by
imagining a voltage generator E(t) (of zero impedance) to be con-
nected permanently across AB. E(t) is to be chosen such that the
short-circuit has no effect on the network for ¢ < ¢;; and when
t > ¢, we make E(f) = 0 thus allowing the influence of the short-
circuit to be felt from #, onwards. The following procedure is
adopted :

(i) In the absence of the short-circuit, find the voltage V(t)
appearing across A B for all times up to ¢ = ¢, due to the internal
e.m.fs. in the network.

(ii) Determine the response at PQ, due to the internal e.m.fs.,
for all times with the short-circuit present always.

(iii) Find the response at PQ for all £ due to the e.m.f. E(f) = V(t)
for t < t, and E(t) = 0 for ¢ > ¢, acting between 4 and B
(the internal e.m.fs. may be supposed to be shut off for the
purpose of this calculation).

The required response at PQ is then given by the sum of the
responses (ii) and (iii). The salient contribution is due to the negative
voltage step function — [V(t,)],, which must be produced by the
generator at time ¢,.
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1.7 CIRCUITS WITH DISTRIBUTED PARAMETERS

KirceHOFF's and OEM’s laws apply, in the first instance, to circuits
composed entirely of lumped elements. In such circuits the connect-
ing wires play no part other than as a means of conveying current
from one element to another. In any practical system the elements
have a physical size and the properties are distributed in space; the
connecting wires also play a further part. The latter, in particular,
possess a stray capacitance to earth and also have self inductance;
unwanted mutual capacitance and inductance may exist between
various parts of the network. Components may assume a dual
character; a coil possesses a certain self capacitance between the
windings, for example, and a wire-wound resistor and certain types
of capacitor are partly inductive. These effects become significant
in the design of circuits for the microsecond range and all such
parasitic or stray reactances are, of course, even more undesirable*
in the millimicrosecond region. Being of subsidiary importance as
far as the main circuit is concerned (though limiting performance at
high frequencies), the strays may be allowed for in circuit analysis
by the inclusion of small lumped series inductors and shunt capacitors
connected at appropriate points in the network.

When ultra-high-frequency signal components are encountered
stray reactances become a primary consideration. An obvious
extension of lumped circuit theory to distributed circuit problems
can be reached by allowing the number of circuit elements to
increase and the effect of each to decrease correspondingly thus
arriving, in the limit, at a continuous structure. The network
equations give place to partial differential equations involving space
as well as time as the independent variables. In most of the problems
encountered in broad-band millimicrosecond pulse devices, as
opposed to waveguide systems, such a treatment is adequate. The
more general theory of electromagnetic waves must first be invoked,
however, in order to justify this procedure. It is indicated in
Appendix I that distributed circuit theory is rigorously applicable
in the case of a smooth uniform transmission line operating in the
principal mode.

* Great care must be taken in practice to avoid the use of components which
suffer from these defects. At the high frequencies with which we are concerned,
skin effect resistance in coils and dielectric loss in capacitors may also be
important,.



16 MILLIMICROSECOND PULSE TECHNIQUES

Each signal frequency component corresponds to a certain wave-
length of electromagnetic radiation and, broadly speaking, one can
say that lumped circuit approximations are adequate when the
wavelength of the highest relevant frequency component is much
greater than the spatial dimensions. The wavelength, for a given
frequency, depends upon the wave velocity; normally the speed is
that pertaining to a plane wave in the particular dielectric medium
and this will be implied throughout unless otherwise stated. The
velocity may, however, be very much less than this as in the im-
portant special case of waves on a long helix. When any one
dimension is not very much less than the shortest relevant wave-
length, distributed circuit theory may apply but electromagnetic
theory must be taken as the ultimate basis in all cases of doubt.

The special interest attached to the millimicrosecond pulse region
is evinced here. On the one hand, adopting the lumped equivalent
of distributed parameters, we attempt to improve upon conventional
microsecond techniques, and on the other, become concerned with
devices which exhibit wave propagating properties and which
depend for their operation on the essentially distributed nature of
the circuit elements.



2
TRANSMISSION LINES

2.1 INTRODUCTION

THE problem of the distortionless transmission of signals over wires
is a familiar one in electrical communication systems. In the
millimicrosecond range the problem becomes acute, owing to the
large bandwidths involved, and is met with even when the distances
encountered are as small as a few inches. Difficulties arise in the
layout and construction of electronic units due to the series self
inductance and shunt capacitance to earth of every piece of con-
necting wire employed.

The theory of transmission lines, which has been well developed
in the field of radio, indicates how such problems may be solved. We
shall find that a pulse can be propagated down a line without
distortion and that the input impedance of any length of a
properly terminated line is a pure resistance. Upon these two
properties hinge most applications of lines and we can see that
all inter-connections must either be extremely short in length
or must form a properly designed transmission line, which may
then be of any length, working between the correct terminal
impedances.

A survey of conventional transmission line theory, using the
method of Laplace transforms, will be given here since lines find
wide application in the equipments with which we are concerned and
also form the basis of several devices which are peculiarly suited for
use in the millimicrosecond range.

2.2 UNIFORM RECTILINEAR LINES

2.2.1 Summary of Properties.

Treatments based on MAXWELL’s equations are given in the
literature (see Bibliography) and some universal properties of the
electric and magnetic wave fields are derived in Appendix I. The

7
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following is a summary of general results which (except (v)) apply to
lines consisting of sensibly perfect conductors:
(i) A transmission line must consist of at least two* separate
conductors. If these are parallel to one another and of constant,
though arbitrary, cross-section along the line the system may
be referred to as a rectilinear uniform line.

(ii) The solution of MAXWELL'’S equations, with the appropriate
boundary conditions, corresponding to the simplest possible
field pattern, shows the existence of a travelling wave (in either
direction) in the principal or transverse electromagnetic mode.
Properties possessed by waves in this mode are:

\h 4 _U»I‘ ﬁ?
4 7 :

(o)
—»>——— ELECTRIC FIELD -
——=» —— MAGNETIC FIELD

Fig. 2.1. Field distributions in transverse plane for (a) parallel
strip and (b) coaxial transmission lines. (Wave travelling into
plane of diagram.)

TSI
.t
!
)

I

I

(iii) The electric and magnetic fields are always mutually per-
pendicular and at right-angles to the direction of propagation.

(iv) The characteristic impedance (see later) is a pure resistance
and its value is independent of frequency.

(v) When losses are present (see §2.2.6) the attenuation always
increases with increasing frequency.

(vi) The electric and magnetic field distributions, in any
transverse plane, are the same as those for electrostatic charges
situated on the conductors and for direct currentst flowing
through them respectively. Figs. 2.1(a) and (b) show the
respective configurations in the case of a parallel strip trans-
mission line and a circular coaxial line.

* For information on multiple conductor lines see articles by Boast [201],
Brazma [202, 203], BRUDERLINK [204], FrRaNKEL [205], and Kruss [206].

1 Because of the skin effect the high frequency currents flow only in the
surface layers of the conductors; the analogous direct currents must therefore
be supposed to be confined to such layers, which, for perfect conductors, are
infinitely thin.
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(vii) It is possible to think in terms of a potential difference
across the two conductors and equal and opposite currents
flowing along them. A shunt capacitance C' per unit length
and a series inductance L per unit length can be introduced
the values of which may be determined by static or quasi-
stationary theory (see previous footnote).

(viii) The velocity of propagation is independent of frequency;
in particular, there does not exist any low frequency cut-off
as obtains in a waveguide. The speed is equal to that of a
plane wave in an infinite volume of the dielectric which fills
the space between the conductors. If 7' is the time delay per
unit length then

— 10 —
T= \/sp =3 Vi, My sEC. /M (2.1)

where «, = ¢/¢y is the relative permittivity of the medium,
and k,, = p/p, is the relative permeability (the quantities
o and yu, refer to free space).

(ix) We shall see that the characteristic impedance Z, is
given by Vv m and also that T = V'LC thus, by relation
2.1, if either L or C is known Z; may be determined. The
calculation of characteristic impedances accordingly reduces
to the determination of either L or C in the static case.

The application of distributed circuit theory is justified over
regions where the line is uniform, or when the transverse dimensions

Fig. 2.2. Transmission line analysis.

change only slowly with distance along the line. The effect of
discontinuities, however, must be investigated by means of electro-
magnetic theory. We shall now proceed to elaborate some of the
above statements.

2.2.2 Analysis.

Turning to the conventional distributed circuit analysis of a
transmission line (fig. 2.2), let V,(t) and I,(¢) be the voltage and
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current at time ¢ at a point 2 on the line. By considering the poten-
tial fall across a small distance da due to the current flowing in the
series inductance L . dx we have

av,

where the Laplace transforms,* with respect to time, of the voltage
and current have been taken. Consideration of the drop in current
over the element dx due to the voltage acting across the shunt

capacitance C . dxr shows that
dl.
R A (2.3)

da

On differentiating both sides of equation 2.2 with respect to « and
substituting for dI,/dz from relation 2.3 we obtain

a2y,
- dx: = p?LC . V, (2.4)
provided L is independent of x.
Similarly it follows that
a2l
S =pL.l, (2.5)
provided C is independent of z.
It is easily verified that
Vo= Ve ™2 =V, sa (2.6)
o y
and
V.= VP =V, say 2.7

are each solutions of equation 2.4 where F, and V, are constants,
provided both L and C are independent of = (the significance of
the arrows will appear in a moment). We have put

T = VL0 (2.8)

* A Laplace transform treatment of transmission lines has been given by
Waipericu (207].
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The general solution of equation 2.4 is the sum of the solutions 2.6
and 2.7 and accordingly

Vo= Vot Vo= Ve ?T% 4 Vye?T= (2.9)

On taking the inverse Laplace transform (see Table 1.1, page 10)
this becomes

— <

Valt) = Valt) + Valt) = Vot — T2) + Volt + Ta)  (2.10)

provided ¢t — Tz > 0.

The first term on the right hand side of the solution 2.10 shows that
the voltage at the point x at time ¢ 4 T'x is the same as thatat x = 0
at time ¢ i.e. we have propagation, without distortion, with delay
time 7' per unit length. The proviso ¢ — T’ > 0 indicates that we
must not use this term to give the effect at x until the wave has
had time to travel from x = 0. Similarly the second term represents
a wave travelling with the same speed but along the negative
direction of .

Exactly the same arguments apply for the solution of the current
wave equation 2.5. We have only to introduce two new constants
and in place of equations 2.6, 2.7 and 2.9 we have

I,=1I1+41, (2.11)
where - =

I, = I ?7= (2.12)
and - -

I, = Ie?T* (2.13)

The complete solutions 2.9 and 2.11 must satisfy equation 2.2
(or 2.3) for all values of z. If the quantity Z, is defined by

Zy = VLJC (2.14)
it is easily shown that
[ S
IO Im Io Iw

Since Z, does not involve p the operation of taking the inverse
transform throughout relation 2.15 consists simply of the removal of
the bars. We therefore see that the characteristic impedance Z,
(which is purely resistive and independent of frequency) gives the
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ratio of the voltage to the current in the forward going wave com-
ponent; the ratio is the same for the backward travelling wave
but with the sign changed.

2.2.3 General.

Fig. 2.1 shows only two of many possible forms of transmission
line; papers by ANDERSON [208], BARCLAY and SPANGENBERG [209],
Brown [210], BucaHOLZ [211], CRAGGS and TRANTER [212], FRANKEL
[213, 214], Gans [215], LaNDsBERG [216], MEINKE [217], PARZEN
[218], Re Qua [219], RoTHE [220], SHEBES [221], TSEITLIN [222, 223,
224), WHEELER [225] and WISk [226], contain information on lines
having various cross-sectional shapes (including curvilinear lines).
The characteristic impedances of a number of configurations are
given in Appendix II.

In the majority of applications we are concerned with an un-
balanced system, that is, one in which voltages with respect to earth
are relevant. When such is the case a single insulated conductor
surrounded completely by a metal shield may be employed. The
shield acts both as the second conducting element and as a screen.
Owing to the skin effect, the current in the shield flows entirely on
its inner surface and the outside of the shield is completely ‘“dead”
and may be earthed anywhere or everywhere without affecting
operation (but see § 3.5). For details of the design, construction and
properties of coaxial cables the reader may consult papers by
KenneYy [227], SmiTH [228], STaANFORD and QUARMBY [229],
ZmMMERMAN [230] and the Conference Report [231].

When the system is balanced, two insulated conductors may be
employed, again completely surrounded by a shield. Totally
screened lines are preferable to open types since the latter are
subject to a frequency dependent loss of energy by radiation and
unwanted signals may be picked up in nearby circuits (or vice-versa).

2.2.4 Terminations and Discontinuities

We have been concerned in the previous sections with the pro-
perties of the main body of the line and now investigate the effect
of discontinuities which may be present.

2.2.4.1 Arbitrary Termination

The most important, and most obvious, discontinuities occur
at the two ends of a finite length of line. Let us suppose that an
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arbitrary impedance Z, a function of p, is connected across the
right hand, or far, end of the line i.e. the end remote from the

i

==

77
z (o)
—_——

nrT
o @ @ 2

(5)

(e)

Fig. 2.3. Major discontinuities in a transmission line.
(a) Abitrary termination.

(b) Junction of two lines of different characteristic
impedances.

(c) Shunt impedance connected across a uniform line.

generator feeding the line. If the amplitudes of the waves, just at
the termination, are as indicated in fig. 2.3(a) OHM’s law gives

P+

I+1
Substituting for the currents in terms of the voltages by means of
relations 2.15 we find for the voltage reflection coefficient

zZ

(2.16)

v z-2z,
—_— = 2.17
P E Z + Z, @17

Three particular cases are of special interest:

(a) If Z = Z, then p = 0. There is no reflected wave and all
the power is absorbed in the pure resistance Z. The line is
said to be matched or properly terminated.
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(b) If Z = 0, corresponding to a short circuit, then p = — 1
and the reflected voltage wave is of the same amplitude as the
incident one but opposite in sign.

(c) If Z — o0, as is the case when the line is open-circuited,
p = 1 and reflection occurs without change in phase.

We may at once apply relation 2.17 to the case of the junction
between two lines of different characteristic impedances (fig. 2.3(b)).
No loss in generality is incurred if we suppose that there is only one
incident wave i.e. that travelling to the right in line 1. Relations

2.15 show that the input impedance V,/I, of the line 2 is simply Z,,
and this quantity is accordingly substituted for Z in the previous
equation yielding
p= Zos = 2t (2.18)
Zioy + Zoy
In the absence of any extra lumped series impedance at the
junction we must have

Vl + Vl = Vz (2.19)

and accordingly a voltage transmission coefficient can be defined as
2 7

Aoy hoag, (2:20)
2 "

When Zy; = Zy, then p =0 and the transmission coefficient
equals unity; no reflection occurs at the junction of two lines of the
same impedance and the transmission is complete.

Let us now consider the case of an arbitrary impedance Z con-
nected across a uniform line at some intermediate point (fig. 2.3(c)).
The effective impedance terminating the left hand section of line is
equal to ZZ/(Z + Z,) and equation 2.17 gives

— 2,
=%z 1 z,

In this case the voltage is continuous over the discontinuity and
relations 2.19 and 2.20 are again satisfied.

Similar arguments may be applied in the determination of
current reflection and transmission coefficients for the cases indicated
in fig. 2.3. In case (c) of this figure the current is not continuous,
however, over the discontinuity and the equation in current analo-
gous to 2.19 is not true (similarly relation 2.19 for the voltage would

@.21)
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not obtain if a lumped series impedance were inserted in the line).
The coefficients are found in all cases by employing relations 2.15 in
each section of line on either side of the discontinuity and applying
OnM’s law and the appropriate continuity relation.

The presence of a discontinuity on the line with its attendant
reflection represents an effective attenuation of the main wave. If
the discontinuity is brought about by purely resistive impedances,
as in fig. 2.3(b) or in fig. 2.3(c) when Z is a resistance, the reflection
coefficient is independent of p and of frequency; no distortion occurs.
When the discontinuity involves reactances p is a function of p and
the “attenuation’” is accompanied by distortion.

In the realm of sinusoidal oscillations reflection coefficients are
usually measured in terms of the standing wave ratio S. The
following relation obtains

_|PI+1P]_ 14
= = 1 —
-7 W

where | | and | V| are the ordinary amplitudes of the waves travelling

in the two directions. When |p| is small this relation gives |p| ==

(8 —1)/2.

The above treatment of discontinuities by means of circuit
theory, represents an oversimplification. We shall pass on to con-

sider further effects which may become of importance at the high
frequency end of the millimicrosecond range.

S

(2.22)

2.2.4.2 Higher Modes

In addition to the principal mode, corresponding to the simplest
field pattern, an infinite variety of field configurations can be

Fig. 2.4. Electric field pattern in a coaxial line for the next
mode above the principal.

found (see Bonpr and KumN [232]) which satisfy MAXWELL's
equations between the conductors and the boundary conditions upon
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them. The field pattern, in the case of the coaxial line, for the next
mode above the principal is shown in fig. 2.4. The general properties
of these higher modes are as follows:

(i) The electric and magnetic fields are not perpendicular to the
direction of propagation.

(ii) The phase velocity of propagation depends on the frequency.

(iif) There exists a certain cut-off frequency for each mode such
that there is no real transmission of energy down the line at
lower frequencies; the fields die away and become negligible
at a distance down the line of the order of its diameter.

The H,, or TE,; mode illustrated has the lowest cut-off frequency
f. and the corresponding plane wavelength 4, is given approximately
by
. (@ + b)
=y
J c\/" m

A,

where ¢ is the velocity of light.
Consider the discontinuity indicated in fig. 2.5(a). It is impossible
to match the fields on the two sides of the discontinuity simply by

_—
————]—_—-——_ —\
(o) )

Fig. 2.5. (a) Field pattern in coaxial line involving higher
modes at a discontinuity.
(b) Smooth transition from one set of transverse
dimensions to another without change in
characteristic impedance.

combining waves in the principal mode. Higher modes are called
into play in order that the boundary conditions and field continuity
conditions may be satisfied everywhere. At frequencies below their
respective cut-offs the higher modes cannot transmit energy and
consequently part of the incident wave is reflected. The effect is
more pronounced at the higher frequencies and the high frequency
components in the incident signal will be partially reflected with a
consequent distortion of the main wave.

Reflection occurs even if the characteristic impedance of the
line is the same on both sides of the discontinuity. When it is



TRANSMISSION LINES 27

desired to effect a change of dimensions, at constant characteristic
impedance, the change should be made smoothly. If the length of
the tapered portion (fig. 2.5(b)) is several times the diameter of the
outer conductor, and the ratio of the outer to inner diameters is
maintained constant, the fields will not sensibly depart from the
principal mode type (a pair of coaxial cones can support a principal
wave at constant impedance). There will accordingly be negligible
reflection. .
WHINNERY ef al. [233, 234] and MiLES [235] have shown how the
effect of various types of discontinuity may be represented, for

— T
Zoy |8, % Z,; 2o -r' d Zoa

(o) (%)

Fig. 2.6. (a) Discontinuity in parallel strip transmission line.
(b) Equivalent circuit.

principal mode circuit theory to apply, by a shunt capacitance
connected at the junction. Thus, for example, the parallel plate
line of fig. 2.6(a) is equivalent to that shown schematically in
fig. 2.6(b) where the capacitance Cj is given by the following Table.

TaBLE 2.1

C ’
&/ (D Jem width)

0-0 0

0-2 0-070
0-4 0033
0-6 0-015
0-8 0-004
1-0 0-000

If a uniform dielectric is present these values for the capacitance
must be multiplied by x,. When dielectric material is to be found

———\\\\\ () ()

Fig. 2.7. Effect of dielectric on one side of a discontinuity.
C4 is multiplied by «, in (a) but not in (b).

only on one side of the boundary it is taken into account if it lies on
the side where the field disturbance is the greater. Thus, in fig. 2.7(a)
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the value of Cj is multiplied by «, but is left unaltered in the case of
fig. 2.7(b).
For a coaxial line the equivalent shunt capacitance C; is given by
Cy = 2mrCy

where Cj is the value tabulated above, per unit width, for parallel

plates. The representative radius r for a number of cases is quoted
in fig. 2.8.

I
o4
¥ Sy

--r &
4 ST 3
== -

Cy = 20b,C; (gi) + 270,03 (?.)
1.

Fig. 2.8. Capacitances equivalent to discontinuities in coaxial line.

4 !

S
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Fig. 2.9. Transmission line with break in inner conductor.
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An open circuit termination (fig. 2.9) is equivalent to an ideal line
terminated by a capacitance of value given below.

TaBLE 2.2
Cq/27h
afb o hiem
0-0 0-000
0-2 0-016
0-4 0-034
0-6 0-056
0-8 0-095
1-0 =)

The equivalent capacitance concept must be applied with the
following reservations:

(i) The results are limited to frequencies where the plane
wavelength is somewhat greater than the largest transverse
dimension. When the frequency approaches the cut-off value
for one of the higher modes the value of C; ceases to be frequency
independent.

(ii) If multiple discontinuities are present close to one another
mutual interaction occurs and the equivalent capacitances are
modified (see Marcus [236]).

(iii) Similarly the results must be corrected if the line is ter-
minated near a discontinuity (‘“‘near”” implying within a distance
of the order of the greatest transverse dimension).

The distributed circuit methods of §2.2.4.1 only apply exactly
to cases in which the fields at the discontinuity can be accurately
matched in terms of waves in the principal mode. The only two
cases are:

(i) A change in dielectric material, in what would otherwise be
a uniform line, provided the boundary lies in the transverse
plane.

(ii) A short-circuit termination, provided this consists of a
flat plate or dise placed perpendicularly across the end of the
line.

2.2.4.3 Supports

Supports of dielectric material are sometimes employed in the
construction of coaxial cable. If these are equally spaced strong
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reflections can occur at frequencies for which the supports are an
integral number of half-wavelengths apart. Such types should be
avoided unless the supports are very close together.

Supports are often unavoidable and CorNEs [237] has shown how
the reflection coefficient may be made negligible. As illustrated in
fig. 2.10(a), the diameter of the inner conductor may be reduced by
an amount sufficient to compensate for the influence of the dielectric

T T2 LT T T T2 27T

DN
N

Y a7 4 S 47 £ Ly £ (7 S S S A
-— —

Z,,T ?1'_‘ z;,r':]I_ Zo, T (b)

(a)

LT T ZZ 22T 2T

N
N

AR D SN S AN S SR S S S A

Fig. 2.10. (a) Dielectric support.
(b) Circuit equivalent to (a).
(¢) Compensated disc support.

on the characteristic impedance. This is perfectly satisfactory at
medium frequencies but at the higher frequencies the effect of the
discontinuity in radius becomes important especially if many
supports are employed. If I is the thickness of the support, the
equivalent circuit is as shown in fig. 2.10(b) where Z is the character-
istic impedance of the short length of line constituted by the support.
Clearly 7 should be as small as possible and the dielectric constant of
the insulator should approach unity. Circuit analysis shows that
Z should be about 8%, greater than Z, in a typical case in order to
offset the effect of the capacitances. The voltage reflection coefficient
is found to be less than 19, for all frequencies up to 4000 Mc/s.
KaDEN and ELLENBERGER [238] and PETERSON [239] recommend
a support with concave faces and describe a modification in which
the unwanted shunt capacitance is compensated by the inclusion
of a series inductance. This is achieved by undercutting the inner
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conductor* in the manner indicated in fig. 2.10(c). The extent of the
undercut was determined experimentally and a reflection coefficient
of less than 0-49, was obtained up to a frequency of 1200 Mc/s. In a
line containing 20 supports, spaced half a wavelength apart, the
voltage standing wave ratio was reduced from 2-1 to 1-05 by the
introduction of the compensation.

It is evident from the foregoing that the number of plug and
socket joints in a run of cable should be kept to a minimum and
those that are unavoidable should be designed to give a good match
over a wide band of frequencies. The junction will consist of short
lengths of line, of differing impedances, together with the shunt
capacitances C; representing the effect of abrupt changes in dimen-
sions. If the wavelength is much longer than the linear dimensions
of the junction (as will be the case in the millimierosecond region)
then each section of length [,, inductance per unit length L,, and
capacitance per unit length C,, may be treated as a lumped circuit
possessing series inductance I, L,, and shunt capacitance [,C, + Cg,.

When a short length of line, of characteristic impedance Z,
and total delay time 7T (single transit), is inserted in a line of
impedance Z, it may be shown that a voltage pulse of amplitude
2T(Z§ — Zy)|t(Zg + Z,) is reflected when the input pulse is of unit
amplitude and has a rise-time ¢,. This formula, which obtains when
2T < t, and Z) ~ Z,, may be applied in the case of a connector.
A similar result is quoted by Garwin [241].

2.2.4.4 Terminal Matching

We have seen that ideally no reflection occurs when a line is
terminated by a resistance equal in value to its characteristic
impedance. The connection of a lumped resistor across the line
introduces stray reactances which spoil the match at high frequen-
cies; an improvement can be obtained by attempting to satisfy the
field boundary conditions by employing a disc type resistor. CrRosBY
and PENNYPACKER [242] have studied the behaviour of resistors of
the type where the resistive element is in the form of a film deposited
on an insulating rod.t The resistor is housed in a cylindrical con-
tainer, of length much greater than its diameter, short-circuited at

* Such an undercut inner conductor may be useful for other matching
purposes and is discussed further by Rowranp [240]. (The slightly higher
value of impedance Z; used by CORNES gives a compensatory series inductance;
see § 2.2.5.3.)

t Further details of resistive components are given in the section on
attenuators § 4.5.
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one end. The lossy transmission line so formed (see §2.2.6) is
analysed and the input impedance determined. The total resistance
R should be equal to the characteristic impedance of the line to be
matched and it is found that optimum performance is obtained

when R/Zj = V'3 where Z is the nominal characteristic impedance
of the lossy section. A voltage reflection coefficient of about 19, is
then found when the ratio of length to wavelength is 0-05; per-
formance improves as this ratio decreases. The length must, however,
remain considerably greater than the diameter in order that principal
mode theory, which has been used, may apply.

CLEMENS [243] treats a similar case and gives the theory of a
lossy exponential line; the arrangements are intended primarily for
use in the microwave region however.

2.2.4.5 Other Types of Discontinuity

Further miscellaneous information on the effects of irregularities
and discontinuities is given in papers by CovaNnavLr and HERRENG
[244], Cox [245], FucHs [246], HErRrENG and VILLE [247], Ray-
MOND [248] and SaAPIR [249].

King and Tomivasu [250] give an account of the effect of the
geometry of the connection to the load. In practice, terminal
discontinuities are equivalent to a shunt capacitance connected
across the line together with an inductance in series with the idealized
lumped load.

Tomivasu [251] finds that the effect of a sharp bend in a trans-
mission line is equivalent to the insertion of a shunt capacitance,
followed by a series inductance, which in turn is succeeded by a
second shunt capacitance. OLIVER [252] gives an account of the
influence of discontinuities in slotted concentric line impedance
measuring gear over the range 100-3000 Mc/s.

MARCHAND [253, 254] enumerates a number of theorems concern-
ing breaks in the outer shield of a screened line. At frequencies
greater than 50 Mc/s the shield can be assumed to be perfect in the
sense that the current on the inside surface and that flowing on the
outside surface (if any) are quite independent of each other. Kir-
CHHOFF’s laws may then be applied at the break in order to relate the
currents.

2.2.5 Transmission line as a Circuit Element

Relations 2.1, 2.6,2.7, 2.15 and 2.17 together with the discontinuity
equivalents given above tell us all we need to know concerning the
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properties of a transmission line as a circuit element. In the applica-
tions to be described we shall see how the three basic properties
which a line possesses namely (i) time delay, (ii) resistive characteris-
ticimpedance and (iii) reflection phenomena, are turned to advantage.
The extensive use of lines in millimicrosecond equipment is due to
the fact that the lengths involved are not inconveniently great as
would usually be the case in the microsecond region.

2.2.5.1 Expression for Voltage at Input End

Fig. 2.11 depicts a source of e.m.f. E, of internal impedance Z,,
situated at x = 0, feeding a length I of line, of characteristic im-

X220 x=1

Fig. 2.11. General case for analysis.

pedance Z,, which is terminated at the point « = I by an arbitrary
impedance Z,. We require to find the voltage on the line at the
input end.

From equation 2.9 the total voltage P, at x = 0 consists of the

sum of two wave components ¥, 4 ¥V,. The former is made up of
(i) a contribution due to the applied e.m.f. of amount E . Z,/
(Z, + Z,) given by the elementary potential divider formula and

-
(ii) the fraction p, . ¥, of the wave incident from the right which is
reflected at = 0. Here p, is the voltage reflection coefficient at the
near end for waves incident from the right. Thus

—_— «—

Vo=a.E+p,. P, (2.23)
where we have put
Z,
a=— 2.24
7 7, (2.24)
the straightforward attenuation factor.
From relations 2.6, 2.7 and 2.17 we have
_zq = pe @7 (2.25)
Py
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On solving for P, and 7, from relations 2.23 and 2.25 we obtain

- 1
Vi=a.——— . B 2.26
R (=20
and
— —2pTl
Vyma. P4 & 2.27
R ®20
hence
- <« 1 + ple—2pTl
Vo= VO+ V°=a'W'E (2.28)

This general result can be interpreted in familiar terms if the
denominator is expanded* as a power series; thus

Vo = a(l + pe ™ T1 + popie~ 2T + (appy)?e T + . . .]. E
(2.29)
When the inverse transform is taken, V(t) is seen to consist of the
voltage a . E(t) up to time ¢ = 2717 followed by an added contribu-
tion apy(1 + po) . E(t — 27T'1) for 2T1 <<t < 47T1. At time t = 4Tl a
further contribution of apypf(1 + p,) . E(t — 47T1) is added and so on.
The extra contribution which appears when 2071 <<t << 2(n + 1)T1
is equal t0 a(pgp))"*py(1 + po) - E(t — 2nT1) where n is an integer.
Relations 2.28 and 2.29 are quite general but in the interpretation
just given we have supposed that both py and p, are independent of
p (i.e. both Z, and Z, are pure resistances) when taking the inverse
transform.

2.2.5.2 Pulse Shaping

Let us restrict ourselves to the case in which the line is matched
at the source end. Then Z, = Z;, p, = 0 and ¢ = 1/2. Equation
2.28 then becomes

Vo =31+ pe~2TH . E (2.30)

No multiple reflection takes place and there is only one extra
contribution to V,(t) which occurs at and after time ¢ = 271. Three
particular cases, already mentioned in § 2.2.4.1, are of importance:

(a) Zy = Zy. Here p, = 0 and V(t) = E(t)/2
(b) Z, = 0. In this case p, = — 1 and
Vo(t) = 3E®) — E( — 2T1]

* This expansion is rigorously justified since p is a positive quantity and the
reflection coetficients are each less than or equal to unity.
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This arrangement forms a very useful clipping circuit, which is
superior to the differentiating circuit of fig. 1.5(b), since the portion

of the pulse between ¢ = 0 and ¢ = 271 is reproduced without any
modification in shape.

(¢) Zy, - . Now p; = 1 and accordingly relation 2.30 yields
Vot) = 3E®) + E¢ — 2T0)]

The results for a unit step function input and for a ramp function
input of rate of rise m are shown in fig. 2.12(a), (b). The waveforms

Vo %

1 OPEN CIRCUIT

(a) €s)

1 JALL CasEs MATCH

2

o SHORT CIRCUIT

A 271—> ¢

Vo
OPEN CIRCUIT

, A

+ —cases \'
(e) 3 MATCH
° -
<— 271> t
SHORT
CIRCUIT

Fig. 2.12. Voltage at input of line with various types of
termination,

(a) unit step function input

(b) ramp function input, slope m

(c) short rectangular pulse input
Source matched in all cases.

obtained with a short rectangular pulse of duration less than 27T
(which are, of course, derived from the results for a step function)
are depicted in fig. 2.12(c). It is seen that two pulses have been
obtained from one with a relative delay between them of twice the
transit time down the line. Such an artifice may be applied, for
example, in a single channel double pulse generator unit.

When either the source or the terminating impedance is partially
or wholly reactive the reflection coefficients involve p and this must



36 MILLIMICROSECOND PULSE TECHNIQUES

be borne in mind when taking the inverse transform of equation
2.28. The results for a number of cases are summarized in fig. 2.13.

2.2.5.3 Input Impedance

The expression for the input impedance Z;, of a finite length of
line, arbitrarily terminated, follows from the results of the preceding
section. By the elementary potential divider formula

Z .
Vy=—20__ F (2.31
° Zin + Zl )
which, on using relations 2.28, 2.24 and 2.17, yields
1 _I_ ple—2pTl
Z = Ly 2.32
in 40 1 — ple_gpqvl ( )

This result turns out to be independent of Z, as should indeed be
the case if the input impedance is to have a definite significance. It
is noted immediately that, if the line is correctly terminated at the
far end (p;, = 0), then Z;, = Z, as expected.

We shall restrict ourselves to one special case, out of many of
interest, and find the lumped circuit to which an arbitrarily ter-
minated short length of line is equivalent. If wTl <1 we can write
e~ 2Tl (1 — 2pT1) and equation 2.32 reduces to

7.~ 7 1 — pTUZy — Zy)| 2,y
in — “2 1

1+ pTUZy — Zy)|Z,

where we have substituted for p; in terms of Z, and Z,,.
(a) If Zy = Z, then Z;, = Z,.
(b) When Z, > Z, relation 2.33 gives
Zig == Zy(1 + pT1Zy| Zy)
= Zy,+ pLl

(2.33)

on using equations 2.8 and 2.14. The effect of the line is to add
a series lumped inductance equal to its total natural inductance.

(c) In the case Z, < Z, we find
Z
R /173
1 + pTi/Z,

which is the expression for the combination of the impedance
Z, in parallel with the total natural capacitance CI of the line.
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TERMINATION VOLTAGE AT INPUT END VOLTAGE ACROSS TERMINATION
g = \
L S
t=0 TI
% =0
Z,=R R

Z,=1pC 1e
- T

TIME CONSTANT=CZ,

TIME CONSTANT =£[Z,,

L RCR CE
z"’HpCR R

TIME . RZ,
CONSTANT ™ “"R+2,
L

Z, =R+pL
R

TIME  _ L
CONSTANT = 337,

VOLTAGE
ACROSS L

VOLTAGE ACROSS R (NSCE)%)

Fig. 2.18. Circuit properties of a length I of lossless uniform

transmission line of characteristic impedance Z, when fed from

a matched source giving a unit step function of e.m.f. at time
t =

NOTE: In these cases when R represents the input impedance
of a second length of transmission line the signal launched in
this line is of identical form.
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We are also interested in the general expression for the voltage

P, which appears across the termination.
Now

V=P +V=01+ Pz)e_ﬂ'l- o (2.34)
On applying relation 2.26 this becomes

1 4 pe P70 _
a ( Py . B

1 — popie

which, by virtue of equation 2.28, may be written in terms of the
resultant voltage at the input
> _ (Lt ppe?™
Vi=7 T pe T

7, = (2.35)

7, (2.36)
2.2.6 Losses.

Throughout the previous sections we have assumed that the
transmission line was completely lossless. Losses may arise in
practice due to:

(a) The finite resistance of the conductors.

(b) The conductivity of the dielectric (usually utterly negligible)
and the radio-frequency losses therein,

(c¢) Radiation in the case of open, unscreened, lines.
It is usually assumed that if the losses are small the field patterns
do not depart appreciably from those appertaining to the principal
mode, and it turns out that all losses are equivalent to a distributed

series resistance R and shunt conductance G per unit length (see
BucauOLTZ [211] for example).

2.2.6.1 Effect on Propagation and Impedance
The basic equations 2.2 and 2.3 become

Ve (RO (2.37)
dz

iL _ _ 64007, (2.38)
dx

We note that all our previous relations involving the Laplace
transforms of the variables still stand provided L is replaced by
L(1 + R/pL)and C by C(1 + G/pC) throughout. If the frequency is
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high enough, as will normally be the case in the millimicrosecond
range, such that R <€ wL and G <€ wC relations 2.8 and 2.14 become

— R @
T \@0 [1 + (7: + 5) / 2p] (2.39)

L R

The solution 2.6 for a wave travelling to the right now reads

V,= Ve ?T% = [ e=~?VICs (2.41)

—}"—BA/5 GA/Z 2.42
=3NITING (242)

We see that the delay time is unaffected, to the first order of terms
in 1/p, and an attenuating factor e~** has been introduced. The
characteristic impedance has a value which differs from the old by a
term in 1/p.

where

2.2.6.2 Sources of Loss

When MAXWELL’s equations are solved for a wave propagated
in and over the surface of a metal of finite conductivity it is found
that the field intensity falls off exponentially with distance below
the surface. The current density is reduced to a fraction 1/e of its
surface value at the skin depth d metres given by

1
 Vnfuo

(2.43)

where f is the frequency* in ¢/s, o is the conductivity in mhos/m
and u = k,u, is the permeability of the conductor. At a frequency
of 1 Mc/s, for example, with a copper conductor, d =6 x 10~3cm
and thus, in the millimicrosecond range, the currents may be
assumed to flow entirely over the surface of the conductors. For the
coaxial line, with copper conductors radii @ and b, we have

R =42 X 10-8Vf (5 + 11;) Q/m (2.44)

* Treatments of the skin effect for pulse signals are given by MiLLER [255],
SimmM [256, 257], and VALLESE [258].
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The effective resistance increases with frequency but the ratio
R/wL continues to decrease as the frequency is raised thus justifying
the approximations* 2.39 and 2.40. The attenuation is seen to rise
with frequency resulting in a loss of the higher signal component
frequencies. The distortion only appears as a slowing in the rise-
time, however, since there is no accompanying phase distortion
(to the first order). A comprehensive collection of formulae and
graphs for the skin effect in conductors of various shapes composed
of different materials is given by WHINNERY [259].

It may be noted that skin resistance may be reduced by plating
the conductors with silver to a thickness equal to several times the
skin depth. It may also be mentioned that the resistance of an
outer conductor (shield) composed of thin wires braided together
may be several times that of the corresponding metal tube and the
variation with frequency seems to be greater, at high frequencies,
than predicted by simple skin effect theory.

It is possible to choose the line dimensions such that the attenua-
tion is & minimum. For a coaxial line the attenuation constant has a
flat minimum when b/a = 3-6 i.e. when Z; = 77 Q. This and other
optimum arrangements are discussed by Smire [260], but such
considerations are irrelevant cxcept when long distances or high
powers are involved.

The principal contribution to the shunt conductance ¢ is that of
the ordinary dielectric loss in the material given by

G = wC tan § (2.45)

where tan ¢ is approximately equal to the power factor when the
losses are small. A list of permittivities and loss factors for various
materials is quoted by MorENo [261], for example, and the relative
merits of certain substances are discussed by WiLLiamMs and
ScHATZ [262]; BRECKINRIDGE and THURNAUER [263] have compiled
a digest of the literature on dielectrics.

The attenuation found in practice, taking all sources of loss into
account, is indicated in Table 2.3 for a number of different varieties
of coaxial cable.

The Uniradio types 39 and 60 have solid polythene insulation and
the T.C.M. type AS50 and Transradio C3-T are semi air-spaced. All
these cables are mechanically flexible and long lengths can be stored

* The variation of R and G with frequency makes it impossible to obtain a
rigorous circuit solution by Laplace transform methods.
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conveniently. Uniradio 132, on the other hand, has a solid copper
outer conductor and is filled with a mineral dielectric—hence the
low attenuation found.

TasLE 2.3. Data for typical coaxial cables. Length for
100 musec. delay ~ 80 ft.

Type Charac- Attenuation in db for 100 musec. delay
;erist:’lc JQverall —m
American | Tmped- |diamet
s . ance inches 10 30 100 300 1000
British approximale | Zookms Mcjs | Mejs | Mcfs | Mcjs | Mefs

Uniradio 39 .| RG/39U 69 0-31 | 0-51 | 0:85 | 1656 | 3-3 7-8

Uniradio 60 .| RG/13U 75 0-41 | 041 | 0-65 | 1-2 23 50

T.C.M.—As50 | RG/62U | 100 0-28 | 0-58 | 1-0 1-9 3-3 7-0

Transradio
—C3-T — 197 064 | 043 | 0-85 | 1:6 36 10-2
Uniradio 132 — 42 063 | 0:06 | 0-14 | 0-19 | 0-36 0-78

Painting the conductors with a protective coating, such as lacquer,
tends to introduce dielectric loss but the protection of the metal
surface from oxidation and corrosion more than outweighs the
disadvantage.

2.2.6.3 Laminated Construction

A new departure in transmission line construction, designed to
give small attenuation, is suggested by CrocsTon [264]. The inner
conductor of a coaxial line, for example, consists of a central insulating
core surrounded by numerous thin cylindrical layers of metal and
dielectric disposed alternately. The whole is enclosed in the usual
cylindrical outer shield with the usual insulating material separating
the inner stack from the shield. The stack has a certain average per-
mittivity for transverse electric fields and it is shown that the wave,
and accompanying currents, penetrate most deeply into the stack
(this being required to reduce the effective resistance) if the wave
velocity on the line is equal to that associated with this average
permittivity. This may be brought about by a suitable choice of the
main bulk of insulating material.

A transmission line completely filled with laminae is discussed
and an analysis is given of the modes of transmission of such a



42 MILLIMICROSECOND PULSE TECHNIQUES

system and of the problem of terminating the line. The theory of
planar arrangements is developed for both infinitely thin laminae and
for laminae of finite thickness. Experimental work on a partly
laminated line is reported by Brack et al. [265].

2.3 HELICAL LINES

Rectilinear transmission lines, operating in the principal mode, have
the outstanding advantage over other types that the frequency
characteristic is virtually perfect. The major drawback with such
lines is the very limited range of characteristic impedances which are
available if the transverse dimensions are not to be impracticably
large (see graph Appendix II). Also, when long delay times are
required, the corresponding lengths of cable may be inconveniently
great in some applications. Transmission cables have accordingly
been developed in which the inner conductor is in the form of a
closely wound, single layer, spiral; this helix is enclosed within the
normal cylindrical sheath. In such an arrangement the series induc-
tance L is greatly increased with a consequent increase in Z, and 7'
as defined by equations 2.14 and 2.8.

Propagation no longer occurs in a true TEM mode, but, provided
the frequency is not too high, we can apply quasi-stationary theory
and find a frequency independent inductance per unit length
applicable to propagation in a ‘“‘pseudo-principal’” mode. All the
results of §2.2.5 continue to obtain.

2.3.1 Formula for Inductance per Unit Length

Our first task is to establish a formula for the inductance per unit
length of an infinitely long uniform circular helix which is surrounded
by a coaxial cylindrical shield; for generality we shall also suppose
that a circular conducting rod (or tube) is inserted along the axis
within the helix (Fig. 2.14). There has been some discussion
(WINELER [266], FRANKEL [267]) on the matter and an analysis is
reproduced here in order that the range of validity of the result may
be made clear.

Suppose that the helix is equivalent to a thin current sheet which
conducts only in a direction y to the x-axis. The surface current
density then has an axial component J,, and an azimuthal component
Jgp where the suffix 2 refers to the helix. In the millimicrosecond
range the currents in the rod are confined to its surface (equation 2.43)
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and those in the shield to its inner surface; we can accordingly assign
axial surface current densities J,;, J,5 and azimuthal current den-
sities Jg,, J 5 to these two conductors respectively. By symmetry all
currents are independent of the azimuthal angle and we also suppose
that they are independent of the axial distance.

(a) Axzial fields due to azimuthal currents—In the quasi-stationary
case the axial magnetic field H, inside an infinitely long cylindrical

W72 e

——mc e memp XL

X

'R RRRR
| » J;x
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Fig. 2.14. Helix with outer shield and inner rod.
(a) Longitudinal section.

(b) Transverse section.

(c) Components of current density on equivalent slant-conduct-
ing sheet.

()

current sheet, in which the current flows in the azimuthal direction,
is uniform and equal to the surface current density (M.K.S. units);
the field outside is zero.

If the rod is assumed to be perfectly conducting the electric field
inside it is everywhere zero hence

oH,
0= § E.ds = ".” at” s (2.48)

where the surface integration is performed over the cross-section of
the rod and the line integral is taken round the circumference. Since
H, is uniform, and not constant in time, its value must therefore
be zero; thus, if r is radial distance we have

Ho=Jy+Jp+Jg=0 0<r<a (2.47)
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In the remaining regions the following values of H obtain

Hy=Jgp+Jog g <71 <ay
H, = Jgg a, <r<ag
H.=0 ag < r

since we are now outside all the sheets.

If the shield is also supposed to be perfectly conducting the line
integral of the electric field taken round the circumference vanishes;
accordingly, for the surface integral (similar to equation 2.46) we
have

Qs

)
" 5 j 2mrH dr = 0 (2.48)
0
On inserting the values of H, above appropriate to the several
ranges of r we find

The current / in which we are ultimately interested is the total
axial current along the helix. The following relations obtain
(fig. 2.13(c))

I = 2ma,J,, {2.50)

S tan y = 2magn (2.51)

x2

N~

where 7 is the number of turns per unit length for a single layer
winding. From these last two relations we can find Jg, in terms of I;
J o3 then follows from relation 2.49 and Jg, from equation 2.47. The
values of H, for all values of r are thus determined in terms of I.

(b) Aztmuthal fields due to axial currents—In the quasi-stationary
case the azimuthal field H, at radius r is given by I'/27r where I’ is
the total axial current enclosed within the circle radius ». Thus

since there is no current inside the rod;

1Y
H, = " a, <r<a,

Ho — al']zl ': a’zJ r2

a, <r<ag
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Since there is no accumulation of charge inside the system we
must have at any cross-section

277(“1Jx1 + gy + agleg) = 0
ie.
Ila =0 ag <r

Let us now consider the rectangular path depicted in fig. 2.14(a)
which lies entirely in a plane containing the axis. Once again we have

45 E.ds = ff oy 1 (2.52)

In the conductors E = 0 thus the paths BC and DA contribute
nothing to the line integral. For currents having axial and azimuthal
components the vector potential has no radial component and
accordingly a potential difference along AB and along C'D is un-
ambiguously defined. We can suppose that the rod and shield are
both connected to earth at one end of the system so that, provided*
the length of the system is much less than the free space wavelength,
we can regard the whole of the shield and the whole of the rod as
being at the same potential (we are virtually assuming that propaga-
tion in the coaxial system formed by the rod and shield is infinitely
rapid). The line integrals along 4 B and C'D accordingly also vanish
and we have

2 2 f
0= Y JJHeds =43, jHod" (2.53)

for unit distance in the axial direction. On inserting the appropriate
values of H, the following relation emerges

aJ ln + ayS o =0 (2.54)
2
From relation 2.50 we find sz in terms of I and 2.54 then gives
Jy. The values of H, for all values of r are thus determined in
terms of I.
(¢) Determination of inductance—The self inductance L is related
to the total magnetic stored energy by the equation

JLI2 = YufffHdr (2.55)

* If either the inner rod or the outer shield is absent this proviso may be
withdrawn.
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In order to obtain the inductance per unit length the volume
integral is taken over unit axial distance and becomes

@

,uﬂf rH2dr
0

Now H2 = HZ + H% and on substituting the values of the field
components already found the following expression for L results

— aj)(a} — a})

L = 4k, mn? (5

x 10-7
a2 — a?
In ot In it
a 4 7
+ 2k, ——= X 10 H/m (2.56)
In s
a,

This expression contains the familiar formula for a long solenoid
reduced by the shorted turn effects of the rod and shield; there is
also an added contribution given by the “cylindrical” inductance of
the helix associated with the shield in parallel with that due to the
helix in association with the rod.

If the rod is absent we put @, = 0 and if there is no shield a3 — oo
in the expression 2.56.

For the current sheet approximation to apply in practice, it is
necessary that the radius of the wire of which the helix is composed
and the distance between adjacent turns be both much less than the
spacings a; — a, or a, — a,.If a low value of inductance is desired,
i.e. if the pitch required turns out to be not very much less than the
diameter 2a,, then a multiple start winding must be employed the
pitch of which is equal to 1/n.

Further points are listed by WINKLER:

(a) The relation 2.56 shows that for a given shield radius a4 the
inductance is a maximum when a, = 0-707 a4 (the contribution
of the cylindrical inductance is neglected and no inner rod is
present).

(b) If the shield is in the form of a braid some penetration of
field occurs and the effective diameter is somewhat greater
than if the shield were solid.
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(¢) The current tends to flow on the inner surface of the helix;
thus, when the wire thickness is appreciable, the internal radius,
rather than the mean radius of the helix should be taken for a,.

2.3.2 Capacitance per Unit Length

If the wire radius and the distance between turns is much less
than the spacing between the helix and the shield and that between
the helix and the rod, then the capacitance per unit length is given,
with good accuracy, by the usual formula for concentric cylinders

namely
K 1 1
C=——"—f|—+-—| F 2.57
18x109{na3+1n 2] /m (2:57)
a2 a

When the wire is of appreciable thickness the external radius of
the helix may be substituted for a, in the first term and the internal
radius in the second. Again, if the pitch is long and the wire thin, a
multiple start winding must be used if this formula is to apply.
WINKLER points out that, in the absence of the inner rod and
neglecting the cylindrical inductance, the characteristic impedance
is a maximum, for a given value of a,, when a, = 0-486 a;. We then
have

K"l
ZO == Anas -
Ke

where the constant A is equal to 96 if wire size and other factors are
neglected; in practice a value 4 = 90 usually obtains.

When the impedance is required to be low the diameter of the
coil will turn out to be not much less than that of the shield (or not
much greater than that of the rod). FRANKEL has given a tentative
analysis of the case when the wire diameter and the distance between
turns is comparable with or greater than the separation between
the helix and the shield. It may be said that the waves travel over
the wire with a velocity approximately equal to the free-space value
and hence have a resultant velocity along the axis of 3 X 108

cos /v kn«, m/s. OGLAND [268], among others, suggests that the
impedance is given more nearly by the expression for a straight
wire parallel to a conducting plane rather than by relations 2.56
and 2.67.
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2.3.3 Phase Distortion

Helical lines suffer from phase distortion at high frequencies due
to the variation of inductance with frequency and to the self capaci-
tance between adjacent turns. (PALERMO [269]).

2.3.3.1 Variation of Inductance with Frequency

In the quasi-stationary derivation of the self inductance given
above the current was assumed to be independent of position along
the axis of the helix. When the frequency is high, such that the
wavelength along the helix in the axial direction is not very much
greater than the diameter, the inductance falls off since it is made up
by coupling between turns which are no longer all in phase. L. H.
Porrrsky and Mrs. M. H. BLEWETT [270, 271] consider the usual
slant conducting current sheet and apply MAXWELL’s equations to
the regions inside and outside the helix (the influence of the rod and
shield is not taken into account*). It is found that

L
= oI () Ky (o) (2.58)
L,
where L, is the low frequency inductance per unit length, I; and K,
are modified Bessel functions of the first and second kind respectively,
and « = 2ma/A a being the coil radius and A the wavelength on the
helix measured in the axial direction. Some numerical values are
tabulated below.

When « is small compared to unity it is very useful for practical
purposes to express relation 2.58 in the easily memorized approxi-
mate form (Lewis [273])

Lo 25(0‘)2 2.59
Lo— 2. (' )

The extent of the agreement between relations 2.58 and 2.59 is
indicated in Table 2.4; the correspondence is close for & < 0.5.

The effect of amplitude distortion and phase distortion on the out-
put pulse shape in any system is discussed by KarLmann [274]. In
the case of a helical delay line, phase distortion, rather than amplitude
distortion due to frequency dependent attenuation, may well be the
limiting factor and a convenient criterion is that the total phase

* A wave analysis of a spiral line within a metal tube is given by Losuaxov
and OLDEROGGE [272].
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change along the whole line suffered by the highest relevant frequency
component should not differ by more than 4 radian from the phase
change which would occur were the phase characteristic perfectly
linear. This criterion may be expressed more explicitly as follows.

TABLE 2.4. Variation of self inductance
with frequency

o 21,(a) K () 1 — 25(a/A)*
0-00 1-000 1-000
0-05 0-996 0-998
0-10 0-986 0-994
0-256 0-944 0-960
0-50 0-864 0-842
0-756 0-764 0-644
1-00 0-680
1-50 0-545
2-00 0-445

Let T be the time delay per unit length at a (high) frequency w
which differs from the value 7'y at medium frequencies. The phase
error at the angular frequency w after traversing a length ! of line
must not exceed } radian and the useful upper limit, neglecting
resistive losses, may therefore be defined by

Opaxl(T — To) = 4= % (2.60)

Now T = V' LC and if we suppose that € is independent of fre-
quency while L depends on frequency in some manner this relation
becomes

T
wmaxlTO (A/f - 1) =+ % (2.61)
0
If we now write L = Ly -+ 8L on the supposition that the frac-
tional variation in inductance is small we have

oL
w‘““"lT"E =41 (2.62)

If the variation in inductance is due to the effect discussed above,
substitution for L/L, from equation 2.59 into 2.61 yields

Wpax Tolla?)t =3 (2.63)
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provided w,, T << 0-5; (the relation 1/7, = w/2nA has been
invoked). The result may be written in the form
By
wmax - Tol a ( . )
which relates the upper useable frequency limit to the total

delay time 7' and to the ratio of the length of the helix to its
radius.

2.3.3.2 Effect of Self Capacitance

The effect of the self capacitance between turns has been analysed
by SHAW [275] and others using a lumped equivalent network. If C’
is the self capacitance between two adjacent turns one would expect
that the series impedance per turn would consist of the inductance
of one turn, namely L/n, in parallel with the lumped capacitance C’.
At frequencies below the self resonant frequency

n
Wy = J T (2.85)

the combination still appears inductive and it follows at once that

L 1
L~ T (wjary (%89

This result has been shown by LeEwis to be correct, provided
o <€ wy, when the truly distributed nature of the self capacitance
is taken into account.

It is noticed, on comparing the results 2.59 and 2.66, that the two
effects act in opposition to each other. Mutual compensation may
therefore be aimed at with a view to extending the frequency range
over which the effective inductance, and therefore the delay time and
characteristic impedance, are independent of frequency. Work has
been done to this end. KaLLMann [274] and ERICKSON and SOMMER
[276] give theoretical and practical accounts of the use of insulated
metal strips which are placed close to the coil in order to increase
the self capacitance of the winding.

WEEKES [277] has employed lumped correcting networks at the
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terminations of the line in order to reduce phase distortion and
D1 Toro [278] has used a bank wound multi-layer solenoid.

2.3.4 General.

It may be pointed out that the shorted turn effect of the rod and/or
shield on the inductance may be reduced by slitting the rod and
shield longitudinally, in several places round the circumference,
throughout the entire length.

When high values of impedance and delay time are required two
helices may be employed, wound in opposite directions one on top
of the other. The two coils form the go and return circuits and, if
the coupling is perfectly tight, the inductance per unit length is four
times that for one solenoid alone; the shunt capacitance is simply
that between the two windings. The system is no longer completely
unbalanced with respect to earth and no earth connection is common
to the two extremities of the line. Its use is therefore normally
limited to pulse shaping applications in which the input and “output”
are at the same end.

Exact matching at the end of a helical line presents a problem.
The inductance per unit length falls off towards the ends to one half
the value applicable to the central region of a long solenoid. If
reflection is to be avoided the characteristic impedance must, of
course, remain constant throughout the whole length; considerable
improvement is obtained if the winding is flared near the ends so as
to raise L back to the normal value or by increasing the spacing
between the helix and the shield (or rod) in such a manner that the
capacitance decreases according to the same law thus keeping the
ratio L/C constant. Even when such steps are taken reflection will
still occur at the higher frequencies owing to the improper matching
of the fields. When it is desired to pass from a coaxial line into a
coaxial cable the transition should be made smoothly; a transition
section may be constructed by cutting a slot of gradually increasing
pitch in a circular hollow tube which forms the inner conductor of
the system. Such transitions, developed for use in the microwave
region but adaptable for our purposes, are discussed by Lunp [279];
a change in characteristic impedance will usually be involved and

.the electrical length of the transition must therefore be several
times the pulse length (see Chapter 3).
Some data on commercially available cables are given in the table
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below. A helical conductor is embedded in polythene dielectric
which fills the interior of a braided outer shield; the whole is
mechanically flexible but sharp bends should be avoided.

TaBLE 2.5. Data for Delay Cables

T.C.M. Type Zy Z, Z,
Characteristic Impedance, ohms . . .0 130 330 550
Length, foot, for 100 musec. delay . . .| 143 | 058 3.6
Capacitance, pF per foot . . . . 56 60 50
Overall diameter, inches . . . .| 0-35 0-61 1-0

1Mc/s| 033 0-10 0-056

Attenuation db for 100 musec. delay 10 Mc/s 1-16 0-35 0-18

100 Mec/s 3-6 1-28 0-83

These cables do not appear to be compensated for delay distortion
and the attenuation figures seem to give an optimistic impression
as regards the useful high-frequency limit for long delays.

Further information on helical lines may be found in papers by
Essen [280], HopEL1N [281], KALLMANN [282], RUBEL et al. [283] and
ZIMMERMAN [284].

2.4 LUMPED DELAY LINES

Our chapter on transmission systems may close with a brief account
of the low-pass filter or delay line composed of lumped capacitors
and inductors. The performance of such a line is inferior to that of the
helical line and a lumped network should never be employed when
a continuous structure could be used instead. In circuit design,
however, we are continually being faced with the existence of small
lumped stray capacitances to earth, notably the grid and anode
capacitances of valves, and filter theory shows how a considerable
measure of compensation can be achieved by the addition of series
inductances. Much information is available in the literature; the
Bibliography may be consulted and also papers by HEBB et al. [285],
KALLMANYN et al. [286], THOMSON [287], TREVOR [288], and WHEELER
and MURNAGHAN [289].
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2.4.1 Constant-k Filters

The network of fig. 2.15(a) can propagate signals, in either direc-
tion, with a phase change f§ per section at angular frequency* w
given by

cosf=1—2 (-‘3)2 (2.67)

We

(0) Ly Le Li

ke Sk Sk Sk
ot T LTI

ik ik

(5) l ()

) Tck ) T#Ck 'Iz'ck-[-A

Fig. 2.15. (a) Constant-k low-pass filter, (b) T-section,
(¢) II-section.

The quantity f is real when the frequency is less than the cut-off
frequency

w, 1
f‘. el U ee—
271 ﬂ\/Lka
If w/w, < 1 the expression for the time delay 7' per section isf
S— 1 2
T = VI,0, [1 = (3) .. ] (2.68)
6 \w,

At frequencies above the cut-off no propagation occurs; signals
are strongly reflected at the input end and are attenuated rapidly
down the line. When a very few sections are employed the cut-off
frequency fixes the upper limit of usefulness but when the number
of sections is large phase distortion will be the limiting factor; such
distortion will exceed a tolerable amount (see § 2.3.3.1) at a frequency
considerably below the cut-off dependent on the number of sections

* For a Laplace transform treatment see Dawis et al. [290].

t We have here taken the time delay 7' as being equal to f/w. This is
correct when a sinusoidal signal of one frequency only is concerned but when
we are dealing with a band of froquencies the group time delay df/dw may be
more appropriate. In the latter case the number 6 in relation 2.68 is replaced
by the number 2. The distinction is of little practical importance however.
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used (see fig. 2.17(b) for the case m = 1). We shall usually suppose,
however, that the cut-off frequency may be taken as the limit in
practical cases but the above reservation must always be borne
in mind.

The network shown in fig. 2.15(a) may be regarded as being made
up of a number of symmetrical ‘“T"’ sections, (fig. 2.15(b)) or of “II"”
sections (fig. 2.15(c)) connected in cascade. In the body of the line
the two are indistinguishable, as far as propagation is concerned, but
a distinction arises when we come to find the impedance by virtue
of the differing form of the terminating sections. The T-filter finishes
at each end with a series inductance L,/2 and the IT-section with a
shunt capacitance C,/2. In our applications the stray capacitances of
the source and load will automatically provide a shunt capacitance
at each termination and accordingly the Il-type of section will be
encountered more often in practice.

The filter possesses a certain characteristic impedance (often termed
the iterative impedance) which is purely resistive, in the pass band,
but dependent on frequency. Tor T-sections we have

- LG
~ A/ [1 _ -(_)2+. . ] provided w/w, < 1

c

and in the case of a [I-section

“Jal S E

(2

AIRH
= [— |14+ -|—)... h 1
A/Ck[ +2 o when w/w, <€

If one or more sections are terminated by a resistance equal to the
characteristic impedance no reflection occurs and the input impedance
is equal to the characteristic impedance, as in the case of a trans-
mission line. A resistance which varies with frequency in the pre-
scribed manner is difficult to devise and, for the case of a single
section only, GracoLerTo [291] has worked out certain optimum
values for the termination when the latter consists of a frequency
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independent resistance R at both ends. Thus, in the case of a T-
section, for the input impedance to be as uniformly resistive as
possible we should make R = 0-75 Z,; for minimum reactive
impedance R = 0-95 Z,, and for the phase shift to be as linear as
possible B = 0-97 Z,. For Il-sections these figures read 1-5, 2-06 and
1-65 respectively. The optimum value is defined as that which gives
a minimum value, over the whole pass band, to the squares of the
deviations from the desired condition.

2.4.2 Derived Filters.

Phase distortion in the simple constant-k type filter may be reduced
by employing the so called m-derived form shown in fig. 2.16(a). The

tmi Lmi 1
¢ aVILC,
zo=J§
(o) C,
T when f < f,
A ymle  ymic
Lem? Lem?
am ¢ am £ _!_;azu
») ke 12 n
l+m2 (¢)
s
Lt I — 2m
3t L P Ime
() T ¢ c
Cp = =
o o m

Fig. 2.18. Series m-derived T filter section.

extra inductance in the shunt arm is related to the other reactances
by the parameter m in the manner indicated. The cut-off frequency
is again equal to 1/mV L.C, and the characteristic impedance is
also given by relation 2.69 for all values of w and m. The expression
for the phase change 8 per section now becomes

1— (1 +m) (3)2

We

1 — (1 —m? (3’-)2

W,

cos } = (2.71)
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On putting m = 1 the circuit of fig. 2.16(a) reduces to that shown
in fig. 2.15(b) and the expression 2.71 for 8 reduces to relation 2.67.
The variation, with frequency, of group delay and of phase error for

17 [ T [ T¢
& ma135 k=029 / )
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Fig. 2.17. Filter characteristics.

various values of m, is plotted in fig. 2.17; the value m = 1-27 is a
good compromise (for both sets of curves).

A value of m greater than unity corresponds to a negative induc-
tance in series with the capacitance. This may be realized physically
by allowing inductive coupling to take place between the two half
coils (across the “T”’) as follows from the equivalence of figs. 2.16(b)
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and (c). For m > 1 the coefficient of coupling k* must be negative,
i.e. coils lying on the same former should be wound in the same
direction.

In the case m = 1-27, which corresponds to k£ = 0-23, the funda-
mental line parameters may alternatively be expressed in terms of the
actual L and C (fig. 2.16(d)) as follows

L
Characteristic impedance Z, = 1-11 A/ o
Delay per section T=11VLC (2.72)
0.36
Cut-off frequency fo = —===
VLC

The simplest method of terminating the network is indicated in
fig. 2.18(a). A better match is obtained by inserting an m-derived
half section, with m = 0-6, as shown in fig. 2.18(b) (the value

Fig. 2.18. Termination of m-derived filter.
(a) Simple resistance termination.
(b) Termination via m = 0-6 derived half-section.

m = 1-27 obtaining in the rest of the line). The coils in the ter-
minating half-section are not coupled to one another and the capaci-
tance can be made variable so that an optimum setting may be
arrived at.

A line composed of bridged T-sections (fig. 2.19(a)) may be
employed to give reduced phase distortion. FErRGUsON [202] shows
how higher order frequency terms in the expression for the time
delay may be eliminated by adding capacitances according to

* The quantity k denoting'the coefficient of coupling has nothing to do with
the suffix k referring to constant-k sections.
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fig. 2.19(b), and GorLaY [293] has obtained good results by connecting
capacitances between alternate tie points as indicated in fig. 2.19(c).
The bridging capacitors have little influence on the fundamental line

C/ c‘l CI
i i i}
() "u\rn " I
@ It | L | YAl AV
CT CT cTF cto1rC
c ¢ c! ¢
i it it -
1L i Vi i T ?Li h M-=0 I5L
(8) C-[ C-[- CT C0-035¢
‘A
S
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c T c T c T €0 08C

Fig. 2.19. m-derived filters with bridging capacitors.

(c)

parameters of the three arrangements depicted in fig. 2.19; the
following relations again apply, at least approximately,

L+ 2M
Characteristic impedance Z, = A/ ___%—«

Delay per section T = V(L + 2M)C (2.73)

1
Cut-off frequency fo= - —iomr

T



3
TRANSFORMERS

3.1 INTRODUCTION

THE principle of impedance matching (Faxo [301]) is widely applied
when it is desired to transmit maximum power from a generator into
aload. In the simplest case the internal impedance of the generator,
Z, say, and the impedance of the load, Z, say, are both pure resist-
ances. It is easily shown that, for a given generator e.m f., the power
dissipated in the load is & maximum when Z, = Z,. The two
impedances are different in general and a transformer is accordingly
inserted. The secondary to primary turns ratio  is chosen such that,
with the load connected across the secondary, the input impedance
on the primary side has the value Z;; for an ideal transformer
r= V2%,

When the system includes a length of transmission line, of char-
acteristic impedance Z,, we have already seen that reflection occurs
at the receiving end unless the line is terminated by a resistance Z,.
The condition of no reflection is thus, as expected, identical with that
for complete power transfer. In general it will be necessary to
employ two transformers, one at the sending end to match the
internal impedance of the generator to the characteristic impedance
of the line, and another at the receiving end to match the load to the
line.

In the sort of equipments we have in mind the securing of optimum
power transfer is usually a secondary consideration. It is much more
important that subsidiary pulses, produced by multiple reflection of
the main pulse at the terminations, should be avoided. Ideally, of
course, it should only be necessary to match the line at one end in
order to eliminate multiple reflections, but, since the matching can
never be perfect and is often comparatively poor in practice, it is
generally safer to terminate the line at both ends in the nominally
correct manner.

Again we usually wish to obtain maximum voltage amplitude
across the load and when the impedance is high (the grid-cathode
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circuit of a valve for example) one is tempted to omit the terminating
resistor altogether (MarsHALL [302]) and obtain a factor of two
improvement in signal amplitude over the matched case as shown
in §2.2.5. This procedure is open to the objections that (i) multiple
reflections will occur unless the line is accurately matched at the
generator end, and (ii) the effect of the inevitable capacitance of
the load will be much more pronounced than would be the case if the
correct resistive termination were added (see waveforms given in
fig. 2.13).

3.2 ELEMENTARY MATCHING NETWORKS

Before considering pulse transformers proper it is worth pointing
out that certain simple resistance networks provide an easy means of
impedance matching when the avoidance of reflections is important
even at the expense of a loss in signal amplitude. We suppose that it
is required to match two transmission lines of characteristic im-
pedances Zy; and Z,, where Zy, << Zgy,. The arrangements shown in
fig. 3.1 give a match on looking inwards in the direction indicated.

ZZ Vv
R = e Y2 _
Zoy — Zyy >
1
R = Zy — Zy,
-
V2
‘17 02
2

/ Zoy
B= Zm Zioy — Zgy

R = \/Zoa(zoz - Zol—)

> 2 - R Z
Zoy—>  Zo) $a 02 20 Vi + Zgy
-
Vi 2y
~ R 4+ Z
. + Zoy

Fig. 3.1. Simple matching by resistors. In all cases
Zgp < Zgs.
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"The lines are assumed to be properly terminated at the ends 4. The
use of the smallest number of resistances gives least voltage attenua-
tion in all cases.

3.3 LUMPED PULSE TRANSFORMERS

The properties of lumped pulse transformers have been thoroughly
investigated in the microsecond range. The reader may consult
papers by Haprock [303], MAURICE and MinNs [304], MELVILLE
[305], Moopy [306, 307], and the book by GLASCOE and LEBACQZ (see
Bibliography). It has been found by MoopY et al. [308] that existing
design theory is applicable in the millimicrosecond region.

3.3.1 Equivalent Circuit.

A typical approximate equivalent circuit is shown in fig. 3.2(a). A
common earth connection between the input and the output sides

INPUT -y M g =(1-6) £
A
]
Rp L y
q P v,
RO f =/(L] 'S ((7)
INPUT I ls/rd
ST — - >
-L -L oAb %
[}
RP p ACg Rs V.

wd ST " T v

Fig. 3.2. (a) Approximate equivalent circuit of pulse transformer.
(b) Transformed equivalent of the above.

<-

is agsumed for convenience and the capacitance between the wind-
ings is neglected (if an electrostatic screen is interposed between
primary and secondary this assumption will be quite justifiable).
L, is the total primary inductance which may be imagined to consist
of the sum of an effective primary inductance L, = k L; plus
a leakage inductance I, = (1 — k)L, where k is the coefficient of
coupling. The secondary likewise has a total inductance L, made
up of an effective part L, = kL, plus a leakage inductance I, =
(1 — k)L,. ¢, and C, represent the stray capacitances to earth
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of the primary and secondary windings respectively and R, is
a shunt resistance to which the losses in the core material are
equivalent (the resistance losses in the coils themselves are usually
negligible). R, and R, are the resistances of the source and of the
load respectively.

The effective inductances L, and L, by definition form an ideal
transformer with perfect coupling, the mutual inductance M being
given by M = v/ m = kV L,L,. If r is the secondary to primary
turns ratio of this idealized part of the transformer it is convenient
to transfer all impedances to the primary side; performance may
then be predicted by considering the equivalent circuit of fig. 3.2(b)
so derived.

3.3.2 Limitations on Performance.

The high frequency response of the circuit is limited by the
leakage inductances and shunt capacitances (see RUDENBERG [309,
310, 311}): the physical size must therefore be small and high per-
meability material used for the core in order that k may be made as
near unity as possible. The high frequency performance is improved
if the circuit values are arranged such that the leakage inductances
and the shunt capacitances form a low-pass filter section (see § 2.4.1);
the shunt inductance L, is high and plays no part at the higher
frequencies. The transformer should be designed such that the
resistances B and R /r?are each equal to the characteristic impedance
of the filter section. Smooth windings are necessary in order to avoid
internal reflections and the self capacitance of the windings should
be as small as possible.

Magnetic tape, 0-001 in. thick, may be used for the core and Moopy
and his collaborators have found that the effective or pulse perme-
ability is given by

v PTKp(00)

— 62
Kn(T) = 6 a

(3.1
when the flux penetrates only partially into the material. Here
Kp(00) is the permeability for complete penetration, p is the core
resistivity in microhms cm, d is the thickness of the lamination in
thousandths of an inch and = the pulse duration in microseconds.
For a typical tape k,,(c0) = 800, p = 50, d = 1 and accordingly
Kp(T) = 240 at T = 10 musec. Various ferroxcube cores function satis-
factorily but have been found to be inferior to thin mumetal whorls.
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A step function voltage input B, will be differentiated, to a first
approximation, with a time-constant equal to

R,
1, (5, + &)

R,R,[r?
where the resistance R, is neglected. The primary inductance must
therefore be made high enough to suit the length of the pulse which
the transformer is required to pass. A typical 75 € to 200 Q step-up
auto transformer transmits a 300 musec. rectangular pulse with a
decay in amplitude of only 2:59%, and with a rise time of 1 musec.

It must be pointed out that special magnetic alloys must be
handled with care, avoiding heat or mechanical working, if their
magnetic properties are not to suffer.

Advantages possessed by lumped pulse transformers over the
tapered lines about to be described include (i) extremely small
physical size, (ii) the facility of optional phase inversion, and (iii)
the isolation of the secondary from the primary circuit as far as the
mean potentials of the two are concerned.

(3.2)

3.4 TAPERED LINES

We have seen in § 2.2.5 how the time delay property possessed by a
transmission line, together with reflection phenomena, are applied.
The fact that a line possesses a characteristic impedance, which is
purely resistive although the system is completely lossless (in the
ideal case), suggests that a line may form the basis of an impedance
transformer.

3.4.1 Quarter-wave Transformer.

This principle has been widely used in the field of short wave radio
transmission. When it is desired to match a line of characteristic
impedance Z, into a resistive load (or a correctly terminated length
of a different line) of impedance Z,, a section of line of characteristic
impedance V' Zy,Z,, and one quarter of a wavelength long may be
inserted. It can be shown that there is no resultant wave reflected
back towards the sending ending due to mutual cancellation of the
reflections at the two impedance discontinuities.* The device thus

* Throughout the following sections we shall omit specific reference to the
discontinuities discussed in § 2.2.4.2; the possible effect of these must always
be borne in mind however.
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provides a match which is complete at the particular frequencies for
which the section is an odd number of quarter wavelengths long. It
is known that the frequency band over which the resultant reflection
is sensibly zero increases as more quarter-wave sections are added
provided the increments in In Z;, as we pass through the various
sections from input to output, are arranged to be proportional to the
binomial coefficients

L1 121 1,331 14641 etc

In the limit of large numbers these coefficients give rise to a Gaussian
error function distribution and we should thus expect good results to
be obtained when In Z, changes smoothly according to a Gaussian
law (see § 3.4.3).

3.4.2 Analysis of Smooth Tapered Transmission Lines.

Many workers have directed their attention to the case of a
transmission line in which the inductance and capacitance per unit
length vary with position along the line. The analyses are based on
circuit theory and for this to be valid the electromagnetic fields must
be essentially of the principal mode type, i.e. the fractional changes
in the transverse dimensions, in a distance along the line of the
order of the transverse dimensions, must be small. The same applies
to helical lines but in addition the wavelength along the helix must
be much greater than the diameter, as we have seen, in order that
the inductance per unit length may be independent of frequency.

It may be noted at the outset that any tapered line, necessarily of
finite length, must be partially reflecting at low frequencies. This is
because at sufficiently low frequencies the device is much less than
one wavelength long and even the tapered line presents an abrupt
change in impedance between the values at the two ends.

We shall restrict ourselves to the case of lossless lines since, as
pointed out in §2.2.6.1, this does not entail an immediate loss of
generality. Returning to equations 2.2 and 2.3 we must remember
that I and C are now functions of  when performing the elimination
of I or V. Tt is casily shown that

&V 1dLdv _

@’y Lakady IOV = 0 .

dx? L dx dx P 4 3.3)
@l 1d0dl
_______ 2Ll — 0 3.4
i Cdzdz 7 G4
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We may define the nominal characteristic impedance as

L,

AOz _ Ca«

This expression is identical with that met with in the case of the
uniform line but is now a function of position having the value
Zgy = V L/, say at & = 0. Similarly the nominal time delay per
unit length is defined* by the relation

T, = VL,

3.4.2.1 First Approximation to a Solution

A first approximation to a solution of equations 3.3 and 3.4 has
been given by SLATER [312]. Looking back at the solution 2.6 for
the uniform line it would be expected that since the parameters vary

with 2 the quantity ¥, would no longer be constant but should
include a function of x. Also, since the delay per unit length is vari-
able in general, it would seem reasonable to replace the exponent
— pTx by the expression

z

- P f T(x')da’ (3.5)

0

Following these suggestions a trial solution

> > —pfTear
o

V,= A(z)e (3.6)

is substituted into equation 3.3. If certain terms in the resulting

differential equation are neglected (see below) it is easy to solve for

A(z). The solution then reads

= = [z -p (e
Ve = VOA/ZO'e ! 3.7
00

where, asin §§ 2.2.2 et seq., ¥, is the Laplace transform of the voltage
signal at = 0 associated with a wave travelling to the right. There

* T is constant for rectilinear tapered lines being equal to the reciprocal of
the velocity of electromagnetic waves in the medium. In a helical line, how-
ever, both L and C may vary arbitrarly.



66 MILLIMICROSECOND PULSE TECHNIQUES

also exists an independent solution, similar to 3.7 and to be added to
it, corresponding to a wave propagated in the reverse direction i.e.
along the negative z-axis. The analogous solutions for the current
are obtained simply by interchanging L and C and introducing two

—_ -
new arbitrary constants I, and I,
In deriving these solutions it has been assumed that

1 dL 1 dC
’m’é; <l o704 l< (3.8)
and
1 &VZ, <'d\/5; 1 &V1/Z, ld\/iﬁ; 39)
pT  da? dz |’'|pT  da? dx -

To interpret these ineqalities we must digress from the Laplace
transform method and consider the sinusoidal case. On putting
p = jo and w = 27/AT where 4 is the wavelength along the line
the conditions 3.8 become

ldL

|<zﬂ, ~'<2w (3.10)

The solution 3.7 ignores reflections and implies that no distortion
of pulse shape will occur. The conditions 3.10 show that for this to be
the case the fractional change per wavelength in both L and ¢ must
be very much less than six for the lowest relevant frequency com-
ponent in the signal pulse. If both L and C vary thus slowly Z, will
also vary slowly and the condition 3.9 will usually be automatically
satisfied, except possibly just at the ends of the line where dZ;/dx may
be discontinuous; such discontinuities will be taken into account
when we come to consider reflections at the terminations.

A relation between the arbitrary voltage and current amplitude
constants at x = 0 is provided by relation 2.2, and it is found that

Yo_ _gz Zoo (3.11)
I, I,

and
— ;x
zi” = — = =2, (3.12)
I, I,
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The ratio of the voltage to the current at any point (for each
oomponent wave) is thus equal to the nominal characteristic
impedance at the point in question to the degree of accuracy indicated
by conditions 3.10. Equation 3.7 shows that, apart from the time
delay factor, the voltage amplitude along the line is proportional to
the square root of the characteristic impedance, as would be expected
from energy considerations in the absence of any reflected waves. The
tapered line thus does in fact provide the desired voltage and imped-
ance transformation.

In the range of millimicrosecond pulses the physical length of
tapered line transformers is no longer prohibitive, particularly if a
helical transmission line is employed. Extremely fast rise times are
attainable, with rectilinear lines, since the high frequency perfor-
mance is the same as that of a uniform line of similar dimensions.
Such devices do not require a ferromagnetic core and are perfectly
linear; high powers can be readily handled, construction is easy and
the tolerances are comparatively wide. The arrangements, however,
lack the advantages of optional phase inversion and circuit isolation
between input and output, which lumped transformers possess.
(A transmission line type of pulse inverter is described in § 3.5).

3.4.2.2. Second Approximation

Having seen what the approximate behaviour of a tapered line will
be, let us now seek a more accurate solution to equations 3.3 and 3.4.
The total time delay u(x) from the origin to the point x is given by

u(x) =f T(x")dx' (3.13)

ie.
du = T(x)dx

If the quantity «, rather than x itself, is taken as the independent
variable the basic equations 3.3 and 3.4 become
1dV 1dlnz,dvV
el Aol LA /Y| 3.14
p?du?  p* du du 4 ( )
1 a2 1dlnZz,dl
4 — —I=0 3.15
prdu®  p® du du (8.18)
These equations form the starting point of several methods of
attack. They cannot, in general, be solved exactly except in the case

A
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of the exponential line which is treated in §3.4.4. Approximate
solutions, more accurate than 3.7, can, however, be obtained provided
the line parameters are assumed to vary slowly.

Franx [313] has carried SLATER’s result 3.7 to the next order of
approximation. A trial solution

V,=4 J Zow P[] + f(u)] (3.18)
ZOO

where f(u) is a correction to be determined and 4 is a constant
(having different values for the two directions of propagation), is
substituted in equation 3.14. It follows that f must satisfy the
differential equation

& df [ld% 3(L%)2]“+f)=o

2 oY
Py Z, du 2

(3.17)

Zy du? 2

If we now suppose that the correction f is small and slowly varying
this reduces to

:I:df+ [1 d?Z, 3(1 dZO)Z] - (3.18)
du ' |Z, dur  2\Z,du) ] 4p -
provided
&*f df
— — 1
If| <1 and 'duz <|2pdu (3.19)

On integrating we find

u

1 dln Z, lf(dano)Z, ] )
fw_L4p[— o +2-0 " du' - K| (3.20)

where K is an arbitrary constant. The original variable 2 may now
be reintroduced, and, neglecting second order small quantities,
equation 3.16 yields for the complete solution

Ve Vot T (3.21)
where
1 dln Z, 1 dnZ,
- 4pT do  4pT, dx
Pu= Bo ) e :
Zigg 11 (d In zo) t
8p : T\ do'

(3.22)
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and
1 dlnZ, 1 dln Z,
- 4pT dx 4pT, dx
“« « Z‘m z=0
Vu == Vo /\/"——‘ e+p“ x
Zigg . 1 (1 (d In Zo)zd ,
8p T\ da’ v
0
(3.23)
The constants 4 have been expressed in terms of the voltage

amplitudes P and ¥V, of the two wave components at w = x == 0
(the constants K disappear). T, and Z, are the values of the delay
per unit length and the nominal characteristic impedance respectively
at the origin. - -
Similar results for the currents, involving constant I, and I are
obtained from equation 3.15. The solutions may be written down
from 3.22 and 3.23 simply by replacing Z, by 1/Z, and Zy, by 1/Z,.
For the solutions to be valid both the inequalities 3.19 must be
satisfied. The first condition is readily checked in an actual example
since it only implies that the correcting terms in the solutions 3.22
and 3.23 must turn out to be small. The expression of the second
condition, in terms of the variable x, is too lengthy to be reproduced
here and in any case will be satisfied in practice if the line parameters
vary smoothly. Questions of the continuity of 7' are involved and it
might be thought that both L and C should vary smoothly (as re-
quired in the analysis summarized in § 3.4.2.1 by the inequalities 3.8).
On inspection of equations 3.14 and 3.15, however, it is seen that the
quantities L and C appear as a dependent variable only in the ratio

Zy, = V L/C and we would therefore expect that L and (' may vary
separately in quite an arbitrary manner provided the impedance
varies slowly. It can be shown that 7' need not in fact be a continuous
function of «.

The variation of pulse amplitude with time, as observed at a
particular point z, u, is obtained from equation 3.21 by taking the
inverse Laplace transformation. In addition to the factor represent-
ing voltage transformation (in the electrical not the mathematical
sense) and the exponential term which embodies the bulk time
delay u, we have to consider the correcting terms which involve 1/p.
The effect of these is to distort the pulse by subtracting from it a
voltage proportional to the time integral of the input pulse V(¢).
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If the input pulse (once launched in the line) is rectangular in shape
the top will be seen to fall* linearly, after the manner shown in
fig. 3.4, as the signal passes a fixed observation point on an infinitely
long (or perfectly matched) line. A very simple formula applies
in the case of the exponential line (see § 3.4.4.1 equation 3.72).

The validity of the result, in any particular example, may be
more readily ascertained by invoking the above interpretation than
by applying conditions 8.10 which involve a consideration of the
low frequency components in the pulse. The rate of taper of the line
and the pulse length employed must be such that the predicted
distortion turns out to be small, a state of affairs which is, of course,
desirable in practice.

3.4.2.3 Impedance Relations

We can now turn to questions of impedance and impedance match-

— -

ing. The constants I, and I, are related to the corresponding voltage
amplitude constants by means of equation 2.2. This equation must
be satisfied for all values of 2 (or of ) when the complete solution
3.22 plus 3.23, together with the corresponding results for the
currents, are substituted therein. When second order small terms
are neglected it is found that

—I;o [ 1 dnZ, ]

27z |1 4+ — 24

7 o + 20T, dzx (3.24)
0 =0

Eo [ 1 dlnZ, ]

— = — Z |1 — 3.25

2 00 2pT, dx (3.20)
0 z=0

By making use of the solutions 3.22 and 3.23 separately, in con-
junction with the corresponding expressions for the currents, it then
appears that

7, 1 din zo]

ozl + — 3.26
7 "[ T opT  dx (3.26)
?3,, [ 1 dln zo]

TI_-_ — 7, 1—% - (3.27)

* The effect is closely analogous to the differentiation produced by a lumped
pulse transformer, see § 3.3.2 and equation 1.22.
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It is noticed that the ratio of the voltage and current amplitudes
at any vparticular point differs from the nominal characteristic
impedance at that point by an amount which depends on p and there-
fore on the frequency; further, the ratio is different for the two
directions of propagation (compare equation 2.15).

Let us suppose that the line is terminated at the point 2 = I by
an arbitrary impedance Z,; to find the voltage reflection coefficient
we apply OEM’s law at the termination and have

Z_ﬂ_ﬂ+ﬁ
2= F T P
Lo 7.1

Using relations 3.26 and 3.27 we may substitute for the currents in
terms of the voltages and obtain the following expression for the
reflection coefficient

1 dlnz,|
I
Vl P xle
=—= - — 2
P 3 [1 Lz, (3.28)
! 201, dzx | I

z=1
where second order small quantities are neglected.
It is seen that p, = 0, i.e. the termination provides a match, when

1 dinZ,
Zy, = Zy, [l + 5T, ds

] (3.29)
z=1

a value which differs but slightly (at high frequencies) from the

nominal characteristic impedance Z,, of the line at the point 2 = 1.

When the load consists of a pure resistance of value equal to

Zy,, the line then being said to be nominally matched, the expression
3.28 reduces to

1 dn Z,

NSl &

(3.30)

z=1
again to the first order in small quantities.
The input impedance Z;, of a length ! of line, terminated in an
arbitrary impedance Z,, may now be worked out. By definition

Vo _Vot Vo

ZiﬂE’_—::—» —
b 147,

(3.31)
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On substituting for the currents in terms of the voltages by means
of relations 3.24 and 3.25 the impedance is expressed in terms of

the ratio V,/V, By dividing corresponding sides of equations 3.23
and 3.22, and putting « = [, this ratio can in turn be written in terms

“«—
of V,/V,. This latter ratio is just the reflection coefficient found
above and accordingly we have

I} ppe=207 1%_[ 1 dlné] *—]‘fl (dln Zo)zdx
201" dx 1o 4pJ) T dx

0

Zin = Zoo 1 dlnZ, -
oty dw | P¥
=0
l
1 dln Z, 1J'1 (danO)
14— - x
20T, dx 4p
x=1

(3.32)

where terms in 1/p? have been neglected and the quantity U is
the total time delay between x = 0 and x = i.e.

1l
U= f T(x)dw (3.33)
0

Since |p1| << 1 we can expand the denominator by the binomial
theorem and obtain

1 dlnZ,
Ly = Zgy {1 -+ —— 2pe~2PU
in 00{ ! 2pTo dx + P1e
z=0
[ 1 dlnZ, 1 dln Z, 1 Jl (dano)Zd]
20T, duz 20T, dx dp ) T\ dx v
=0 z=1 0

(3.34)

where terms involving pfe ~*?U, p3e ~®U etc., which represent multiple
reflections up and down the line, have been omitted for simplicity.
In the case of the nominally matched line the reduced expression
3.30 for p; is substituted in the result 3.34; as expected, the terms
representing multiple reflections now disappear automatically since
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we are neglecting quantities involving 1/p2. The following result is

obtained
1 dinZ
Zin = Zoo [1 -+ >

2pT, dx

. 1 dln Z, —2pU] ]
9T, da e (3.35)
z=0 x=1
Franx has considered the case of a length of uniform line feeding a
tapered line when the characteristic impedance of the former is
equal to the nominal characteristic impedance of the tapered line
at the junction. The voltage reflection coefficient p’ observed on the
uniform line is given by (see relation 2.17)

Pt
Zln + ZO()
where Z,, is the input impedance of the tapered line as found above
(equation 3.32). If the tapered line is nominally matched at its
output end, substitution for Z;, from 3.35 yields
_ 1 dinZz,| 1 dnZ, -2 (3.37)
4pT, dx 4pT, dx

=0 =1

(3.36)

’

P

The reflection coefficient observed on the uniform line provides a
criterion for the performance of the transformer which is easily
visualized physically.

3.4.2.4 Pulse Distortion

We are now in a position to determine the overall distortion
suffered by a short pulse of e.m.f. of amplitude E(¢) emanating from a
source of internal impedance Z,. The results will also apply to the
case of a source of e.m.f. equal to 2E(¢), and resistive internal im-
pedance Z,, which feeds into an arbitrary length of uniform line, of
characteristic impedance Z,, interposed between the source and the
transformer.

It will be assumed that the transformer is nominally matched at
its output end and multiple reflections will be neglected.

At the transformer input we have

= Z _
Vo=—"1 F 3.38
° Zin + Zl ( )
where
1 dlnZ, ]
Zo =2y |1 + —— 3.39
in 00 [ + 3T, da (3.39)

z=0
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for values of the time up to the instant at which the first reflection
from the output reaches the input end; equation 3.24, 3.32 and 3.35
all yield this result. On using the solution 3.22 we find for the
amplitude of the voltage wave incident at the output

= 1 dinZ,| Z, —Z
V,oc.a{l + 1 Zo e S
49T, dx Zy + Zigg
=0
!
Z\2
_1 dhnZ, _-l—fl(‘“n o)dx B (3.40)
4pT, dx 8pJ) T dx
z=1 0

where the factors representing the bulk time delay and the voltage
transformation have been omitted; the nominal input attenuation
factor a is defined by

Z 00

Q =
Z1+Z00

(3.41)

In determining the total output voltage we must take into account
the reflection at the termination and write

Vi=Vi+ V= Pl +p) (3.42)

On substituting for p, from relation 3.30 the following result is
obtained

2
1 dinZy| Z,— 2 1 (1 [dlnZy)\? _
prcafyy LAl Bty L1y,

. —— | = x) . Ii
4pT, dx 0Z1+Z00 8100 T\ da
T=

(3.43)

Normally the impedance of the source will equal the nominal
characteristic impedance of the transformer at the input. This goes
without saying when the transformer is used for the purpose of
conveying maximum power from the source to the load; the same
condition will also usually obtain when we are concerned with a step
up in signal amplitude, rather than maximum power transfer, since
it will be desirable to match the line nominally at the input end in
order to avoid multiple reflections.* However, it is interesting to

* When the transformer is fed from a section of uniform line, of internal
impedance necessarily equal to its characteristic impedance, we would again
arrange that the characteristic impedance of the uniform line was equal to the
nominal characteristic impedance at the transformer input.
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note that an output pulse could be obtained, completely free* from

distortion provided
!
1 dnZ, 'Zl —Zp 1 J'!_ (d In Zo)zdx —0 (344
v+ Zyy 2J)JT\ dx
0 0

T, dx

=

3.4.2.5 Other methods of solution

We are primarily interested in impedances and reflection coefficients
rather than in the several voltage and current waves and PIERCE [314]
has shown how the simultaneous differential equations in voltage
and current can be combined to yield a single first order differential
equation in impedance. If Z = /I is the impedance looking into
the line at the point in question then the following Riccati type
equation obtains

%’.Z—f-k 72— 7Z:=0 (3.45)
If the reflection coefficient p, a function of position, is defined as
p=(Z — B2 + Zy) (3.46)

then equation 3.45 becomest
Ldp Lo dlnZy (o o (3.47)

pdu ' 2 du

This equation has been treated by WALKER and Wax [315], who
use an iterative process and apply the results to the calculation of
the resonant wavelengths of tapered lines. BoLINDER [316] assumes
that the frequencies are such that |p?| < 1i.e. the absolute magnitude
of the reflection coefficient is small. It is deduced that the reflection
coefficient at the input end = 0 is given by

l H
dln ZO —2! joTdx

1

0

where it is supposed that the line, of length I, is matched by a
resistance equal to its nominal characteristic impedance at the

* To the order of accuracy of our present analysis and for values of the time
up to that at which the reflection from the output has travelled to the input,
been reflected there, and arrived back again at the output.

t The equation is exact when p is defined by relation 3.46 but this expression

< =
is not equal to the ratio V¥ unless the line tapers slowly.
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output end « =1{. On integrating once by parts and neglecting a term
d?In Z,

T FrANK’s solution 3.37 is obtained.

containing

In BoLINDER’S paper a critical comparison is made between the
methods here outlined (together with a number of others) as applied
to the case of the exponential line for which exact solutions arc
known. Fourier transform theory of various types of line is also
given and examples of design included.

Before passing on to consider a number of lines which have a
specific law of impedance variation with position a general method
due to CarsoN [317] may be mentioned. The equations

x
V= Vo—fij.f.dx’
b

I= I, | joC. V. d

0

(3.48)

which are simply the formal integrals of equations 2.2 and 2.3, are
solved in series form by a process of successive approximation. The
method continues to be applicable when finite discontinuities are
present and is suitable for numerical computation.

Further information on tapered lines is to be found in papers by
Irin [318], RaymonD [319] and Z1n [320, 321].

3.4.3 Gaussian Line.

In the ideal case of this particular line the logarithm of the char-

acteristic impedance varies smoothly between = — coand x = - 00
according to a Gaussian law of the form
dIn Z 0
1In Zy@) _ go-rs (3.49)
dx

where K and h are constants. In practice, the line must be of finite
length, 2! say, and the distribution is accordingly only Gaussian over
this range (fig. 3.3(a)). Let Z, and Z, be the impedances between
which it is desired to effect a transformation then

Zy(x) = Zy for x << — 1
and

Zyx) = Zyforx >+ 1
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When these conditions are applied to the integral of equation 3.49
taken between the limits -+ I the constant of integration and the
value of K are determined and it follows that

1. Z, erf (hx)]
7 =37 [1 £ r (3.50)

which is the integral Gaussian distribution* for In Z, (see fig. 3.3(b));
the positive sign is taken when # < 0 and the negative sign when
x> 0.

d 1n 2o () In [Zo(')]

dx Z\L-_L2
w2
]
1

(a) i (s)
J/// '
)
!
]

. o H .
-1 (o] l

~1 o 1 x

Fig. 3.3. Gaussian line. (Discontinuities in ordinate (a) and
in slope (b) are exaggerated.)

We may now rewrite relation 3.49 in the form

dn Z, h 1 z,
= e e In ==
dx vV erf (ki) Zy

o= Mt (3.51)

and apply FraNKk’s formula 3.37 to find the voltage reflection
coefficient observed on the uniform line x < — ! when the output
end x = + [ is terminated by a resistive load Z,. It is found that

1
—2p V\Tdz

T av/n erf (h)

} e
p|T(—=0) T+

!

p

Z
.In22. 3.52
nZ1 (3.62)

When designing a line to pass a rectangular pulse with a given
degree of distortion we must first estimate the reflection coefficient

* The error function is defined by

y
erfy = —2—_—_ . fe"“’du

m
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that can be tolerated for the lowest frequency component (say p’ ==
0-1 at the frequency whose half period is equal to the pulse length).
The exponential factor in the last term in the expression 3.52 merely
takes account of phase and accordingly we shall be on the safe side
as regards variation in amplitude if we take the worst case namely

oM Z, l[ 1 1 ] 253
"o T(——l)+T(+l) (3.53)

W= v st |z,
Before we can choose the quantities A and I we must make sure
that the conditions 3.19, upon which the validity of the result 3.37
depends, are satisfied. We first notice that In Z; and all its deriva-

tives are continuous (hence the very low reflections which are found
in practice) and part of the first condition requires that

h 1 Z,| 1

—_—. gn=S—<L1 3.54
4V erf (hl) nZ1 wT< (3.54)

dln Z
We have here taken the worst case (the greatest value of 0

occurs at # = 0) and have presumed that 7' does not vary greatly so
that an average value may be substituted. The condition 3.54 is not
very stringent in practice and an equality sign may be substituted
for a first trial. Further, In (Z,/Z,) will have an order of magnitude
of unity and hence we can write

h==T0T (3.55)

on the assumption that the values of » and I are going to be such that
erf (hl) = 1.

On substituting the equality sign in condition 3.54 we at once
find that equation 3.53 becomes

o] = 2¢= 4" (3.56)

where we have put 7'(— 1) = T(+ 1) = T.

Relations 3.55 and 3.56 determine A and ! approximately and the
procedure may then be repeated more accurately taking into account
the actual values of In (Z,/Z,) and erf (Al).

As a check on the validity of the calculations it must be proved
that the complete first condition 3.19 is satisfied; the integral
correction term which appears in expression 3.20 can be worked out
to see that its value does in fact turn out to be small compared with
unity.
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3.4.4 Exponential Line.

Many contributions have been made to the theory and practice of
exponential line transformers since a more accurate solution is
possible for this type of line. Most writers define an exponential line
as one in which the inductance and capacitance per unit length vary
with position along the line according to the law

L=1Ly.e& (¢ =0,.cH (3.57)

where % is a constant either positive or negative.
The nominal characteristic impedance accordingly also varies

exponentially
L
Zy *A/ A/——~ e = Ly . e (3.58)

but the time delay per unit length is constant, being given by
T=VIL0O =VLL,=T, (3.59)

In the case of rectilinear lines 7' must necessarily be constant,
since it equals the reciprocal of the speed of plane electromagnetic
waves in the medium, but in the case of helical lines 7' may be an
arbitrary function of x and independent of the variations in Z,. A
more general type of exponential line may therefore be defined by

Zy = ZiggeITo (3.60)

where once again u is defined by 3.13. When 7' = T, everywhere,
equation 3.60 reduces to the form 3.58, and % becomes equal to Tx.

3.4.4.1 Approximate Theoretical Results

Turning now to the initial equations 3.14 and 3.15 and substituting
for Z, from 3.60 we have

2 2 _poo (3.61)

I = (3.62)

It is easily verified that the solution of equation 3.61 is
o=V, + PV, (3.63)
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where

—

2=9)/7" (3.64)

P u(3
T w5+ 97 (3.65)

u

it
!

7, and ¥, are arbitrary constants and q is defined by
q - + VPPT2 | k24 (3.66)

Expressions similar to 3.64 and 3.65 are obtained for the currents

— <

(equation 3.62), involving two further constants I, and I,; the
solutions may be written down from the above by simply changing
the sign of &.

We must now examine the significance of the term F qu/T, in the
exponent.

(i) At high frequencies when w7, > |k|/2 we may, as a first
approximation, neglect k2/2 compared with p27'2 in relation 3.66 and
obtain

q=pT, (3.67)
The quantity p then occurs in the results 3.64 and 3.65 only in a
factor eT?%, the solutions accordingly represent waves travelling to
the right or to the left respectively with a time delay % between the
origin and the point «. N

On putting x = 0 = wu it is seen that the constants ¥, and 17 are
the amplitudes at the origin of the two voltage waves (thus justifying

—_— —>

the notation used). The voltage transformation ratio V,/V,,
neglecting time delays, for waves travelling to the right from the
origin to the point z, given by relations 3.64 and 3.60, turns out to be

Z
kul2To A/ﬂ (3.68)
ZOO
(ii) As a second approximation for ¢ we may put
q =pTy + ©*/8pT, (3.69)
Expressions 3.64 and 3.65 then become
ku
— — KU 3 k2u
V, = Vye2Toe P (1 — —S}T'ﬁ) (3.70)
ku
- K
17 = Py 270 gpu (1 ) 3.71
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where terms in 1/p of higher order than the first are neglected. These
results are identical with those obtained by FRANK (equations 3.22
and 3.23) and accordingly we have simply to substitute the par-
ticular exponential law of impedance variation in all the equations of
§3.4.2.3 and § 3.4.2.4 when only approximate results are required.

(iii) The manner in which the transformer treats frequencies
wTy < k/2 is better considered purely from the continuous sine

D P

m— TIME

Fig. 3.4. Approximate treatment suffered by a short rectangular
pulse on travelling along an exponential line.

(a) Input pulse z = 0.
x
(b) Pulse observed at point x. u = f T'(x')dx’.

Also see Fig. 3.9.

wave point of view. On putting p = jw relation 3.66 shows that ¢
is a real quantity. No propagation occurs and the input signal is
strongly reflected (the arrows over the symbols now lose their
directional significance and merely serve to distinguish one constant
from the other). This low frequency cut-off is not complete however,
as in the case of a high pass filter or a waveguide of sufficient length,
since a d.c. connection exists between the source and the load.

As explained in the penultimate paragraph of §3.4.2.2 the
integrating term in equation 3.70 predicts that the top of an initially
rectangular short input pulse will fall linearly by a total fractional
amount k%ur/8T%* where 7 is the duration of the pulse, see fig. 3.4

* It may be emphasized that this result applies to either of the following
cases: (i) the input pulse is obtained from a source of zero internal impedance
and the waveform is observed at a point on an infinitely long line or on a
perfectly matched line, or (ii) the internal impedance of the source is equal to
Z,, and the pulse is observed across a nominal matching resistor connected
at the end (see equation 3.80).
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(accurate graphical results are given in § 3.4.4.3). The following
very useful design formula, due to M.H.L. Pryc¥, is readily obtained
with the aid of relation 3.68

Total delay along line 50 (In N)?
Duration of pulse P

(3.72)

where N is the voltage transformation ratio and P is the percentage
fall in amplitude at the end of the pulse.

As pointed out in the closing paragraph of § 3.4.2.2 this formula
may be used as a criterion for assessing the applicability of the
analysis. If we take P = 109, as a reasonable limit both practically
and theoretically it follows that the voltage step-up ratio must not
exceed the value 1-5 : 1 for the case of a line in which the delay time
is equal to the pulse duration.

For the sake of completness we shall now list the expressions to
which some of the results of §3.4.2 reduce in the case of an ex-

dn Z, kT) _

T,

Voltage/current ratios

ponential line (

(3.26) Yo g, [1 + 5;77] (3.73)
Iu 0
1% k
(3.27) -;_— _— [1 51717] (3.74)
0

Reflection coefficient at an arbitrary termination Z,

k
1——+12,— 2
(1-5r) 22— 2

pr = k
14+——1 27 Z
(14 57) 2+

(3.28) (3.75)

Terminal reflection coefficient when the termination provides a
nominal match

k
(3.30) o= —

4pT,

(3.76)
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Input impedance, omitting terms representing multiple reflections

k EOR
(3.34)  Z, = Zy, {1 et 2pe= U [1 + U]}

) 2pT, 2pT, B 4}:5’—%
(3.77)
Input impedance of nominally matched line
(3.35) Ziy = Zy {1 + SpT, (1 — 6“2’“")} (3.78)

Voltage reflection coefficient observed on a uniform line feeding
the transformer which is assumed to be nominally terminated at its
output end

k

(3.37) p = Py (1 — e—2pU) (3.79)
0

Equation 3.43 shows that the output pulse observed across a
nominal resistive termination due to a source of e.m.f. E(f) of
internal impedance Z, acting at the input x = u = 0 is given by

k Z,—Z KU\ .
T e 2} E (3.80)
4pTy Z, + Zyy  8pT§

(3.43) 7, oca {1 +

where the factors representing the bulk time delay and the voltage
transformation have been left out, and multiple reflections have been
neglected (alternatively, the result can be taken as being quite
correct for times up to the instant at which the wave reflected from
the termination reaches the output again after having travelled
back to the input and been reflected there).

3.4.4.2 General

Information on the exponential line, treated purely from the sine
wave point of view, is contained in papers by Burrows [322]. It is
pointed out that the matching into a resistive load, equal in magni-
tude to the nominal characteristic impedance at the termination, is
improved (at the lower frequencies) by connecting an inductance L’
in parallel with the high impedance end of the line and a capacitance
C’ in series with the low impedance end. The magnitudes are deter-
mined by the relations

L' = 2T Zolk,  C' = 2T, /kZ, (3.81)
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where the values of Z, to be employed arc those appropriate to the
end in question. The problem of improving the matching by insert-
ing high-pass and modified high-pass filter sections has been carefully
investigated by WHEELER [323] and RUHRMANN [324].

In practice the resistive load will inevitably possess a stray capaci-
tance to earth and the usual series inductance may be added to
provide compensation for the high frequency components in the
pulse (§2.4)

Further contributions on the subject of exponential lines are
made by MILNOR [325] who analyses a line in which L varies but C
remains constant. A lumped tapered line, composed of low-pass
filter sections, is also considered; a relatively efficient transfer of
energy takes place if the line is made up of a number of symmetrical
T-sections, connected in cascade, in which the series inductances
increase (for a step-up transformer) and the shunt capacitances
decreage in geometrical progression. This law of variation with
section serial number simulates an exponential variation of Z,. Such
a line behaves as a band-pass filter; the low frequencies are lost
because the line is tapered and the high frequencies vanish because
it is lumped. An early paper by WHEELER and MURNAGHAN [326]
also contains a description of this kind of transformer.

OcranD [327] discusses the use of an exponential line for the
transformation of rectangular pulses. The transformation ratio
which may be obtained with rectilinear lines is small, due to the
limited change in impedance which can be brought about even by
large changes in the transverse dimensions (see graph, Appendix II).
As suggested by Frank, a tapered piece of high permittivity
dielectric material may be inserted to increase the impedance ratio.
Helical lines are attractive since a much wider range of impedance
can be covered by varying both the pitch of winding and the diameters
(sec relations 2.56 and 2.57); the physical length is much shorter than
that of the corresponding rectilinear line, for the same amount of
low frequency distortion, but the high frequency performance is not
as good (§ 2.3.3).

In our analysis of tapered lines (§ 3.4.2.2 et. seq.) we have assumed
that the nominal characteristic impedance varies smoothly but it
can be shown that no such restriction is placed on the values of L
and C separately. Construction of a helical line transformer may
accordingly be simplified if the diameter and pitch are both changed
together suddenly, by comparatively large amounts, at various
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points along the line, in such a manner that there is no discontinuity
in Z,. Thick wire may be used where the pitch is coarse and a fine
gauge employed where the pitch is fine. Discontinuities in the
separate values of L and C should be avoided however when good
high frequency performance is required.

It is not essential, in practice, to follow the exponential law
exactly and construction may again be made easier by winding the
helix on an assembly of short conical insulators arranged such that
the cone angle changes by a small, but finite, amount from one to
the next.

3.4.4.3 Exact Solution

An important contribution to the subject of exponential lines
has been made in two papers by ScHatz and WiLLiams [328, 329].
The cxact inverse Laplace transforms of the complete solution
3.64 plus 3.65 is found when a step function voltage E is applied
at time ¢ = 0 at the input point = 0. Only voltage step-up trans-
formers are considered explicitly (k positive) and the analysis is
restricted to the case of constant delay per unit length (7' = T,
everywherc). The solutions are easily generalized however for a

T
1
variable time delay by replacing x in the results by T f T(x'ydx'.
0
0

The expressions for an arbitrary terminating impedance are exceed-
ingly complicated and the solutions are restricted to cases in which
the following conditions obtain at the end of the line:

(1) an infinite continuation of the same line,

(ii) open circuit,

(iii) short circuit,

(iv) termination by a resistance equal to the nominal character-
istic impedance at the output end.

Even in these particular cases the mathematical expressions are
too lengthy to be written out here and only graphical results for the
first and last cases will be reproduced.

In figs. 3.5 and 3.6 the voltage and current amplitudes, suitably
normalized, are plotted against the parameter ¢/T g in the case of the
infinite line for various values of the woltage step-up ratio et/2.
Fig. 3.7 shows the normalized voltage at the end = [ as a function
of time when the line is nominally matched by a resistance Z, . e¥.
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Fig. 3.5. Voltages V at the point z in a step-up exponential
line of infinite length due to a step input voltage E at time ¢ = 0.
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Fig. 3.6. Currents I at the point = in a voltage step-up exponential
line of infinite length due to a step input voltage K at time ¢ = 0.

The normalized current at the input x = 0 is plotted in fig. 3.8
against the parameter kt/2T, for the infinite line. This curve also
applies for any termination up to the time when the first reflection
from the output end has travelled back to the input.

The distortion suffered by a short rectangular pulse is illustrated in
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Fig. 3.7. Voltage V at output end, as a function of time, for a step-up

exponential line of length ! terminated by a load resistance
equal to the nominal characteristic impedance at the

output.
-0
o8 \
L. 06 N\
€[ \
- Lo
04 N
02 \\
00
\ ‘4_‘/
-02
O 04 08 |2 l~6k 20 24 28 32 36
L
20

Fig. 3.8. Current I at the input end of a voltage step-up exponen-

tial line when excited by a step function voltage E at time ¢ = 0.

The curve is applicable to the cases of an arbitrary length up to the
time of arrival of the first reflection from the output end.

an exaggerated form in fig. 3.9. The voltage and current distribu-
tions, on an infinite line, are here sketched for several instants of
time at which the pulse has arrived at the points z,, z, etc. The
pulse waveform (amplitude versus time), at a particular point , say,
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will present a very similar appearance but reversed left to right
(see fig. 3.4).

Va Y

Fig. 3.9. Sketches of voltage and current distribution with
position on an infinite line, excited by a short rectangular
voltago pulse at x = 0, for the several instants of time at which
the leading edge of the pulse has reached the positions x;, x,, ;.

Practical design considerations, including the effect of losses in the
conductors and in the dielectric material, are also discussed [329].
When the required step-up ratio and the tolerable amount of low
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FROM
PULSE
GENERATOR
Fig. 3.10. Example of tapered line pulse transformer.
frequency distortion are predetermined the curves enable the rate of

taper k and the electrical length to be found. When the transformer
is to be used with very short pulses a rectilinear type of line is



TRANSFORMERS 89

required, and the average conductor radii must be chosen sufficiently
large such that the high frequency distortion due to losses is small.
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IMPEDANCE RATIO

Fig. 3.11. Variation of ratio of conductor radii with length
parameter kx, or impedance ratio, for coaxial exponential line
pulse transformer.

One must then check that the dielectric losses are not the limiting
factor and when only approximate values are required the formulae
given in § 2.2.6 may be employed.

The vertical coaxial arrangement of fig. 3.10 is recommended for
ease in filling with powder or liquid dielectric. If a(x) and b(x) are
the radii of the inner and outer conductors respectively then the
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formula for the characteristic impedance of a coaxial line (Appendix

II) yields the relation

b exp kx

ble) _ (9.) (3.82)
a(z) @y

In fig. 3.11 is plotted the ratio of the conductor radii against the

length parameter kx for various values of the nominal characteristic
impedance Z, at the input.

3.4.5 Linearly Tapered Coaxial Line.

In practice there is not a great deal to choose between the various
types of transformer—the Gaussian line gives best performance for a

.
201'—";——11?I ———————— f‘bh_—bf‘_zor

Fig. 3.12. Linearly tapered coaxial line transformer.

given length, the exponential line is most readily dealt with theoretic-
ally and a rectilinear coaxial system in which the radii taper linearly
is the easiest to construct.

The latter arrangement has been discussed in detail by GENT and
Warris [330]. We suppose that a uniform coaxial line of given
characteristic impedance Zg ohms and given conductor radii a,, b,
(see fig. 3.12) is to be transformed into a line of characteristic
impedance Zg,. It is found that optimum bandwidth is obtained
when both conductors are tapered.

(1) If the radii of the second line are at our disposal they should
be chosen according to the formulae

@G _ b (za-zwnz0 (3.83)

a b,
where Z, = 60 In (by/a,)Q for an air spaced line.

(ii) If one of the radii of the second line, a, say, is given, and
therefore b, also predetermined, we must first taper to values
a' and b’ determined by relations 3.83 above. A conical section
is then inserted to provide a smooth transition from the radii
a’, b’ to the final radii a,, by, all at the constant impedance Z,
after the manner described in § 2.2.4.2 fig. 2.5(b). The length of
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the tapered section should be of the same order as the longest
wavelength it is desired to transmit but the constant impedance
transition need only have a length equal to several times the
diameter of the outer conductor at its larger end.

In a specific example, for a 120 Q to 70 Q step-down transformer
the voltage reflection coefficient viewed in the uniform line, on the
high impedance side, was found to be less than 249, at all frequencies
for which the taper was more than 1-31 long.

3.4.6 Other Laws of Impedance Variation.

BarrnanTINE [331] has investigated lines in which both the series
impedance and the shunt admittance per unit length are propor-
tional to 2% or to 1/2% and ‘the analysis has also been extended to
analogous lumped lines. STARR [332] has considered the more
general case where the impedance and admittance vary as any power
z® and a solution is obtained in terms of Bessel functions. Several
particular values of n are discussed as special cases.

ArNoLD and BECHBERGER [333] and ArRNOLD and TAYLOR [334]
have found the input impedance and attenuation of a line in which the
inductance (and series resistance) vary linearly with distance and the
capacitance (and shunt conductance) are constant. Such analyses
would apply directly to the case of a helical line of variable pitch and
constant diameter enclosed in a constant diameter outer sheath.
CHRISTIANSEN [335] discusses a four wire open line arrangement
which approximates well to an exponential line. The separation
between all four wires varies linearly with distance and changes its
slope at only one point on the line.

3.5 TRANSMISSION-LINE TYPE OF PULSE INVERTER

The tapered line transformers described above give an output of the
same polarity as the input signal. In order to provide a complete
alternative to the lumped pulse transformer, with its property of
optional phase inversion, it is necessary to have available a trans-
mission line arrangement which will perform the inverting operation.

In the realm of short wave radio transmission considerable atten-
tion has been given to the problem of feeding an unbalanced system
from a balanced one or vice-versa. This problem, of course, includes
that of phase inversion. Networks (BrRowN [336]) employing a
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limited number of lumped reactances have been used in the radio
field but the very limited bandwidth of such arrangements prohibits
their use in pulse applications. A device known as the ‘“balun’ or
quarter wave sleeve transformer described, for example, by
MarcHAND [337, 338] or FuBIiNI [339], has been developed by
Lrwis and WHITBY [340] for wide band applications.

3.5.1 Principle of Operation.

Consider a length of coaxial cable, of characteristic impedance
Z,, fed at the end 4 from a source of e.m.f. 2K and resistive internal

A CABLE SHEATH INSULATED
/\ FROM EARTH EXCEPT AT END 4 P
/

QUTPUT +
’

\

/
2, Z
/ < 03
Z e NG
/ 2’ =
2E QUTPUT —
INPUT

Fig. 3.13. Simple pulse inverter using coaxial cable.

impedance equal to Z, (fig. 3.13). The outer conductor of the cable is
everywhere insulated from earth except at the input end. A
potentiometer of resistance also equal to Z, is connected as shown
at the far end, and we are interested in the voltage signals, with
respect to earth, which appear at the points P and @.

Once the signal, a voltage step function for example, has been
launched into the cable at the end A a voltage wave of amplitude E
travels down the cable in the normal principal mode. Clearly the
wave propagation is quite unaffected by the position of the potentio-
meter slider. When the latter is set to the end @ the normal signal E
appears at P and no reflection occurs since the potentiometer
provides a match. If the slider is now turned to P an inverted output
will be observed at @ and if the potentiometer is set halfway a
symmetrical output is obtained.

The device clearly ceases to function at low frequencies, when the
point P is earthed, since the generator is then short-circuited;
performance on long pulses must therefore deteriorate. The voltage
wave B has associated with it a current I = E/Z, which flows along
the inner conductor and an equal and opposite current — I which






Fig. 3.14. Ultra-high-frequency choke arrangoment.
(Ruler marked in centimetres.)

15. Helical transmission line arrangement.
(Upper scale of ruler marked in inches.)




TRANSFORMERS 93

tlows in the cable sheath. Because of the skin effect this latter current
is confined entirely to the inside surface of the sheath. At the
output end a part, I’, of the current I flows from the outside of the
sheath, round the end of the cable and onto the inner surface of
the sheath. It is the difference current / — I’ flowing through the
terminal resistance which provides the voltage drop across it and
gives the negative output signal (thc wave reflected at the end @ is
neglected for the moment). The current I’ is given by the actual
negative voltage output at @ divided by the rather indefinite im-
pedance Z’ of the outside of the cable sheath viewed from the end ¢
looking back towards the earthed end 4. Owing to the skin effect the
currents / and I’ are quite independent of one another and our
concern is to keep I’ as small as possible i.e. Z’ as large as possible,
over the relevant band of frequencies.

The simplest procedure (fig. 3.14) is to coil up the length of cable
following the normal methods of U.H.F. choke construction in which
self-capacitance between groups of turns and the capacitance to the
earthed screening can, in which the whole arrangement is enclosed,
are a minimum. The spacing between the turns of the choke should
be greatest at the output end, where the outside of the sheath is
live, so that capacitances there are least. The spacing may then
decrease towards the input end where the sheath is earthed.

As far as the primary wave is concerned, in the case when P is
earthed, the cable appears to be terminated by a resistance Z; in
parallel with a reactance pL where L is the inductance of the choke.
The output pulse, corresponding to a step function input pulse,
therefore decays exponentially with a time constant equal to 2L/Z,.

In the arrangement shown in fig. 3.14 about 9 yd of 72 Q cable
(%5 in. diameter) are housed in a container 5% in. long, of diameter
equal to 74 in. A pulsc rise time of less than 2 musec is obtained with
a 129, loss in amplitude. Theoretical and experimental values of
0-8 usec are obtained for the time constant 2L/Z,.

The terminating potentiometer, which we have introduced in order
to explain the mode of operation, is not incorporated but two output
plugs are provided, one connected to the inner conductor and the
other to the sheath, at the output end. A shorting socket is available
by means of which the appropriate earth connection to P or @ may
be made; an output of either polarity may thus be obtained at
will by simply changing over the output lead and the shorting
socket.
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Advantages possessed by the device include perfect linearity, ease
of construction, and the capability of handling high powers. Among
disadvantages may be listed (i) considerable physical size, (ii) the
time delay suffered in the normal transit down the cable, (iii)
the additional, though small, high frequency attenuation due to the
normal transit, and (iv) most important of all, limitation to imped-
ances for which flexible co-axial cable is available.

3.5.2 Helical Line Arrangement.

At the higher frequencies with which we are concerned the choke
will behave more as a complex transmission line rather than as a
pure inductance. An alternative arrangement is shown in fig. 3.15
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Fig. 3.16. Output voltage at point Q(P earthed) for helical
transmission line arrangement.

in which the outside of the cable sheath and the containing cylinder
form a transmission line with a helical inner conductor. The normal
propagation inside the cable itself is again unaffected by the coiling,
and the performance of the inverter at high frequencies should be
improved since the stray capacitances to the outer screen now
combine with the inductance of the helix to form a line of definite
high characteristic impedance Z). Since the latter, which in the
case of P earthed appears in parallel with the termination Z,, is
ideally purely resistive, a short input pulse should be inverted with a
perfectly flat top which is not exponentially differentiated. The
output pulse length, for a step function input, is limited by successive
reflections to and fro in the helical line which is shorted at the end 4.
Each time the wave on the helical line reaches @ most of it is reflected,
since Zy > Z,, but a small voltage change appears across the resistive
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termination in opposite phase to the main signal. The amplitude
of the reflected waves dies away after repeated reflections (even if the
line is assumed lossless) and a series of steps of successively decreasing
magnitude follow the arrival of the main pulse* (fig. 3.16).

When the reflection at @ in the Z, line of the initial pulse is taken
into account it is easily shown that the parameters z, y, z of fig. 3.16
are given by

Zy ZoZy Zy — Zy/2
2y — Zy2 y= (Zg + Zo/2)% °T Zy + Zy[2

In this diagram [ is the length of the helical line and 7" the delay
per unit length in this line. Best performance is obtained when
both Zjand 7" are greatest i.e. when the inductance is greatest. The
outside cylindrical container might well be slotted longitudinally in
several places to reduce the shorted turn effect (§2.3.1) and the
interspace could profitably be filled with a magnetic material.

The high-frequency performance of the device is determined by the
variations in Z; which occur due to the effects discussed in § 2.3.3.
The input impedance of the helical line falls rapidly after the self
resonant frequency of one turn is exceeded (equation 2.65).

In the particular arrangement shown in fig. 3.15 about 50 turns of
4 in. diameter 72  coaxial cable are wound on a 2 in. diameter
insulated former. The whole is contained in a cylinder 18 in. long
and 4 in. diameter; Z, thus has a calculated value of about 570 Q,
and a double delay time, in the helical line, of about 40 musec is
expected. The latter figure was confirmed experimentally and an
outiput pulse fell in steps to one-third of its initial value in a period of

x (3.84)

* It would be advantageous if the space between the helical line and the
outside cylinder were filled with a lossy material, to damp out the reflected
waves, provided this could be done without lowering the impedance Zg unduly
or making its value markedly dependent on frequency at the highest frequencies
of interest.

The importance of considering the behaviour of a system to a step function
input rather than its response to a train of continuous sine waves is well
illustrated here. The input impedance of a length I’ of transmission line, short
circuited at the far end, varies with frequency between zoro, when I’ = nl/2,
and infinity (in the lossless case) when I’ = (2n + 1)4/2; at frequencies
between these resonant points all values of inductive and capacitative reactance
are encountered. At first sight this variation of impedance with frequency
would indicate a hopeless state of affairs since we have been emphasizing that
the input impedance Z’ must remain independent of frequency for a distortion-
less output to be obtained. On the other hand, when a step function input is
considered, and the reflections suffered by it are taken into account, the
output waveform shown in fig. 3.16 is easily predicted; distortion does in
fact occur but its precise nature is resolved quite simply and it is found to be
not nearly so bad as might have been feared.
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0-3 usec. A rise time of less than 2 musec. was observed and the
values = 0-9, ¥y = 01 and z = 0-9 were found to obtain.

The advantage possessed by the helical line arrangement, over
the choke method of construction, whereby a short pulse (duration
less than 27"1) is reproduced with a perfectly flat top, is off-set by
the occurrence of small subsidiary pulses after the main pulse. The
existence of these is predicted from fig. 3.16 (see § 1.4).

RocnerLe [341] has developed independently a similar type of
inverter which closely resembles the original balun. The coaxial
arrangement depicted in fig. 3.13 is simply enclosed in a long

LOW l (F I HIGH

IMPEDANCE l/ l IMPEDANCE

Fig. 3.17. Combined coaxial tapered line transformer and
inverter.

cylindrical outer container. The impedance Z’ is now the character-
istic impedance Z, of the rectilinear coaxial line formed by the cable
sheath and the outer cylinder. Practical limits on diameter make it
impossible to produce an impedance Z; which is very much greater
than the impedance Z of the cable and considerable loss in amplitude
of the main pulse will result. Again, the double delay time 27" can
only be made long by employing a structure of inconveniently great
length. An arrangement 20 ft long is required to pass pulses of
duration similar to that handled by the coiled inverters described
above. The completely rectilinear system will be superior, however,
at the very highest frequencies, since the input impedance at the
outside of the cable sheath will remain at the normal value Z; right
up to frequencies corresponding to a wavelength of the order of the
diameter (3 in.).

A rectilinear inverter and tapered line transformer may readily
be combined together as indicated in fig. 3.17. In order that the
impedance Zg may be as large as possible compared with Z the live
end of the taper sheath should coincide with the low impedance end
of the system. The arrangement is, of course, reversible.

3.6 COUPLED LINE TRANSFORMERS

We have seen how lumped pulse transformers and transmission
line systems may be employed for the purpose of impedance
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transformation and phase inversion. Another class of device suggests
itself for this purpose which consists of two coupled transmission
lines. The primary leakage inductance, and the capacitance of the
winding, which were troublesome in the case of the lumped trans-
former are now spread out into a distributed system. Very good
high frequency performance would be expected and the use of
ferromagnetic material would be avoided.

Fucns [342] and Brocu [343] have given accounts of the theory of
coupled open wire rectilinear lines and Karaxasu [344] has used an
arrangement such as that depicted in fig. 3.18. This device has
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Fig. 3.18. Coupled transmission line type of band-pass filter.

band-pass filter properties but it might be possible to devise a
transformer after this fashion, by arranging that the two lines
possess a different characteristic impedance.* Crout [345] has
analysed coupled distributed circuits in general terms and applied
his method to pulse transformers with distributed parameters.

An analysis has been made by Lewis [346] of an arrangement
consisting of two coupled helices in proximity to an earthed straight
conductor.f Such a system can, in gencral, support waves travelling
with two distinet velocities corresponding to in-phase and antiphase
modes. An input pulse, at one end of one line, splits into two pulses
which travel with the two velocities; both pulses appear on both
lines. The device thus, in general, tends to produce double pulses,
which are not necessarily each of the same polarity. Steps may be
taken to suppress one of them. It is found that the value of the
matching resistance required for the terminations is different for the
two modes unless the helices are wound in opposite directions, in a
concentric system, and the coefficients of inductive and capacitative
coupling made equal to one another . In addition to the input and
output matching terminations there are two free end points which

* The arrangement as it stands will givo rise to considerable distortion, but,
when the output pulse is to be used simply to trigger some other circuit such
distortion may be of no consequence.

t Further information on coupled systems is given by Marson [347],
MaTHEWS [348], HUMPHREYS et al. [349].
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should in general be correctly terminated if multiple reflections are
to be avoided. The incorporation of these extra matching resistances
brings about a considerable loss in signal power.

Rectilinear coupled lines would have an advantage in that all
waves, in the principal mode, travel with the velocity of light; no
disadvantages in the way of double pulse production would therefore
be encountered.

RupENBERG [350, 351] has recently produced transformers in
which the primary and secondary windings are wound together as a
bifilar coil. Design involves the matching of wave velocities and
wave impedances. An unwanted mode may be damped out by placing
lossy material in the appropriate region. Bandwidths of up to
500 Mc/s have been measured and no significant resonances were
observed. A resolution of a few millimicroseconds was obtained, the
upper limit being set by skin effect losses and by the self-resonant
frequency (§ 2.3.3.2) of one turn. Such transformers, which contain
no ferromagnetic core, can be used for inversion, balance to unbal-
ance conversion, circuit isolation and, of course, voltage trans-
formation.



4
PULSE GENERATORS

4.1 INTRODUCTION

AN essential piece of equipment for testing high speed circuits is the
pulse generator. A rectangular output pulse is usually required,
having as short a rise time as possible, and the amplitude and dura-
tion should both be controllable and values known. The various
types of circuit readily fall into one of two classes. In the first group
the pulses are produced at instants of time determined solely by
the generator itself. Usually they occur more or less regularly at a
known controllable repetition rate but in some applications a random
source of pulses is employed.* In generators of the second class the
circuit is triggered by some external agency and we require that the
pulse be produced with a minimum of delay, usually, and such delay
as there is should not be subject to random variations, i.e. should
be jitter free. Circuits falling into the latter class can be employed
as primary generators by the addition of a relaxation or other
oscillator arranged to produce triggering pulses at the desired
recurrence frequency. The rise time requirements on the triggering
pulses may be several orders of magnitude less stringent than the
requirements which the final output pulse must meet. Conventional
microsecond techniques may therefore be employed in this part of
the unit.

A circuit described by EspLEY [402, 403] is of interest in illustrating
how far the ‘“‘conventional” methods of employing several stages
of pulse squaring, followed by amplification, may be extendedf.
The repetition rate is accurately controlled by a 166-7 ke/s quartz
crystal and a 85 V 20 musec. pulse is obtained across a 35 € load.
The arrangement, though elaborate, has the advantages of a high
recurrence rate and stability in pulse timing to the order of 1 musec.

* See, for example, a scintillation counter pulse generator described by
WeLLs [401].

t+ The arrangement is not entirely conventional however as distributed
amplifiers (see Chapter 5) are used.

8 99
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4.2 DISCHARGE LINE TYPE PULSE GENERATORS

The simplest type of pulse generator* is illustrated in fig. 4.1(a). An
open ended length of transmission line (or lumped delay line, or
even a single condenser) is charged through a high resistance to a
D.C. potential V. The line is discharged into a load resistance Z by
means of a switching device; this opens after each closure to allow
the line to recharge, thus enabling repetitive pulses to be produced.
The load Z will normally be equal to the characteristic impedance
Z, of the line but it is instructive to consider the case in which the

AD.C. SUPPLY +V¥
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LEAK
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Fig. 4.1. (a) Basic circuit of discharge-line pulse generator.
(b) Equivalent circuit for analysis.

two are different. The effect of closing the switch (see § 1.6) is the
same as that due to a generator, connected as shown in fig. 4.1(b),
which applies a step function e.m.f. of magnitude V.

On looking into the line at 4 a certain impedance Zy,, given by
equation 2.32, is seen. The signal voltage V5 which appears across
the load Z is given by the simple potential divider formula as

- Z _
Vp=————. .
B 7 Z, vV (4.1)

In relation 2.32 p, is put equal to unity since the line is open-
circuited at the end remote from the generator, and thus

7 4 . (1 _ e-—ZpTl)
Z
Vy= + Z" i 4 (4.2)
_Z-2 . e—2PT
Z + Z,
For the case Z = Z, this reduces to
V= (1 —e 2T 72 (4.3)

* See Bibliography—GrascoE and LEBACQZ, also WHITE [404].
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and when the inverse Laplace transform is taken it is found that the
output pulse is rectangular in shape, has an amplitude V/2, and lasts
for a time 277 i.e. the double delay down the line.

In the case when Z differs slightly from Z; we may put Z/Z, =
1 4 & where ¢ is a small quantity. On expanding the denominator
of relation 4.2 it is found that

- o ) V
Po=[(1+5) —erm L] T

where terms in ¢? are neglected*.

The output pulse now has the form shown in fig. 4.2. The wave-
form is drawn for the case Z > Zji.e. ¢ >> 0 and further subsequent
steps, being of negligible amplitude, are not shown.

VB‘

o 2Tl ? 4Tl TIME
Fig. 4.2. Output pulse when Z = Z(1 + ¢), e € 1.

In practice the switch may have a finite, possibly variable,
resistance ¢Z, which may be included in the resistance Z for purposes
of analysis. The actual output obtained across a load Z, will then
be equal to ¥ ,/(1 + ¢) where Vg is as given in equation 4.4 above.
The output pulse is still as depicted in fig. 4.2 but the amplitude of

€
the main pulse is now equal to 5 (1 — 5) . Anobserved experimental

* The reader may question the rigour of the present analysis on two points:
(i) the switching theorem as stated in § 1.6 applies to a system containing
e.m.fs. not necessarily charged capacitors, and (ii) in our Laplace transform
analysis we have implicitly assumed that the system is unenergized up to time
t = 0. The following procedure may be adopted if preferred.

First we note that the Laplace transform of df/dt is pf — f(0) where f(0) is
the value of the function at ¢ = 0. In place of equation 2.3 we then have

% = —pCP, + 0OV
where V is the d.c. potential to which the line is charged everywhere initially.
The wave solutions and the current values are unaffocted but a term V/p must
be added to the right hand side of relation 2.9. The same relation as before
applies at the open end, where no current flows, but the additional term must
be included when applying OrM’s law at the load end. Exactly the same final
result is obtained.
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waveform, like that shown in fig. 4.2, indicates the presence of
switch resistance and any jitter in amplitude, particularly in the
small secondary pulse, is attributable to resistance variations.

4.2.1 Mechanical Relays.

It is now well established that certain types of electromagnetic
relay satisfactorily perform the switching function. Generators
employing relay switches naturally belong to the first class mentioned
above.

4.2.1.1. Mercury Relays

Simple metal to metal contacts are not usually satisfactory because
of contact bounce which may lead to the production of multiple
pulses. A technique has been developed by BrRowN and PoLLARD
[405] in which solid platinum contact surfaces are continuously
wetted with mercury by means of a capillary connection to a reser-
voir below the contacts. The mercury film prevents the contact
from breaking when the armature bounces slightly on making
contact. Only one pulse is accordingly produced for each relay
operation. The whole assembly is sealed in an atmosphere of hydro-
gen at some ten atmospheres pressure. This enables a high voltage
gradient to be withstood right up to the instant of contact and the
high gas mobility assists in the dissipation of heat. Such relays,
~ which are of the small high speed type, are considered by BRowN and
PoLrarD to operate satisfactorily if no spark is visible at make i.e.
provided the line voltage does not exceed 50V, or, for higher
voltages, provided the energy flowing is not greater than 40 micro-
joules. It is recommended that the current build up rate should not
exceed 25 A/usec. otherwise the mercury bridge may be vapourized
giving a discontinuity which may last for a few microseconds.

Circuits are described by MoobY et al. [406] and by GARWIN [407]
using Western Electric relays types 275B, 276B and D-168479.
These relays are not coaxial types and require to be mounted in a
coaxial housing. Pulse rise (and decay) times of less than 0-2 musec.
are claimed by GARWIN at repetition rates of 60-120 c/s. It is interest-
ing to note that appreciable distortion is suffered by a pulse on
passing through 10 m of solid dielectric shaping cable.

It appears that such mercury relays are reliable, for the present
application, at line potentials of less than 10 V (when no spark occurs
at make) or at potentials greater than 100 V when a definite gas
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discharge occurs prior to mechanical make. Two types of contact
mechanism may thus be called into play. At intermediate voltages
uncertain operation may be encountered in which the main pulse
may be reduced in amplitude being followed, throughout an interval
of a few microseconds, by irregular secondary pulses.

4.2.1.2 Coaxial Relay

As already mentioned, the above relays were designed as high
speed types, with no view to any r.f. application. Their success as
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Fig. 4.3. Section through 72 Q coaxial vibrating switch.

millimicrosecond pulse generators is due to the small size which
enables them to be mounted as part of a coaxial system in which
little reflection occurs. The design is not ideal however, from the
r.f. point of view and WrITBY and LEwis [408] have constructed a
vibrating relay in which attention has been paid to preserving the
coaxial nature throughout. Simple platinum contacts are employed
and the device, as here described, tends to produce multiple pulses.*

The arrangement, which is comparatively large in size and there-
fore rugged, easy to construct, and capable of handling higher
powers than the mercury relays, is shown in fig. 4.3. The inner
conductors A4, B, C are made of steel, silver plated to reduce skin

* A very short platinum wire dipping into a minute mercury cup might be
employed.
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effect losses, and the vibrating member B is hinged by means of a
piece of steel spring strip D 0-02 in. thick. The magnetic field due
to A.C. flowing in the coil £ (5000 turns No. 38 S.W.G. enamel),
induces opposite magnetic poles across the contact gap F and
attraction provides the driving force (in the equilibrium position the
member B makes a small angle with the axis and the contacts do not
touch). The outer conductor @ is split longitudinally into two halves
and the whole inner assembly is clamped rigidly against the split
perspex insulating supports H by pairs of saddles I (} in. thick brass)
on the outside of the outer conductor. The longitudinal gap is not
quite closed so that the alternating magnetic field shall not be
diminished by a solid “shorted turn” effect. The longitudinal gap
does not affect the wave propagation in the principal mode. The
ratio of the conductor diameters is chosen to give an impedance of
72 Q and the effect of the dielectric supports H is corrected for, to a
first approximation, by the appropriate change in diameter.

The inner and outer conductors are stepped near the ends in order
to facilitate plug-in connection into the rest of the circuit. A conical
adaptor is required to provide a gradual change from relay dimensions
to coaxial cable diameters, as discussed in §2.2.4.2. A pulse rise
time of the order of 1 musec. was obtained (the limitation lying in
the display equipment used rather than in the relay itself) at a
repetition frequency of the order of 100 ¢/s. At line voltages exceed-
ing 100 V a spark is clearly visible before make. Rise time perform-
ance is not impared and the pulse edges are equally sharp at all
voltages.

4.2.1.3 Spark Mechanism

It was interesting to observe with the above relay that, at the
higher voltages and with a critical amplitude of vibration such that
the contacts never touched each other mechanically, the output pulse
was as sharp as ever being produced by the gas discharge mechanism
alone. Line potentials of 600 V have been used satisfactorily and
this suggests that the device, if suitably pressurized to run at much
higher voltages, might have useful application as a mechanically
triggered high power spark gap modulator [231]. Electrically trig-
gered spark gaps giving very sharp pulses are described by FLETCHER
[409], and a surge generator giving 80 KV 1700 A pulses of duration
0-8 usec. and a rise-time of less than 10 musec. has been used by
GooDpMAN et al. [410].



PULSE GENERATORS 106

4.2.1.4 Practical Circuit

A typical relay type pulse generator circuit, for general test
purposes, is shown in fig. 4.4. The D.C. charging potential can be
easily varied and its value read on a voltmeter. Pulses of either
polarity can be obtained at will (a very attractive feature possessed
by the relay type of circuit). The relay may be driven from the
A.C. mains or from a low frequency oscillator:* the frequency of
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Fig. 4.4. Typical relay type pulse generator giving two outputs.

the latter should be variable so that the relay may be pulsed at the
frequency at which it vibrates most smoothly. Assorted lengths of
cable, or plug-in sections of coaxial line should be available to
provide various pulse lengths. The number of plug and socket
connections should be kept to a minimum to avoid unnecessary
reflections.

It is important that the charging leak resistor be mounted as
closely as possible to the end of the line in order to avoid stray
capacitance which would modify the reflection coefficient at the
nominally open end. If the relay is prone to give rise to multiple
pulses their effect can be much reduced by suitably choosing the
cable charging time-constant (equal to the product of the leak
resistance times the total capacity of the line). The time-constant
should be as long as possible so that negligible partial recharging

* When only a very low repetition rate is required the unit may be simplified
by using one of the all-relay oscillators described by Ives [411].
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can ocour between bounces after the first make, but short enough to
allow complete charging during the off part of the cycle.

More than one output channel is usually required, and the two-way
and three-way matching pads depicted in fig. 4.5 may be used.
These provide a resistive match Z, looking into any of the arms when
all the other arms are terminated by resistances Z,. Amplitude
attenuation figures are quoted. Care must be taken to avoid
reflections, due to stray reactance and the resistors must be mounted
in some form of coaxial housing (see §4.5.3).

One output channel is usually required for triggering an oscillo-
graph and the signal pulse will have to be delayed to allow for the

Vout

(o) Yout

(b) Vout

Fig. 4.5. (a) 2-way matching pad R = Z,/3 Vout/Via = 1/2.
(b) 3-way matching pad R = Zy/2 Vou/Via = 1/3.

time-base circuit start-up time. This may be accomplished by
including a suitable length of cable* anywhere in the signal circuit
under test. When small signal pulses are required, together with a
large trigger pulse, an attenuator (§ 4.5) may be inserted in the
signal channel.

Such a pulse generator is attractive from the points of view of both
simplicity and accuracy in pulse amplitude and duration. The
latter depends on the propagation characteristics of the line and it
has been found by Brown [413] that the electrical length of a typical
dielectric-filled cable varies by only 0-19%, over a period of one year
including temperature changes of 10°C.

As an example we may quote from the specification of the Spencer
Kennedy Model 503 Pulse Generator. This employs a Westinghouse
475B mercury relay in a 50 ohm coaxial housing. A 2 musec. pulse
rise time is obtained and various voltage ranges from 0-005 to 100 V
are available, the amplitude being variable from zero, in each range,

* When a fine control of relative delay between two signal channels is
required a telescopic line lengthener, such as the one described by MCALISTER
[412], may be inserted.
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by a potentiometer. Pulses of either polarity may be selected and
the recurrence frequency is variable in a number of steps from
45 to 200 cfs.

4.2.1.5 General

A disadvantage of relay type generators is the low repetition rate
usually encountered. Fincu [414], however, has used a modified
form of the reed type mercury-fed relay, described by BrownN and
Porrarp [405], which operates at 480 c¢/s. A model was later con-
structed to function at 1000 ¢/s. These relays are incorporated in an
instrument designed primarily for testing networks that can be
arranged to store a D.C. charge (a potential of about 50 V isemployed).
The network is discharged by the relay, and produces a pulse char-
acteristic of itself. The waveform is displayed together with one
produced simultaneously by a standard similar network and direct
visual comparison can then be made.

While on the topic of relays we may digress to mention certain
types, which, although not suitable for pulse generation, have been
designed for wide-band r.f. switching purposes. They may be
applied to the remote switching of pulse channels but may also be
used to advantage in place of conventional wafer or toggle switches
even when distant operation is not involved.

The Londex coaxial relay type SCX, employing silver contacts,
provides a single pole changeover at impedances of 45 or 72 Q. The
maximum recommended frequency is 150/200 Mc/s and a power of
75 watts can be handled if the line is properly terminated. The
capacity between open contacts is of the order of 1 pF.

Messrs. Thomson Products Inc. list a range of 50 Q impedance
single pole multi-way types (including a double-pole changeover
unit) which give a maximum voltage standing wave ratio of 1-5 in
the range 0-10,000 Mc/s.

4.2.2 Thyratron Pulse Generators

A gas discharge device, or thyratron valve, may be used to perform
the switching function in a line type pulse generator. Such tubes
can be triggered from an external source of pulses and the arrange-
ment would accordingly be expected to fall into the second class of
circuits indicated in §4.1. The jitter in triggering delay may be
too large for some applications however and the generator should
rather be treated as belonging to the primary class. Thyratron
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circuits have one advantage over relay pulse generators in respect
of the considerably higher recurrence rate at which they may be
operated.

Much work has been done on thyratron design for use in low and
high power modulators in the microsecond region. Information may
be sought in papers by BirnBaum [415], CHANCE [416], KNIGHT
[417, 418], MuLLIN [419], RomaNowiTZz and Dow [420], WEBSTER
[421], WITTENBERG [422], and in the book by GLASCOE and LEBACQZ
(see Bibliography). The application of thyratrons to the millimicro-
second range is discussed by YU et al. [423] general conclusions being
that a jitter of down to 2 musec. can be achieved, but with difficulty,
and maximum recurrence frequencies of 5-10 Kc/s are obtainable.

lchD TRIGGER AND

HEATER LEADS FED
” VIA R.f CHOKES

== Jfor—=—

Fig. 4.6. Sketch of coaxial housing for hydrogen thyratron.

The miniature thyratron type 2D21 (CV797) has been used with
success. The valve is a xenon filled tetrode capable of passing 500 mA
peak current. FowLER [424] describes its use in a noise source
application in which the thyratron discharges a single condenser to
produce a saw-tooth shaped pulse which is then differentiated. The
ionization time is about 300 musec. when the “‘screening” grid is
connected to cathode and a 60 V positive drive pulse is applied to the
control grid. The de-ionization time, which determines the time
interval which must elapse before the full anode voltage may be
restored, can be reduced by holding the control grid highly negative
between pulses. Steady operation at a recurrence frequency of
7 Ke/s is obtained when the grid is biassed to — 95 V.

The thyratron type 2050 and the hydrogen filled thyratrons
types 3C45 and BT79 (see KnicHT and Hooker [425], HEIns [426])
have also been employed by other workers with satisfactory results.
The hydrogen tubes are suitable for use at recurrence frequencies
well in excess of 10 Kc/s. Factors affecting the rise-time, particularly
in the case of the miniature hydrogen thyratron type 5C22, are dis-
cussed by Wooprorp and WrLrLiams [427]. A rise-time of a few
millimicroseconds is obtainable with this valve.

The output pulse rise-time may be limited by circuit inductance
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rather than by the thyratron itself. Switching times of down to
2 musec. may be obtained when the valve is mounted in a coaxial
housing such as that shown in fig. 4.6. The arrangement, as applied
to a conventional thyratron (even with a top-cap anode), is by no
means perfect from the r.f. point of view. In an ideal design the
anode together with its lead out should be a straight circular rod
and the cathode output should be in the form of a hollow tube of the
same diameter. The emitting surface might be placed across the
end of the cathode tube, the whole thus forming a coaxial line when
enclosed in a cylindrical case. Heater leads and the grid trigger lead
could run inside the cathode tube without affecting the wave
propagation in the main line. Commercial production of such a
thyratron or triggered spark gap would be desirable.

4.2.2.1 Practical Circuit

A practical circuit described by WELLs [227] is shown in fig. 4.7.
The 330 Q open-circuited cable in the anode circuit of the thyratron

+400V.
+300V.

g
22Mn $

-VE 20pus
PULSE
DELAYED
70us FROM
TRIGGER

TRIGGER
INPUT

700 CABLE

= douTPyT

b8a

Fig. 4.7. Thyratron discharge-line type pulse generator.

V1, which determines the pulse length, is discharged into the 70 Q2
output connecting cable. The latter is matched at the near end to
absorb any pulses which would be reflected from the far end should
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the load not provide the correct termination. In the circuit as shown
the 330 Q cable is terminated by an impedance equal to that of the
thyratron in series with about 35 Q (the impedance of the output
cable in parallel with the 68 Q resistor). The pulse shaping line is
thus not properly matched and multiple pulses are produced by
reflection in this line; the secondary pulses which reach the output
are of negligible amplitude however.

In order that a well shaped output pulse may be obtained care
must be taken in the first instance to reduce as far as possible the
stray capacitance to earth at the anode of the valve; the value may
then be adjusted to give optimum pulse shape by the addition of a
small 5 p¥ variable capacitor. In the case of the thyratron type
2D21 the screening grid must be taken to earth through a resistance
of at least 10 KQ* by-passed by a small capacitance.

The thyratron grid is biassed beyond cut-off by a potential of
— 20V and the circuit is triggered by applying a large positive
pulse. The amplitude of this should be at least 100 V in order to
keep the ionization time below 100 musec. This triggering delay
time was found to be remarkably constant for thyratrons type
2D21 and 2050; random variations did not exceed 1 musec. provided
the power supplies were stable.

A positive output pulse of 30 V amplitude is delivered into the
70 Q cable. The amplitude is determined by the supply voltage, the
impedance of the pulse shaping cable, and the impedance (35 Q) at
the thyratron cathode plus the series impedance of the valve itself.
The latter is small and the output amplitude is almost independent
of the thyratron used. Good stability is achieved.

The rise-timet of the front edge of the output pulse is about
10 musec. for the 2D21 and about 5 mpusec. in the case of
the 2050.

After the thyratron has been triggered the anode voltage must be
restored slowly to avoid premature restriking. With the normal
anode resistance of about 1 MQ the recurrence frequency is limited

* In the circuit of fig. 4.7 the valve V, is cut off by the pulse which appears
at the thyratron anode; the input impedance at the cathode accordingly has
the high value necessary.

t DixoN and NEHER (unpublished) have found that high voltages of the
order of 1-5 KV reduce the conduction time of thyratrons 2D21 and 2050.
Immediately after triggering, the current rises to about half the final value in
about 10 musec. and then increases to the full value in a further short interval
of 0-3 musec. (in a low inductance circuit). In the case of the 2D21 a peak
current of 8 A was obtained in a 50 Q load.



PULSE GENERATORS 111

to about 500 ¢/s. One method by which this figure may be raised
has been mentioned. An alternative arrangement utilizes the
fact that the H.T. voltage may be reapplied quickly to the anode of
the valve, without causing restriking, provided the anode voltage is
kept very low, after each pulse, for a time sufficient to allow the
ions to disappear. Recurrence frequencies of up to 10 Ke/s are
possible with the circuit of fig. 4.6. After the thyratron has fired the
anode potential remains low because of the high 2.2 MQ resistor.
The valve ¥V, then drives the anode of the thyratron, through V,,,
back to the 300 V supply potential after a delay of 70 usec. The
anode potential is then held at 300 V by the 2.2 MQ resistor since
the diode V,, ceases to conduct after the drive pulse (of duration
20 usec.) is over.

4.2.2.2 Qeneral

A positive output pulse, with a shorter rise-time than that given
by the circuit just described, can be obtained by allowing the
negative pulse which is available at the thyratron anode to switch
off a pentode which is normally taking current. A length of coaxial
cable, short-circuited at the far end, is included in the anode circuit
of the valve to shape the output pulse.

Two CV2127 pentodes, connected in parallel, each taking about
100 mA of anode current have been used and an output pulse rise-
time of about 2 musec. obtained. In order that the wattage rating
of the valves be not exceeded, and to economize in current, the
pentodes are slowly brought into the heavily conducting state a
microsecond or so before the output pulse is due, by applying an
independent pulse to the grids derived from the trigger pulse. Anode
current is then cut off very rapidly by the pulse from the thyratron,*
which is applied to the control grids.

The inverting transformers described in § 3.5 are well suited for
use with these pulse generators when output pulses, of either sign,
are demanded.

* A similar sort of “‘pedestal pulse’ technique, used for example by ESpLEY,
can often be employed with advantage in cases when a valve stage is required
to accept a short negative going input pulse. The screen voltage, rather than
the control grid voltage, may be raised comparatively slowly from a low
value to the working level a few microseconds before the arrival of the main
pulse and afterwards slowly reduced again. When the stage is required to
accept positive signal pulses no dissipation difficulties arise since the valve is
cut off for most of the repetition period.
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4.2.3 Tapered Discharge Line.

It sometimes turns out in practice that the given load resistance
and the most convenient shaping line impedance are different in
value. A lumped pulse transformer or tapered line is required but
we know that both devices produce a fall in amplitude along the top
of what should be a rectangular output pulse. An interesting
improvement has been suggested by M. G. N. HINE, namely, that the
pulse forming line be slightly tapered to a lower impedance at the
open end thus generating a pulse with a rising top. This rise may
then compensate for the droop inherent in the transformer.

Let us first consider the system depicted in fig. 4.1 for the case
when the shaping line is tapered according to an exponential law
(see § 3.4.4). We shall suppose that the load impedance Z of fig. 4.1
is a resistance equal to the nominal characteristic impedance Z,, of
the line at this end; this same end will be taken as the origin x = 0
and the positive direction of & is from right to left. On putting
Z, — oo in 3.75 and using 3.77 for the input impedance of the line
we have

By, = Zogl + k/2pT, + 2727V (1 — K2U/4pT3)]  (4.5)

ignoring the effect of multiple reflections up and down the line. It
is legitimate to use the approximate expression 3.77, in which terms
in 1/p of higher order than the first are neglected, provided the
desired rise in the output pulse is only to be small. On substituting
in equation 4.1 we obtain

(4.6)

k sz)] 14

_e“zpv(l_w___“ —_
2T, 4pT% 12

k
P, = [1 _
B 4pT,
For times ¢t < 2U, before the major reflection from the open end
reaches the load, the output pulse is given by

’
V= (1 — ki4pTo) 5 (4.7)

At time ¢ = 2U the exponential delaying term comes into play and
the pulse falls immediately to a value near zero.

When k is negative, that is when the impedance decreases as we
move towards the open end, equation 4.7 shows that the output
pulse will exhibit a linear rise.
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If a lumped pulse transformer, with a differentiating time-constant
T = L,/Z,, (sce equations 1.21) is interposed between the line and
the actual load to be used the nett voltage across the secondary will

be given by
1(k 1\17
p \4Ty = 21"/] 2

where the voltage transformation factor has been omitted. Com-
pensation should therefore be achieved if k = — 2T',/T".

Let us now turn to the system shown in fig. 4.8 in which an
exponential line transformer BC is connected between the shaping

x=0 us=U,
u=0

DISCHARGE LINE . TRANSFORMER

Fig. 4.8. Exponential discharge line in conjunction with an
exponential line transformer.

line A D and the load resistance at C which is arranged to equal the
nominal characteristic impedance of the transformer at the output
end. The signal at B is again determined by equation 4.1 in which
Z,, refers to the shaping line, having the value given by relation 4.5,
and Z is the input impedance of the transformer determined by
relation 3.78. We shall continue to neglect multiple reflections in
the lines and also agsume that the inherent droop in the transformer,
and therefore the required compensatory rise, are both small. In
place of 4.6 the following expression obtains for ¥

2
V= [l — by — e~ 20 (1 _ ke — klUl)
4pTy, 2pT, 410T(2n
ky
4pT

14
+ 1-— e‘sz')] 7 (4.9)
where suffixes 1 and 2 refer to the shaping line and the transformer
respectively, and we have taken the positive direction of travel as
being from right to left in the shaping line and from left to right
in the transformer. The exponential term involving the double
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delay 2U, in the transformer takes into account the wave reflected
from the output back to the generator. This contribution can be

ignored and we need only consider the outgoing wave ¥y = Ppg.
The total voltage P, at the termination C is given by

sz = 712 + '712 = sz(l + pi2) (4.10)
whence, on using relations 3.70, 3.76, and 4.9, we find
2
a1 B B,
4pTy  8pTo,
(1 — ky — ._{c?_ — H]”_f(,]i — ng?)] _V (4.11)
2pTy,  4pTy 41’770% 8pT, %2 2 .

in which the factors representing the voltage transformation and the
time delay along the transformer have been omitted.

The exponential term represents the clipping effect of the shaping
line and the extent to which the top of the pulse departs from
constant height is determined by the first two integrating terms.
These terms cancel if

kgU,To,
Ty,

It is noted that the impedance of the shaping line should decrease,
on looking towards the open end, irrespective of whether a step-up or
a step-down transformer is employed. On using relation 3.68 the
condition for compensation may be written

ky _Z_gz_z _ kyUy

—_ = =1 o
kN Z, e,

ky = (4.12)

(4.13)

for the case when Ty, = T'gy = T
The transformer must de designed such that a droop of not more
than say 10%, would occur if a uniform shaping line were used.
Putting k; = 0 in relation 4.11 and performing the integration from
time t = 0 to ¢ = 2U, we have
woo,
47T%

which, by means of relation 3.68, may be expressed in the form

0-27, Jzolz
——— il 4.14
ky U, In Zeg, . (4.14)
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In an actual case the load resistance Z,, the impedance Z,
and the pulse length 2U, are predetermined; practical considerations
will also enable a value to be assigned to 7T,. Relation 4.14 then
fixes k, and the quantities U, and %, then follow from relations 4.13.
If both the shaping line and the transformer are arranged to have a
delay per unit length which is the same everywhere (equal to 7'y),
then the required lengths of line are given by U,/T, and U,/T,
respectively.

A system designed as described gives an output pulse which is
sensibly rectangular. The compensation artifice may, of course,
be employed to enable a much shorter transformer to be used for a
given degree of distortion.

4.3 PULSE GENERATORS EMPLOYING SECONDARY
EMISSION VALVES

The most important single contribution to the development of
millimicrosecond pulse techniques has been the production of the
secondary emission* pentode. Such valves are discussed by ALLEN
[429], KEEP [430], MEULLER [431], and VAN OVERBEEK [432], and a
grounded-grid triode with one stage of secondary emission is described
by DieMER and JONKER [433]. Tubes of particular relevance are the
Philips EFP60, the Osram E2133 and the E.M.I. Type E1945.

A new field of trigger circuits has been opened up and some of these
come under the heading of pulse generators. Such circuits are of the
regenerative type, employing positive feedback (as in the many
flip-flop type circuits familiar in the microsecond range), as opposed
to the line discharge pulsers described above. The valves are highly
evacuated and the circuits do not involve long triggering delay times,
with the consequent possibility of jitter, such as are encountered in
thyratron circuits. These generators fall into the second class of
§4.1 and are capable of operating at very much higher repetition
rates since there is no dead period corresponding to the de-ionization
time of a thyratron.

The EFP60 is essentially a receiving type r.f. pentode which
contains an electrode, called the “dynode,” placed between the sup-
pressor grid and the anode. The dynode is connected to a source of

* A very full bibliography of work on secondary emission phenomena has
been compiled by HreaLEA [428]. See also the companion volume in the
present series by H. BRUINING entitled Secondary Electron Emission.

9



118 MILLIMICROSECOND PULSE TECHNIQUES

potential, positive with respect to the cathode, and electrons strike
it after emerging from the cathode-control-grid—screening-grid—
suppressor-grid structure. The dynode surface may be sensitized to
emit a copious supply of secondary electrons, on the average about
four for each incident primary electron. Nearly all the secondary
electrons leaving the dynode are attracted to the anode which is at

a still higher positive potential. The valve has the following salient
properties:

(a) The ratio of the mutual conductance (between control-grid
and anode) to the total anode capacitance is between two and
three times that found in the case of an ordinary r.f. pentode.
This improvement is useful in all applications but particularly
when the valve is used as a linear amplifier (see Chapter 5).

(b) A nett current flows out of the dynode into the external
circuit which increases in magnitude when the control grid
potential is raised. Signals appearing across a load resistor
placed in the dynode circuit are accordingly in phase with the
grid signal. By using the dynode as an active electrode,
instead of the anode, amplification can be obtained without
phase inversion and a regenerative circuit can be constructed
by applying feed-back direct from dynode to grid.

(c) Since the anode current is several times the cathode current
it is also possible to obtain regeneration by feed-back from
anode to cathode—an arrangement which is doomed to failure
in the case of the conventional type of valve.

These properties will be brought out more fully in the circuits
about to be described.

4.3.1 Simple Trigger Circuit

The simple single-stroke trigger circuit of fig. 4.9 is described by
MoobpY et al. [406] and operates on the property (b) above. In the
quiescent state the valve is biassed off on its control-grid and a
positive trigger pulse causes it to conduct. The dynode potential
rises and, in so doing, drives the grid positive; the action is cumu-
lative. The output anode also collects current and the anode poten-
tial falls until the valve saturates, due to space charge limitation
at the dynode. The circuit is of the blocking oscillator type since
most of the dynode current flows into the control-grid.
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The circuit remains in the meta-stable condition (see waveforms
shown in fig. 4.10) until the capacitor from dynode to grid has
charged sufficiently such that the grid current falls to a small value.

OUTPUT,
+20V.
+400V
POSITIVE 20-10,000

TRIGGER p
CUT-OFF
BIAS

22Kn

Fig. 4.9. Simple trigger circuit using a secondary emission valve.

The dynode current then begins to fall and its potential drops, this
change being again transferred to the grid. The action is cumulative
once more; the control-grid is driven negative and the dynode
and anode currents are cut off.

700-10|0 ANODE
mA ' \‘ CURRENT
Q =

DYNODE
VOLTAGE

200)V.

100~
200V

CONTROL GRID
I ~~~—, CURRENT
— TIME

Fig. 4.10. Sketch of waveforms for simple trigger circuit.

The output pulse is taken across a low resistance in the anode
circuit and has a rige-time of about 2 musec. A peak anode current of
up to 1 A is obtainable. Disadvantages of this simple circuit are
that the output pulse amplitude and duration are not very well
defined, and, that a grid signal of some 6 V amplitude is required for
triggering. A more sensitive circuit of improved performance is
described in § 7.5.
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4.3.2 Practical Circuit

At the suggestion of G. A. HowrLLs, the third property of a
secondary emission pentode enumerated in § 4.3 has been applied
in a pulse generator developed by WELLs [434] at A.E.R.E. Harwell.
This method of deriving positive feed-back has the advantage that
the control grid is left free for the application of a (positive) triggering
pulse from a comparatively high impedance source. The circuit is
shown in fig. 4.11 and delivers an output pulse of up to 10 V ampli-
tude, of either polarity, into a matched 100 Q cable with a rise-time
of 8 musec. A triggering signal of some 5 V amplitude is required.

The short-circuited delay line in the anode circuit of V; determines
the pulse length. A duration of 50 musec. is obtained with the values
shown and longer pulses can easily be obtained by switching in
additional sections. The feed-back capacitor C;, must be chosen such
that, with the delay line terminated with its characteristic impedance
of 330 (Q (instead of being short-circuited), the pulse duration (which
is then only controlled by C; and the circuit resistance) is about
2-3 times the required value. The germanium crystal diode X is
included to pass the large grid current which flows after the circuit
is triggered.

The output from V, is taken from the dynode as a positive pulse.
Its amplitude is somewhat indeterminate and the pulse accordingly
requires to be limited. In the quiescent state the valve ¥V, is cut
off and the dynode rests at earth potential via the 3-9 KQ resistor.
No signal reaches the grid of ¥V, until the dynode pulse has risen suffici-
ently to overcome the bias on the crystal diode X,; the top of the
pulse is then limited by the diodes X, and X,. The pulse size can
be varied by means of the potentiometer R, which determines the
bias on X,.

When germanium crystals are used in this manner as voltage
limiters there exists a time delay, of the order of 10 musec., between
the application of the voltage pulse and the passage of the full
forward current through the crystal. The forward resistance of
such crystals appears to change in a truly exponential manner, with
a time constant of 10 musec., from the initial high value to a final
value corresponding to the applied voltage. The limiting effect of
the crystals X3 and X, is therefore apparently delayed and over-
shooting of the leading edge of the dynode pulse would occur. This
may be compensated by the addition of the resistance R, shunted
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by the capacitor C, shown in fig. 4.11. The time constant CyR, is
chosen to give optimum shape to the final output pulse from V,.

The CV2127 output valve V, is normally biassed off and then
caused to conduct by the dynode pulse from V,. A positive-going
output pulse is obtained from the cathode and a negative onc from
the anode.

44 FURTHER POSSIBILITIES

Some other devices, for use as pulse generators, are worthy of
mention.

HasTED [435] has used a specially constructed tube, similar to a
klystron, in which the second resonator (or catcher) is replaced by a
non-resonant coaxial line collector. A beam of electrons from a
cathode gun is velocity modulated by a 210 Mec/s sinusoidal voltage
applied across two grids. Bunching occurs in a drift space some
40 cm long and pulses are produced at the collector. A pulse length
of 0-2 musec. is estimated theoretically.

A tube 6BNG6, described by AprLer [436] and HaasE [437], has
been developed by the Zenith Radio Corporation for use as an
improved limiter-discriminator for frequency modulation and
television applications. The valve is a receiving type employing a
sharply focussed electron beam which is gated by a potential
applied to the control grid. Good performance as a squaring device
is claimed for all frequencies of sinusoidal input up to 30 Mc/s.

MirLeEr and MacLEAN [438] describe a new miniature non-gaseous -
trigger tube type NU-1032-J. Electrons from a triode input section
impinge on a dynode. The secondary electrons ejected are collected
on two output electrodes which may be used separately or as a unit.
An emissive surface having long life and good stability is described
and various circuit applications are suggested (applying rather
to the microsecond range). The idea of constructing a complete
trigger circuit in one envelope, thus reducing stray reactances to
an absolute minimum, is attractive, and the device might profitably
be developed for use in very high speed circuits.

The performance of blocking oscillators has been investigated in
the microsecond range (see, for example, a paper by BENJAMIN [439])
and O’DELL [440] (see § 4.8) describes a circuit which will trigger
on a pulse of amplitude 1V and duration 10 musec. A useful
pulse generating circuit might well be constructed employing the
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transformer design techniques given in § 3.3 and using an EFP60
type of valve.

Pulseactor circuits, described for example by Hussey [441] and
MEeLvILLE [442], have been used to produce pulses well below
100 musec. in duration at frequencies up to a few megacycles per
second.

4.5 ATTENUATORS

The attenuator, an arrangement employed solely for the purpose of
reducing the amplitude of a pulse by a known amount, is one of the
basic circuit “bricks’” which may be found, in some form or other, in
most pieces of equipment. It is one of the few devices which, if
properly constructed, is capable of performing with high accuracy
and finds its place among the test-gear in any laboratory. Design
is not straightforward, when operation in the millimicrosecond
range of frequencies is desired, and the development work done in
the field of short-wave radio finds application here. Progress, with
increase in bandwidth, has taken place in the following stages:

(a) Simple open wire types employing conventional lumped
resistors.

(b) Lumped resistors contained in cylindrical housings and
disc forms mounted in coaxial lines.

(c) Lossy transmission lines.
These several types will now be discussed.

4.5.1 Limitations of Resistors at High Frequencies.

The conventional attenuator, illustrated in its simplest possible
form in fig. 4.12, employs ordinary resistors with open wiring

R

INPUT =t R, ~—3-QUTPUT

Fig. 4.12. Simple attenuating section.

between elements and for the input and output connections. Per-
formance is usually limited to below 10 Mec/s by stray reactances
(series inductance and shunt capacitance) in the wiring, but the
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simple types are worthy of mention since, being composed of
standard components, they are constructed very much more readily
than the superior types described later.

The resistors themselves have frequency dependent properties
as discussed by BorLra [443], HowE [444, 445], Pavrasck and
Howes [446),* PuckLE [447], and SIMMONDS [448]; also see Biblio-
graphy—BLACKBURN. Resistors may be either of the wire-wound
type (which are generally unsatisfactory owing to the inductance
present in the winding) or of the pyrolytic carbon or composition
types (see PLANER and PLANER [450]). In the pyrolytic form a
carbon film is deposited by heat treatment on a ceramic rod. A
spiral groove is then cut in the coating to raise the value of the
resistance but an increase in inductance is thereby brought about.
The composition variety is made of a solid rod composed of various
grades of carbon, together with a filler and a resin binder. This last
type is preferable from the point of view of low inductance but
instability in resistance value may be encountered.t It is known
that the resistance falls at high frequencies (the Boella effect) due,
apparently, to inherent self capacitance effects. As might be expected
the effects are greater for the higher values of resistor and the
series resistor R, of fig. 4.12 should not exceed 1 KQ in value.
The resistor R, should not be too small (say > 10 Q) otherwise
circuit inductance will give rise to frequency dependence. These
values are extremes and an attenuating factor of not more than
ten times should be sought after in a single stage.

4,52 Simple Lumped Attenuators.

The familiar T-type attenuating pad is shown in fig. 4.13(b). The
arrangement has a definite resistive characteristic impedance and
may therefore be inserted in a length of transmission line and any
number of sections may be connected in cascade to give any required
degree of attenuation. DAWES ef al. [453] give an account of attenu-
ating networks when stray reactances are taken into consideration.
The results, listed in fig. 4.13, are deduced by a Laplace transform

* A further report by Pavrasck and Howss [449] calculates the effect of
frequency variation on the power dissipated when rectangular pulses are
applied.

p'il') GRISDALE ¢t al. [451] describe boro-carbon film type resistors which have
high stability and a small and predictable temperature coefficient (actually
less than that obtaining in the case of wire-wound resistors); low noise
properties are also possessed. The construction of metal film type resistors is
discussed by HERITAGE [4562].
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method. It is shown that distortionless attenuation is obtained
provided (Z, + Z,)/Z,, (see fig. 4.13(a)), is independent of p, i.e. is
frequency invariant. The circuits (c), (d) and (e) are of particular
interest when the load has a considerable input capacitance; the
condensers C; and C, are deliberately added across the resistance
elements in order to compensate for the capacitance of the termina-
tion.

4.5.3 High Frequency Improvements.

Improved high-frequency performance is obtained when the
resistors are mounted in closely fitting cylindrical metal cans, as
used by GaArwiN [407], FLercHER [409] and others, to reduce

Fig. 4.14. T-section attenuator in coaxial housing.

circuit inductance.* The series arms R; conform naturally to such
an arrangement and satisfactory resistors can be made of carbon
deposited on insulated rods (vaN RoosBrOCK [454]). Standards
which function up 1000 Mc/s have been developed. The shunt
element R,, in the simple lumped T-section, does not lend itself
immediately to cylindrical symmetry and four lumped rods, as in-
dicated in fig. 4.14, may be employed up to 100 Mc/s. A further step
is to substitute a disc of resistive material or to employ an insulated
disc coated with carbon. Surface film type resistors will clearly be
preferable to solid types if the thickness of the film is less than the
skin depth at the highest frequency involved; the variation of
resistance with frequency, due to skin effects, will then be absent.
Details are given by ErrioTT (455) of the attenuating unit shown
in fig. 4.15. The series arms are carbon coated ceramic rods and the
shunt ceramic disc is coated on one side only (deposition of both
sides introduces excessive parasitic reactance). The attenuator, as
shown, is fitted with standard plug ends. Messrs Leeds and Northrup
have produced an attenuator in which each section is a plug-in unit
in the shape of a “U’”. Several units are mounted on a circular
drum and a plugging action is required to effect a change from one
section to another. These attenuators have been made to cover all

* GArwIN finds that Allen-Bradley 1/2 watt carbon resistors have good
characteristics for rise-times of about 0-2 musec.
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loss ranges from 1 to 50 db at characteristic impedances of 50 or
75 Q. The change in loss with frequency is less than 1 db up to

1000 Mc/s.

/f, RESISTIVE  COATING

Fig. 4.15. Plug-in coaxial T-attenuating unit.

A rotating turret assembly employing a wiping switch action
rather than a discrete plug-in movement gives easier manual opera-
tion but lower performance; loss changes of 0-1 db from 0-200 Mc/s
and of 1 db from 0-500 Mc/s were found to occur.
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Fig. 4.16. (a) Transmission line potential divider.
(b) Probe connection.

High performance attenuators have been designed by FLETCHER
[409] in which the resistive characteristic impedance possessed by a
transmission line is turned to advantage. An attenuation of 100 : 1
has been obtained, in one step, with the arrangement of fig. 4.16(a)
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which is derived from the simple attenuator shown in fig. 4.12 by
arranging that the input impedances of two concentrically disposed
coaxial lines form the series and shunt arms R, and R,. The low
impedance line consists of a thin walled extruded TiO, ceramic
tube with silver clectrodes deposited on both the inner and outer
surfaces. The commercial material has a relative permittivity of
about 85 which is independent of frequency up to 30,000 Mc/s.

Reflections occur in the input line at B and also at the ends C, D
of the lines BC and BD. If the transit times AB, BC and BD are
greater than half the pulse duration, reflected signals will not appear
at the output until after the pulse is over. If the source 4 and the
ends C and D were perfectly matched, the lengths would, of course,
be immaterial; this suggestion, however, merely raises the problem
of how to provide accurate matches.

It was found that a “spike” occurred at the beginning of the
output pulse waveform due to the excitation of higher modes
(§2.2.4.2) in the concentric coaxial lines near the point B. These
modes die out completely within a short distance down the line and
the output lead is accordingly arranged to pass through a small hole
in the ceramic tube and connect with the inner silver coating at a
point inside the line BD. The assembly is shown in fig. 4.16(b) and
it is estimated that less than 109, distortion will be suffered by
pulses with a considerably shorter rise-time than the value of
0-4 musec. used in the tests.

4.5.4 Lossy Transmission Line Types.

A further stage in development is to regard the attenuator as a
lossy transmission line, with distributed circuit parameters. KonNx
[456], and BURKHARDTSMAIER [457] have investigated the effect of
the coaxial housing on a single rod type resistor shorted to the case at
the far end (such as might be used to provide a matched termination
to a length of coaxial cable). It is found that the resistor can be of
a considerable length and is thus capable of dissipating a large
amount of power. The input impedance is essentially resistive when
the characteristic impedance of the concentric system is properly
chosen. The arrangement is particularly effective when used in
conjunction with a compensating circuit the dimensions of which are
also deduced.

CArLIN [458] investigates the properties possessed by an infinite
length, and by a short-circuited finite length, of lossy uniform
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transmission line. The short-circuited length provides a useful
circuit element, for shunt connection, which may be applied to the
compensation of mismatches present in a transmission system. The
arrangement has been applied to the “‘chimney’’ attenuator sketched
in fig. 4.17.

This attenuator is composed of a principal resistive element 4,
consisting of metallized glass, the resistance of which is not subject
to variation over the frequency band (see § 2.2.6.2). The section can
be properly matched by the addition of the two lossy shorted stubs

:‘j‘_/" 8 \aa
% 2
4 #
I°d | & ! A
3\ *Y 7
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Fig. 4.17. Chimney attenuator.

B together with the short series sections C. All the sections 4, B
and C contribute to the loss and a 10 db attenuator can be con-
structed to function from 0-1000 Mc/s (or from 1000-4000 Mc/s).
The reflection coefficient is not zero, actually being about 109, but
it is substantially constant over the frequency band. Details of
design are given in the paper.

46 REFLEX PEAK VALVE-VOLTMETER

Having surveyed a number of pulse generating circuits we now
turn our attention to pulse measuring equipments. The cathode
ray oscilloscope is by far the most versatile test instrument and
Chapter 6 is devoted to its study. When routine monitoring of
pulse amplitude is required, however, a valve-voltmeter provides a
comparatively simple, inexpensive and accurate means of measure-
ment.

O’DELL [440] has developed a valve-voltmeter which measures the
peak amplitude of pulses having a duration of 10 musec. or longer.*
The instrument gives a direct reading and full-scale deflection on
the output meter corresponds to an input of 100 V. A change of
only 0-29, full scale reading occurred when the mains input voltage
was varied by 25%,, and, with the particular component values used,

* Details of the Reflox Peak Voltmeter are published by permission of the
Admiralty, this equipment being the subject of an Admiralty Patent Applica-
tion.
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a change of less than 0-59, was observed when the input repetition
rate was altered from 200 ¢/s to 7 Ke/s (a 1 usec. pulse was used
for the latter test in order to facilitate comparison with other methods
of measurement).

4.6.1 Principle of Operation.

The circuit is as shown in fig. 4.18 and operates on the familiar
slide-back principle. A blocking oscillator ¥, is used as the indicator
of equality between the input pulse peak and the reference voltage,
and adjustment of the reference or slide-back voltage is brought
about automatically. The valve V, is included to amplify the peak
portion of the input pulse and to prevent the blocking oscillator
pulse from appearing at the input terminal. A tertiary winding on
the blocking oscillator transformer feeds a detector valve V4 which
also acts as an amplifier with load resistance in its cathode circuit.
The negative-going output from ¥V, is smoothed and fed back, as a
D.C. bias, to the control grid of the buffer valve ¥, via the resistor
R,. A robust voltmeter V.M displays the value of this bias voltage.

On applying a positive-going pulse train to the input terminals,
the blocking oscillator V, is triggered via V, on every pulse, until
enough bias has been developed at the cathode of ¥3 (and hence
the grid of V, driven sufficiently negative) to prevent the further
firing of V,. Intermittent triggering of V, then occurs, so that the
feed-back voltage is maintained approximately equal to the peak
amplitude of the incoming pulses (assumed to be all of the same
amplitude but not necessarily regular in time). The blocking
oscillator triggers on a pulse amplitude of about 1 V and the effect
of this difference between input amplitude and slide-back voltage
can be removed by suitable adjustment of the zero of V.M. Fluctua-
tions in triggering level will be much less than 1 V and accordingly
good accuracy is obtained on 100 V input pulses.

The 100 Q carbon resistor R, is included in the input to damp the
oscillatory circuit composed of the stray inductance of the blocking
condenser C,, and its leads, and the input capacitance of V;. The
actual value required may vary in individual instruments but some
damping is essential when very short pulses are to be measured. The
change with repetition rate quoted above is probably due to the loss
of D.C. level in the input circuit owing to the presence of C;. Pro-
vision might be made for D.C. restoration when the pulse mark to
space ratio ceases to be very small.
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The instrument is rather sensitive to the presence of stray pul-
sating electromagnetic fields and is enclosed in a thick aluminium
case. Capacitors are connected between each mains lead and earth
to prevent spurious triggering of the blocking oscillator by mains
borne interference.

4.6.2 Blocking Oscillator Transformer Construction.

Details of the blocking oscillator transformer are shown in fig.
4.19(a). It is designed to give a relatively long pulse, about 8 usec.,
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(b)

Fig. 4.19. (a) Main (b) auxiliary blocking oscillator transformers
(after O’DELL).

and the grid circuit time-constant was chosen so that recovery was
rapid compared with the minimum expected time interval between
pulses. The transformer core consists of a } in. thick stack of Radio-
metal stampings type 470T and the coils are wound on a }in.
(internal) square section tufnol former (4 in. thick) with 4 in. thick
tufnol end cheeks. The primary is wound with 60 turns of No.
32 S.W.G., D.S.C. wire and the secondary, in two halves, consists of
100 turns, each half, of similar wire. The tertiary winding is made up
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of 100 turns of No. 36 S.W.G., D.S.C. wire. Every layer is insulated
with paper, 0-002 in. thick, and two layers of 0-01 in. thick empire
cloth are interposed between the primary and tertiary windings.

When pulses of duration 10 musec., or less, are to be measured
the transformer is inoperative, due to the effect of its winding
capacitances. Asmallauxiliary transformer, illustrated in fig. 4.19(b),
is accordingly employed. The primary and secondary windings of the
auxiliary transformer are connected in series with those of the main
transformer (between the latter and the valve). The regenerative
action is initiated by the small transformer and continued and main-
tained by the main transformer. The primary and secondary wind-
ings, of the auxiliary transformer, are both of No. 30 S.W.G., D.S.C.
wire wound 10 turns per inch directly on a dust core (which has a
relative permeability of about 12). The secondary turns are wound
centrally between those of the primary, and the wire is fixed to the
core by distrene cement.

A wide variety of methods of measuring high fequency voltages
are reviewed by SELBY [459]. The majority of the arrangements
discussed however are applicable to sinusoidally varying signals
and not to pulses.



5
AMPLIFIERS

5.1 INTRODUCTION

THE problem of the amplification of pulses, without distortion of
waveform, is a fundamental one in nearly every branch of applied
electronics. A great deal of effort has been expended in the design of
amplifiers for use in the border line region between the microsecond
and millimicrosecond ranges and it would be invidious to select the
work of one or two particular individuals by way of introductory
references here. The advent of certain high-slope pentodes, with
very close spacing between cathode and control grid, and of the
secondary emission valves mentioned in § 4.3 enables familiar high
gain voltage amplifier circuits to be employed well into our present
range of interest.

In order to appreciate the difficulties which face us in the milli-
microsecond region, both in valve construction and in circuit design,
we must be reminded of the high-frequency limitations to which
conventional valves and conventional circuits are subject.

5.2 PROPERTIES OF VALVES

The simplest possible amplifying stage, of the resistance-capaci-
tance coupled type, is shown in fig. 5.1. When a pentode valve is
operated with a constant screen-cathode potential the output
voltage is g, R times the input voltage. The actual input voltage at
the grid depends, of course, on the impedance of the source and the
input impedance (loading effect) of the valve; at low frequencies
the valve input impedance is taken to be infinite. The effective
value of the anode load resistance R includes the input impedance of
the circuit which the amplifier is feeding. At high frequencies
various shunt impedances become of importance and limit the stage
gain by lowering the effective value of the anode load.

The following effects, discussed for example by Emms [501] must
be borne in mind in valve and circuit design.

132
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5.2.1 High Frequency Limitations.
5.2.1.1 Input Capacitance

A pentode valve possesses a certain capacitance between the
control-grid and earth which is composed of the capacitance to the
cathode, to the screening-grid, and to the external shield (if any) in
decreasing order of importance. Ordinary electrostatic values obtain
when the valve heater is cold, but under normal operating conditions

{—VE BIAS

Fig. 5.1. Resistance coupled amplifier stage showing stray
impedances.

there is an increase of between 1 and 21 pF in the grid-cathode
capacitance, for most valves (depending on the grid bias); the
increase is due to an effective reduction in spacing caused by
the presence of space charge. The stray capacitance to earth of the
wiring, usually amounting to some 5 pF, must also be added;
the total is equivalent to the capacitor C, of fig. 5.1.

The effect of grid-cathode capacitance can be reduced by inserting
a small resistance between cathode and earth. The resistance intro-
duces some negative feed-back, and reduces the gain of the valve,
but the fall in capacitance and the consequent lighter loading on
the previous circuit may more than compensate for this.

5.2.1.2 Output Capacitance

The anode has a resultant capacitance C, to earth made up of that
between the anode and (i) the external shield* (if any), (ii) the internal

* If instability troubles are not likely to occur such screens may be removed
from valves which are normally fitted with them; appreciable reduction in
capacitance results.



134 MILLIMICROSECOND PULSE TECHNIQUES

supports, (iii) the supressor-grid and (iv) the screening grid (in
descending order of magnitude). The stray capacitance to earth of
the wiring must again be added.

5.2.1.3 Input Conductance

At the higher frequencies an effective shunt resistance appears
between the grid of the valve and earth. Dielectric loss in the valve
holder and valve base may contribute to this loading of the input
circuit but it is mainly due to (a) fecd-back loss and (b) transit-time
loss. The equivalent resistance R, is proportional to the reciprocal
of the square of the frequency.

(a) Feed-back loss is caused by the stray cathode inductance L,
acting in conjunction with the grid-cathode capacitance. The
inductance is partly due to the cathode structure itself but arises
principally in the lead to earth via the valve pin. The inductance
may be reduced by the use of two or more cathode leads simply
connected in parallel. Much better results are obtained (a 50%,
increase in R,) if the input and output circuits, though nominally
having a common earth, are in fact separated, one cathode lead
being assigned to each. The coupling between cathode current and
grid voltage is then much reduced, since the common impedance is
lower.*

(b) The effect, discussed for example by FERris [502], of the
finite transit-time of an electron between leaving the cathode and
passing through the grid is to lower the input resistance. The
influence on the input capacitance is small.

The transit-time may be reduced by constructing the valve with a
grid of many very fine wires situated extremely close to the cathode.
The close spacing also gives a higher value of mutual conductance,
which is very desirable, but leads to an increase in grid-cathode
capacitance. The improvement obtained by virtue of the increase
in B, however more than outweighs the latter disadvantage.

* This illustrates the general care that must be taken with earth connections
in the practical construction of any circuit involving high frequencies. It is
important to realize that the surface of a metal chassis possesses some kind
of impedance and currents flowing over it will therefore produce potential
differences which may appear in adjacent parts of the circuit with adverse
effects on performance. It is often best to adopt the technique, essential in
amplifiers of even moderately high gain, of collecting together at a single
point (insulated from the chassis) all the earth connections associated with a
particular valve. The now limited number of earth points may then be con-
nected together by a heavy insulated copper strip which is joined to the chassis
as close as possible to the input plug.
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5.2.1.4 Output conductance

A small effect occurs in the anode circuit due to the inductance
of the anode, screening and suppressor grids and their connections.
Phase shifts occur resulting in the appearance of a small shunt
conductance which is negligible in practice.

5.2.1.5 Anode-grid capacitance

In a pentode valve the capacitance between anode and grid is
very small. Care must be taken however to avoid capacitance in the
wiring between these two points. The familiar Miller effect usually
gives rise to negative voltage feedback with a consequent frequency
dependent reduction in gain. Under certain conditions, when
appreciable stray inductance is present, the feed-back may become
positive and instability will result.

At high frequencies, the capacitance is apparently modified by the
interelectrode capacitances of the anode, suppressor, screening and
control-grids, associated with their stray inductances. The effective
capacitance may even become negative, again resulting in instability.

The importance of proper de-coupling of the screening-grid may be
pointed out here. The capacitance between grid and screen is many
times that between grid and anode and the Miller effect may occur
at the screen with the undesirable results just mentioned. Non-
inductive capacitors* must be employed for decoupling, and every-
where else for that matter, and low value carbon resistors may be
inserted freely (except perhaps when the added stray capacitance
to earth would be disadvantageous) to damp any resonances between
capacitance and stray inductance. Ceramic capacitors are usually
available of value large enough for screen decoupling purposes; a
resistor value of 100 Q is suitable. Ceramic capacitors of sufficiently
high value for use in decoupling anode and H.T. supply lines are not
available, however, and an electrolytic type may be connected in
parallel, provided a 10 Q carbon resistor is inserted in series with the
latter.

5.2.2 Valve Requirements—Figure of Merit.

In addition to minimizing the effects listed above, valve design
aims primarily at obtaining a high value of mutual conductance, to

* High permittivity ceramic capacitors, of the small button type, are
satisfactory, but Moopy et al. [503] point out that care must be taken to
ensure that mechanical resonance of the ceramic, excited by piezo-electric
effects, does not occur within the band of signal frequencies (DEIGHTON [504]).
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which the stage gain is proportional, when use as a voltage amplifier
is envisaged. The mutual conductance increases with the standing
anode current and therefore with the screcn-cathode voltage; high
power dissipation, particularly at the screen, should therefore
be admissible. In some applications there is a requirement for low
noise.

When a valve is to be used in trigger circuits further requirements
must be met. There is a demand for a high peak cathode emission
current, to be obtainable with as low a grid drive current as possible;
a short grid base, i.e. a sharp grid cut-off characteristic, is also
advantageous.

As one might expect, when it comes to valve design, some of these
requirements are found to be mutually conflicting. Broadly speaking,
a large value of the mutual conductance implies high operating
voltages and currents and therefore large electrodes, to handle the
dissipation involved, with a consequent increase in electrode capaci-
tance. Several figures of merit are in use for assessing the suitability
of a valve for a particular purpose. For our present application the
wide-band figure of merit F is appropriate; this quantity is defined
by:

Im
= 5n(Ca 1

When g, is in mA/V and the capacitances in pF then F gives the
frequency in KMec/s at which the valve might produce a voltage gain
of unity when driving its own total electrode capacitances.*

In the case of a resistance coupled stage, of gain g, R, feeding an
identical stage, the amplification falls at the frequency 1/27(C, + C,) R
to 1/4/2 times its normal value at medium frequencies (3 db loss).
The product of gain and bandwidth from zero up to this frequency
is accordingly equal to the figure of merit.

The following simple analysis illustrates the significance of the
figure of merit in pulse amplifiers. Suppose we want to obtain an
overall gain @, with valves of a given F, so that the output pulse
rige-time (for a step function input) is to have the value t,. We wish
to know the number N of valves required when identical resistance-
capacitance coupled stages are connected in cascade.

(5.1)

* WuerLER's figure of merit uses VC, . C, instead of the sum; the sum is,
however, the relevant quantity when the valves are connected in cascade and
have resistive anode loads. Other writers omit the factor 27; the figure then
has less physical significance than as defined in the text.
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If R is the anode load of each stage then
G = (gnB)" (6.2)

When C = C, + C is the total capacitance the rise-time of one stage,
for a step function input, may be taken as CR. The resultant rise-
time for the whole amplifier is therefore (see equation 1.6)

t, = CRVN (5.3)
For the figure of merit we have:

Im
F == 5.4
27C (64)

It follows at once that

1
G¥ VN = 2nFt,
or

1 1
v log G + 3 log N = log 2= Ft, (5.6)

N is thus determined when the quantities G and Ft, are given. When
g (or C) is known then R may be found from relations 5.2 (or 5.3).

The figure of merit, useful criterion as it is, must be used with
reserve. If, for example, a valve has F = 100 Mc/s, a gain of 20 will
be obtained up to a frequency of 5 Mc/s. It does not follow however
that the valve could therefore be used to give a gain of 2 up to 50 Me/s,
since transit-time effects and lead inductance might become relevant
at the higher frequency. Again, the figure of merit obtained from
manufacturers’ valve data does not allow for stray capacitance
in the wiring. If there is a choice between two tubes with the same
figure of merit, the one with larger capacitances should be selected
since the effect of wiring strays will then be proportionately less.

It is worth pointing out that, when a number of identical valves
are connected with all their electrodes in parallel, the wide-band
figure of merit of the combination is the same as that of one valve.
There is thus no advantage to be gained by connecting parallel
groups of valves in cascade. Parallel connection of valves is only of
use, for example, in an output stage which has to feed into a given
low impedance. The increase in current handling capacity will then
enable a larger output to be obtained without additional deteriora-
tion in rise-time (which will be principally determined by the previous
stages).
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When the gain per stage is low, and the number of valves conse-
quently large, the H.T. supply power required may be inconveniently
high (this applies particularly to the distributed amplifiers described
in §5.4). An economy figure of merit defined by the ratio g,,/1,,
where I, is the standing anode current, is relevant in such cases.
This criterion may well determine the choice between two valves of
similar wide-band figures of merit.

5.2.3 Some Valve Types.

Full details of secondary emission types of valve may be found in
references [429]-[433] and the salient properties of these, and of some
other valves of interest to us, are given in Appendix III.

Forp [505] points out that up to the year 1949 the familiar types
6AKS5 and 6ACT7 were the most suitable for use in wide-band voltage
amplifiers, and an improved pentode tube, the Western Electric
type 404A, is then described in his paper. A further article by
Forp and WaLsH [506] gives information on various tubes, including
the 404A, and on the 4084, which differs from the 6AKS5 solely in
respect of heater voltage and current. The type of construction
alluded to in §5.2.4(b) is fully detailed in these papers and in an
earlier one by WawLsH [507].

WarLMarxk [508] describes a promising new experimental tube
in which current density control and beam deflection control are
simultaneously exercised by an input grid. Signals on the control
grid cause variations in space charge density, in the normal manner,
and it is arranged that the variation in charge density in the emerging
beam disturbs a transverse electric field, thus altering the beam
direction. Part of the beam is stopped by an intercepting electrode
and the remaining portion, which varies both in density and in
cross-section, travels onwards to a dynode electrode. A high
degree of control is therefore obtained and a large output is available
from the final anode which collects the secondary electrons emitted
from the dynode. Some data on this tube are given in Appendix III.

5.3 INTERSTAGE COUPLING IN CASCADE AMPLIFIERS

We now turn to a consideration of one or two types of interstage
coupling circuit which are designed to give uniform amplification
over a larger frequency band than does simple resistance-capacitance
coupling. A general theoretical account of the problem is given by
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HansEN [509], and particular circuits are discussed by HEroLD [510]
and by SEAL [511]; a paper by Beprorp and FREDENDALL [512],
for example, shows how the calculation of the response of the system
may proceed in certain practical cases.

Coupling networks are designed primarily to compensate for the
effects of valve anode and grid capacitances, plus wiring capacitance.
The simplest modification which can be applied to the circuit of
fig. 5.1 is to insert an inductor in series with the anode load resistor
such that the resonant circuit so formed is approximately critically
damped.

5.3.1 Practical Circuit.

A more refined circuit, used by Moopy and his collaborators [503],
is shown in fig. 5.2(a) and is by far the best of all the simple coupling
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Fig. 5.2. (a) Intervalve filter type coupling.
(b) Equivalent circuit at low frequencies.
(¢) High frequency equivalent.

networks. We have seen in § 2.4 how a low-pass filter section pos-
sesses a resistive characteristic impedance and an inductor L is
accordingly connected to form such a section in conjunction with the
stray and interelectrode capacitances C/2 (shown dotted). The
inductance L, and the capacitance C,are large, and consequently the
circuit is equivalent to that depicted in fig. 5.2(b) at medium and high

frequencies. If 2R = v 1_}/_6' the section is properly matched at both
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ends—a condition which we would naturally expect to be desirable*
(though since only one section is involved the question of reflected
“waves” hardly arises). The effective anode load is thus equal to
2R in parallel with the characteristic impedance 2R of the filter
section, and, since the valve behaves as a generator of constant current
(when R is very much less than the anode slope resistance), the
gain to the grid of the next stage V, is equal to g, R.

A blocking capacitor ¢’ must be included between the anode of
V, and the grid of V, in order that the normal grid bias may be
applied, via the resistor R’, to the second valve. The “dead” ends of
the resistors 2R must be A.C. connected to earth, through capacitors
Cy. Now it is difficult, in practice, to obtain a capacitor of large
value, to pass the low frequency components, and yet possessing a
very low stray inductance as is required for the impedance to be
low at high frequencies. The maximum value of the capacitance of
the bypass condensers C,, is limited and a rise in gain would therefore
occur at low frequencies. The inductance L, however, causes the
gain to fall off at low frequencies and the two effects can be made to
cancel. Fig. 5.2(c) shows the equivalent circuit at low frequencies
where it is assumed that ¢’ > C,.f When the component values are
related as shown the network presents a constant impedance R,
which is purely resistive, to the anode of the valve V,; the gain
therefore remains at the value ¢, R} right down to the very low
frequency at which wC'R’ ceases to be much greater than
unity.

The high frequency limit to the stage may be determined by the
cut-off frequency of the filter section or by the input conductance of
the next valve. Since the anode capacitance of a valve is usually
less than the grid capacitance, it should be arranged that the wiring
capacitance lies as far as possible on the anode side of the inductor L
which should be mounted as close as possible to the grid of V,. For
the same reason the blocking capacitor C’ should be inserted on the

* Perhaps one of the optimum resistance terminations worked out by
GiacoLeTTO [513] might be employed with advantage—see § 2.4.1.

t A considerably larger value for C’ is admissible since the capacitor is
connected in series with a coil and the presence of stray inductance is accord-
ingly immaterial.

1 A factor of two improvement in gain would be obtained over the whole
band, though with some deterioration in high-frequency performance, if the
‘“‘matching” resistor 2R and the capacitor C, at the value anode were omitted.
Constant impedance would be maintained down to low frequencies provided
the anode load resistor, which is connected in series with the inductance L,
were raised to the value 2R.
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anode side, so that the effect of its stray capacitance to earth may be
felt here rather than on the following grid.

Moopy and his co-workers have constructed a four stage amplifier
employing EFP60 type valves, with coupling component values of
R=160Q, L=18uH, Ly=50uH, and Cy= 1000 pF. An
overall voltage gain of 500 was obtained, corresponding to a gain per
stage of 4.7, over a frequency band extending from 10 Ke/s to nearly
50 Mc/s; the gain-bandwidth product per stage is accordingly
approximately equal to 240 Mc/s. The gain-bandwidth product of
a single resistance-capacitance coupled stage is given by the figure
of merit F = 225 Mc/s (see Appendix III). This value is based on
a consideration of the valve interelectrode capacitances alone and
is therefore optimistic; the value found above for the practical
amplifier employing filter sections, which of course includes the
effect of wiring strays, shows the superiority of the latter type of
coupling.

5.3.2 Use of Dynode in Secondary Emission Valves.

As already mentioned in § 4.3 secondary emission valves offer a
unique facility, not posscssed by conventional tubes, whereby

INPUT ===

t

OUTPUT

Fig. 5.3. Dynode coupled amplifier (blocking capacitors not shown).

amplification may be obtained without phase inversion if the output
is taken from the dynode instead of from the anode. In many
nuclear physics applications, for example, we require to amplify
pulses in a certain amplitude range in the presence of much larger
pulses. In the later stages of a conventional anode to grid coupled
amplifier paralysis ensues owing to the passage of grid current in
alternate valves; this effect is most undesirable since the amplifier
remains insensitive for a comparatively long and indeterminate
period. No paralysis occurs with the circuit indicated in fig. 5.3
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provided the input pulses are negative going. When a large input
signal is applied the later stages simply are cut-off for the duration of
the pulse and the amplifier returns to normal almost immediately
after the pulse is over. Such an amplifier has a smaller gain-band-
width product, owing to the lower mutual conductance to the dynode
and the somewhat greater capacitance of this electrode. This system
should therefore only be employed in the later stages of a high gain
amplifier where overloading would be likely to occur.

5.3.3 General

Some remarks of general application to circuits employing
secondary emission valves may be interpolated here. Such tubes are

+350V.

2imA. Seeka
>

-85V
Fig. 5.4. D.C. supply network for EFP60.

unstable in operation, due to variations in the secondary emission
coefficient of the dynode, and Moody points out that proper operating
conditions are not necessarily set up simply by applying the nomin-
ally correct potentials to the dead ends of the anode and dynode
load resistors. It is important to include some form of D.C. negative
feed-back in each stage separately in order that the anode current
becomes self-determining at the desired value and to assist in stabiliz-
ing the mutual conductance to which the stage gain is proportional.
The feed-back is applied between anode and grid, as shown in fig. 5.4,
and provision is also made for stabilizing the dynode operating
conditions (this electrode requires to be maintained at a potential
of about 150 V).

The circuit of fig. 5.4 is only intended to operate at D.C or very
low frequencies and is subsidiary to, and must not interfere with, the
normal functioning as a high-speed amplifier. On the other hand,
as depicted in fig. 5.3, the feed-back from anode to grid may be
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allowed to act at all frequencies, thus providing improved gain
stability or improved bandwidth.

Bora [514] has constructed an amplifier employing a modified
form of low-pass II-filter section for the interstage coupling. A gain
of 1000 is obtained over a frequency band extending from 11 to
118 Mc/s using nine secondary emission valves type VX5038* in
cascade. When the same number of 6AKS5 tubes was employed to give
a similar gain a bandwidth extending from 7 to 78 Mc/s was obtained.

A. B. GirespIE, at A.E.R.E. Harwell, has recently designed a
cascade amplifier using VX5038 valves arranged in pairs. Negative
feed-back is applied from the anode of the second valve in each pair
to the cathode of the first. A voltage gain of 30 per pair is obtained
up to a frequency of 30 Mc/s; alternative component values enable
a gain of 6 to be achieved up to 60 Mc/s.

5.4 DISTRIBUTED AMPLIFIERS

We have seen how the gain-bandwidth product of a resistance
coupled amplifier stage is a constant which depends only on the type
of valve employed (if cathode lead inductance and certain other
effects are neglected). By tolerating a smaller gain per stage at
medium frequencies, the bandwidth can be increased and a very
wide frequency band handled if the gain were allowed to fall below
unity. Insuch anevent it is clearly futile to connect stages in cascade
since the gains of the separate stages are multiplicative; we
accordingly seek to arrange that the gain contributions of each stage
become additive. As pointed out earlier, the simple parallelling of
valves produces no improvement in overall gain-bandwidth product
but it is possible to parallel the valves in a special way such that the
mutual conductances effectively add but the self capacitances do not.
The basic principle is to allow the grid and anode capacitances to
form the shunt capacitative elements of two lumped delay lines as
shown in fig. 5.5.

A signal applied at the input to the grid line travels along it and
passes the grid of each valve in turn. Anode current flows in turn and
the pulse at each anode divides into two wave components, one of

* This valve has a highor wide-band figure of merit than the EFP60 and is
therefore more suitable for use in linear voltage amplifiers. The latter valve is
preferable in trigger circuit applications, however, when a very high pulse
current is required.
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which progresses forwards towards the output, and the other
backwards. If the delay times per section in the two lines are the
same the anode signals travelling forwards all add together without
relative delay; those moving in the backward direction are absorbed
by a matching resistor. The end of the grid line at the output end
of the amplifier is matched. If Z,, is the characteristic impedance
of the anode line (as viewed looking in at the capacitative elements)
the actual load resistance seen by each valve is equal to Z,/2; the

OUTPUT

Fig. 5.5. Principle of distributed amplification.

gain produced by n valves, cach of mutual conductance g,,, accord-
ingly has the value ng,,Zy,/2.

The idea of effectively separating the electrode capacitances, by
means of inductances, whilst allowing the mutual conductances of
the individual tubes to add together is originally due to PERCIVAL
[615]; EsprLeY [516] has used an amplifier operating on a similar
principle. The first complete account, however, of the theory and
practice of such an arrangement is due to GINzToN* et al. [517] and
HorroN et al. [518] (also see STEINBERG [519]).

Uniform amplification can be obtained down to audio frequencies
and even to D.C. if desired. The high frequency limit may be deter-
mined by either (i) the cut-off frequencies of the anode and grid
lines (which are identical, since the delay times per section in the
two lines must be the same) or (ii) effects within the valves themselves,
other than the simple grid-earth and anode-earth capacitances. A

* The term ‘‘distributed amplification’ has come into common useage but
it should be remembered that all the circuit elements are lumped.
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simple account will now be given for the casc when the former
alternative is the limitation, and effects of the second kind will be
discussed in a later section.

5.4.1 First Order Theory.

Before we can arrive at an optimum design we must first decide
on how the input and output impedances are to be related. An
obvious choice is to make them equal to facilitate the connecting of a
number of stages in cascade (each stage will comprise several valves
arranged in distributed fashion). Again, if a significant gain-band-
width product is to be arrived at comparisons of gain must be made
at the same impedance level since a pure transformer voltage ampli-
fying effect should be excluded from such a criterion of performance.
Let us therefore first consider the case where the anode line is simply
terminated by a load resistance which is equal to the input (char-
acteristic) impedance of the grid line but is in general different from
the characteristic impedance of the anode line.

If suffixes g and a refer to the grid and anode lines respectively the
transmission coefficient at the output end of the anode line (see
§2.2.4) i8 2Z,,/(Zy, + Zy,). The overall gain @ is therefore given by

2Z00 nngOa

G = . 5.6
loy & T’ 2 0
Now the characteristic impedances and cut-off frequency given
in §2.4.1 are
L, L,
Ty = / o u= J o (6.7)
1 1
fe (5.8)

 aVILC, wVIC,

and, if we agssume that no extra capacitors are added so that C, and
C, are the capacitances of the valves (including wiring strays), the
figure of merit, equation 5.1, may be introduced. It is then easily

shown that

2nF
g =" (5.9)
e

Thus, if f, and @ are predetermined, » F is found. Clearly a type of
valve with a high wide-band figure of merit should be selected the
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choice being influenced by a consideration of the economy figure of
merit if a large number of valves are going to be required.

In a practical case the value of f, is given and suitable valves are
selected, thus determining C;, and C,. The impedances and induc-
tances of the lines are then determined by the relations

1 1
Z, = s L = ———— 5.10
v e, T, ¢19
1 1
Z == —— L = ———— 5.11
w= g0, e 7, G40

If the values of Z,, and Z,, turn out to be inconveniently low,
valves with smaller interelectrode capacitances must be chosen.

5.4.1.1. Optimum Grouping of Valves

It is noted that there is no optimum choice for the value of the
characteristic impedance of the anode line; we have simply to choose
a valve with a high figure of merit and the rest follows. There is,
however, an optimum way in which a total of N valves may be
grouped, in m identical cascaded stages, each containing n valves,
such that IV is a minimum for a given overall gain 4, say. If ¢ is
the gain of each stage then

2nF\™
A=G"=(; ) (5.12)
c
Solving for n we have
Je
Al/m
T oF
Hence
N=mn= f° A”’”

Differentiating this with respect to m and putting dN/dm = 0 it is
found that N is a minimum when m = In 4. It then follows that

G=e=272 and n=136f/F (5.13)
5.4.1.2 Alternative forms of Interstage Coupling

The cascade arrangement suggested above, in which the output
from each anode line is fed directly into the next grid line (or the
final load) the impedance of which is in general different from the
characteristic impedance of the anode line, is open to the objection
that reflection takes place at the mismatch. If the reverse end of
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the anode line is perfectly matched then all is well, but in practice
this will not be the case, and there is a danger of small secondary
pulses appearing at the output after a time delay equal to the double
transit-time on the line. In applications where we are primarily
interested in the leading edge of a fast pulse, such reflections will
arrive too late to have any adverse effect, and the simplicity of this
comparatively crude method of coupling has much to recommend it.*

An improvement of a factor two in gain, over the matched case,
can be realized if a single buffer valve is inserted between the output
end of the anode line and the final load. The input capacitance of
this valve will, in general, be greater than the anode capacitance of
any one of the preceding valves, and the extra filter section will
therefore require a higher inductance, in order to keep the character-
istic impedance of this section equal to that of the anode line. This
section thus has a lower cut-off frequency than the main line but the
additional distortion can usually be tolerated, since there is only one
such section. The use of a buffer valve is only advantageous if the
desired bandwidth is not too large, so that it can, infact, be realized at
the buffer output, without the necessity of employing an anode load
resistor so low in value that the gain of this valve falls below unity.

If one is apprehensive, particularly at frequencies above 100 Mc/s,
about reflections from the mismatch at the output an obvious alterna-
tive is to arrange that the impedances of the anode and grid lines
are equal. Since the anode capacitance of an ordinary valve is less
than the grid capacitance additional capacitors will need to be
added between each anode and earth. The nominal cut-off frequency
of both lines is the same but we know that phase distortion scts in
before the cut-off frequency is reached. A policy of deliberately
increasing the anode capacitances therefore seems to be in the wrong
direction and a preferable arrangement is indicated in fig. 5.6. One
extra filter T-section is added between each valve in the anode line,
composed of capacitances C,, and inductances L. Since the imped-
ances of all sections are to be the same we must have

L L, L
ool S O (5.14)
c, ¢, C.

* GINZTON et al. go to the other extreme and cors’d r the case in which the
anode line of one stage is matched to the grid line of tie re<t by means of a
transformer. Transformers have been used with success but in most applica-
tions one would prefer to avoid the further complication introduced even at the
possible expense of having to add a few extra valves.

I1



148 MILLIMICROSECOND PULSE TECHNIQUES

and, since the time delay between grids is to equal that between
anodes, the following relation must also be satisfied

VLU, = VLC,+ VL, (6.15)

The quantities C, and C, are determined by the valves used and a
knowledge of the desired cut-off frequency in the grid line then

HI+ 4
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Fig. 5.6. Arrangement for making anode and grid line
impedances equal.

determines L, (relation 5.10). The quantities L,, L, and C, are then
determined as follows from equations 5.14 and 5.15:

c
L,=-*L, (5.16)
(/0
c
L,=L (1 — —“) (5.17)
a 9 Og
, c
C.=0C, (1 — cTa) (5.18)

g

The cut-off frequencies of the two kinds of section comprising the
anode line are each greater than that of the grid line and, although
the total number of anode sections is doubled, there is a resultant
reduction in phase distortion.

Another possibility presents itself. It might be thought desirable
to include a single resistor of value equal to (Zy, — Z,,), on the
assumption that Zy, > Z,,, in series with the junction between the
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anode line and the following grid line or output load. The system
would then be matched in the outgoing direction (see §3.2). An
attenuation of Z,/Z,, will occur at the junction between the lines
and the gain from the grid line of one stage to the grid line of the next
will be equal to %" . é’f

2 ZOa
that which obtains when the characteristic impedances of the two
lines are made equal in the first place.

A further arrangement used originally by EspLry [516] and
discussed by GinzroN et al. [517]) may be employed in cases when the
output impedance required is considerably lower then the anode
lineimpedance. The anode delay line sections are tapered in harmonic
progression such that if Z is the impedance of the anode section
associated with the first valve the impedance of the next section is
made equal to Z/2 and the next Z/3 and so on. The part of the
forward going signal reflected at each change in impedance is exactly
cancelled by the backward travelling signal component generated
at the anode of the valve in question and there is no resultant wave
in the reverse direction. The terminating resistor at the reverse end
of the line may be omitted and all the power reaches the load. If
there are n valves in the stage, the impedance of the last section is
made equal to Z/n and the load should have the same value.

. This result is just the same, however, as

5.4.1.3 Output Stage Design

In order that the output signal should by directly proportional
to the input voltage all the valves must operate on the linear part of
the characteristic curve of anode current versus grid voltage. The
signal amplitude in the grid line of the last stage of a composite
amplifier must therefore not exceed a few volts. The optimum
cascade arrangement discussed above, in which the gain of each
stage is arranged to be equal to 2.72, may be employed in the earlier
parts of the complete amplifier; when a large output is required,
however, there is no alternative but to incorporate the necessary
number of valves in the last distributed stage. The choice of valve
type for the output stage should be governed by a consideration
of the total anode current change, over the linear region, which
the valve is capable of delivering, rather than by the mutual con-
ductance alone. Thus a high slope valve which is linear only over a
small change in grid potential would be suitable for use in the early
stages of a composite amplifier, but one with a somewhat lower slope
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and a much wider acceptable grid variation would be preferable for the
output stage.

If the output stage is to accept negative going input signals, a
positive output being obtained, the grid bias must be adjusted as
near to cathode potential as considerations of dissipation within the
valves will allow. A large amount of H.T. power* is consumed and
the peaks of large signals will become levelled off due to the non-
linear approach to cut-off. If, on the other hand, the input signals
are positive the valves may be biassed nearly to cut-off and several
advantages are gained:

(a) a saving in H.T. power is obtained or, alternatively, the
screen potentials may be raised, without exceeding the valve
rating, thus increasing the grid swing over which the anode
current varies linearly;

(b) the valve characteristic is only non-linear for small pulses
and larger signals suffer no distortion over most of their
excursion;

(c) the valves may even be driven into a small amount of grid
current, if the characteristic impedance of the grid line is low
enough; greater output again results.

Alternate stages in a composite amplifier must accept pulses of
different polarity and the grid bias on each stage should be set to
different values accordingly, but it should always be arranged, if at
all possible, that the output stage accepts positive signals. The
transmission-line type of pulse inverter described in §3.5 is
particularly suitable for use at the amplifier output, when one is
primarily interested in measuring peak amplitude and when the
measuring equipment requires a positive going input pulse.

An interesting alternative suggested by Moopy and his colla-
borators [503] may be adopted when output pulses in opposite
phase to one another are required simultaneously. Secondary
emission valves are employed and the control grids, anodes and
dynodes are connected to three separate delay lines (fig. 5.7). The
delay-times per section of all three lines are made the same, and by
suitably adjusting the impedances of the anode and dynode lines
a push-pull output may be obtained. It should be arranged, of course,

* The pedestal pulse technique mentioned in § 4.2.2.2 may be employed
here.
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that a positive going signal is applied to the grid line. Such an
output stage would be useful for providing symmetrical deflection to
a cathode ray tube, for example, and the number of valves required

HT+

Tt o1 1

MATCH
OUTPUTS
o+

% MATCH

Fig. 5.7. Push-pull output stage using secondary
emission valves.

is less than if two separate amplifiers, using conventional valves,
were employed.

5.4.2 Further Considerations.
5.4.2.1 Derived Filter Networks

As was pointed out in § 2.4.2, certain modified forms of low-pass
filter have a delay time per section which is less dependent on
frequency than is the case with the simple constant-k type envisaged
above. In practice m-derived filters are usually employed and
optimum delay characteristic is obtained when m = 1-27, correspond-
ing to a coefficient of coupling between half-coils of 0-23 (negative).
The values of the characteristic impedance and the inductance L
(see fig. 2.17(d)), for a given capacitance C' and cut-off frequency f,
are obtained from relations 2.72 which may be put into the form

039 0-13

%= 3 T of2 (5.19)



162 MILLIMICROSECOND PULSE TECHNIQUES

An improved match* is obtained when an m-derived half-section,
with m = 06, is inserted before a pure resistive termination as
depicted in fig. 2.18(b). The quantities L, and O} are defined in
terms of the actual L and C' as shown in fig. 2.16(d); the value of m
here refers to the main line.

The bridged T-network of fig. 2.19(a) has been successfully
employed and has the advantage that the matching impedance
required is purely resistive. The coils should again be wound in the
same direction and the coefficient of coupling may have a value of
about 0-2. This network has the disadvantage that an extra com-
ponent, namely the bridging capacitor, has to be added to each sec-
tion; the value also requires experimental adjustment to obtain
optimum practical performance.

5.4.2.2 Low Frequency Limitations

When working at the high frequencies with which we are concerned
it is desirable to arrange that the cathodes of all valves are at earth
potential, since non-inductive high capacitance condensers, which
might be used to by-pass the cathode resistors, cannot be obtained
in practice. The grid line must therefore be insulated from earth,
as far as D.C. is concerned, in order that grid bias may be applied.
Blocking capacitors C,, C, and C,, shown in fig. 5.8(a), are therefore
required. The capacitors €y, must be non-inductive and their
value is accordingly limited. At low frequencies their reactance
becomes of the order of the characteristic impedance Z,, of the
grid line and the amplitude of the grid signal is accordingly greater
than that at high frequencies. At the lower frequencies the delay
time of the lines may be neglected and the circuit reduces to that
shown in fig. 5.8(b), where the three valves have been drawn as
one. If the internal resistance of the source of e.m.f. ¥ feeding the
grid line of the first stage is oqual to Z,, then it is easily seen that
the signal in the line remains at the value E/2, independent of
frequency, provided we make C; = C,. The signal will fall off

* WEeLLs has drawn attention to the fact that in applications where one is
primarily concerned with the leading edge of a pulse it is better not to attempt
a match in the grid line immediately aftor the last valve in the stage. A
number of oxtra sections may be added, embodying capacitors to simulate
the presence of valve grid capacitance, before the termination is reached.
The reflected pulse from an imperfect termination is then delayed before it
again reaches the grid of the last valve and travels in the reverse direction
down the grid line. The frequency response of such an amplifier would appear
to be poor, but a clean leading edge is in fact obtained.
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however at very low frequencies when 2wC R’ ceases to be much
greater than unity.

HT +
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Fig. 5.8. Compensation for low-frequency distortion. Circuit
(b) is equivalent to (a) at low frequencies.

Similarly, at low frequencies, the anode line, when correctly
terminated in the reverse direction by a resistor Z,,, behaves as a
source of e.m.f. equal to ng,V,Z, and internal resistance Zy,
(V, is the grid signal). It is easily shown that the signal in the grid
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line of the second stage is equal to ng,,V,Zg,Z,/(Zes + Z,,) provided

Z
Cy= 22500. This expression for the gain is the same as that
oa

applying at high frequencies.

A practical difficulty sometimes arises in connection with the
anode line reverse termination. If the full anode current is allowed
to flow through this resistor, the high dissipation may call for the
use of a wire-wound resistor of large physical size; the accompanying

L. L
R1=R’=Z°"="/€:="/;

Fig. 6.9. Compensation of inductance in resistive termination.

large stray capacitance to earth is undesirable and such resistors
are also inductive. A high-frequency choke may be connected in
parallel with the termination, to pass the steady anode current, thus
allowing a small carbon resistor to be employed. Such an arrange-
ment has been used by MyERs [525] in which the choke was actually
wound on top of a carbon film type resistor. Clearly this choke will
give rise to a reduction in gain at the lower frequencies. Several
chokes may be connected in series, graded to give increasing induc-
tance towards the H.T. supply end of the resistor. The increased
self capacitance of the larger chokes is immaterial, since smaller
chokes are connected between them and the signal side of the termina-
tion.

The network shown in fig. 5.9 however, should give superior
performance with few extra components. The resistors B, and R,
are both equal to the characteristic impedance Z, of the anode line

and, if L and C are chosen such that Z, =V —175, the network
presents a constant resistance equal to Zy, down to zero frequency.
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At high frequencies, R, is the effective termination and this may be
a small carbon resistor; the condenser C is of comparatively low
value and must be non-inductive. The resistor R, which passes the
total anode current, may be large and of the wire-wound type; its
inductance does not matter since an inductance is already connected
in series with it and its large stray capacitance to earth is also
irrelevant since, at high frequencies, the inductance L effectively
isolates the signal line from this capacitance.

5.4.2.3 Limitations at High Frequencies

We have so far assumed that the useful upper frequency limit of
the amplifier is determined by the cut-off frequency of the delay
lines. This may indeed be the case but at frequencies in excess of
100 Mc/s the effect of grid loading, connecting lead inductance, and
line loss, must be taken into account. Such effects are discussed by
GINZTON et al. [517] and in further detail by HorToN et al. [518] and
it appears that grid loading is the dominating limitation.

Inductance in the grid and anode leads can be compensated by
suitably adjusting the m-derived filter sections but cathode lead
inductance L, is more serious. It can be shown that this inductance,
acting together with the grid-cathode capacitance C,,, gives rise to a
shunt conductance G per section of grid line. The effect of the
electron transit-time 7 is to increase the conductance which varies
with frequency according to the relation

6 = gnw¥(LCy. + Kr?) (5.20)

where K is a constant depending on the particular type of valve and
g is the mutual conductance. The input resistance of a 6AKS5 valve,
for example, has a value of the order of 250 Q at a frequency of
400 Mc/s. It has been shown that the fractional loss in the gain per
stage is approximately equal to
1— 46 (6.21)
29m
where A is the stage gain, neglecting losses. The number of valves
enters into this expression by virtue of the ratio 4/g,, and it is clear
that there is no advantage to be gained by increasing the number
beyond a certain limit, owing to attenuation in the grid line.
The design of amplifiers for use up to frequencies of the order of
400 Mc/s has also been discussed by WEBER [520]. Before consider-
ing methods of compensating for the valve input conductance it is
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useful to see how the effect of cathode lead inductance may be
reduced. It has already been indicated in § 5.2.1.3 that a valve with
more than one cathode lead may be employed with advantage, so
that the input and output currents do not flow through a common
lead inductance. The 6AKS5 type of valve has two such connections
and the arrangement indicated in fig. 5.10 has been employed with
success by WEBER. One cathode lead from each valve is earthed
directly to the chassis. The other cathode leads are connected to a
straight piece of wire, virtually a third transmission line, which is
arranged to have a much greater capacitance to the anode line than

NEAR ANODE LINE

Fig. 5.10. Arrangement of connections for reducing the effect
of cathode lead inductance (after WEBER).

to the grid line. By this means the majority of the output current
from the first valves is isolated from the input current. This im-
proved method of wiring has no influence, of course, on the contribu-
tion to the input conductance due to transit time.

A simple method of neutralizing the input conductance, when the
valve possesses only one cathode connection, is to connect a small
resistor in parallel with a small capacitor between the cathode of the
valve and earth. This combination appears in series with the cathode
lead inductance and the whole will present a nett capacitative
reactance, up to a certain frequency, and no positive input conduc-
tance will be obtained. This circuit has been employed by W. R.
HEeWLETT but the gain of the amplifier is somewhat reduced over the
working frequency band.

Neutralization may also be achieved, without appreciable reduc-
tion in gain, by connecting a small inductance in series with the
screen connection. The cathode, control-grid and screening-grid
behave as a triode valve with an inductive load and, by virtue of the
grid-screen capacitance, a negative input conductance results which
tends to cancel the positive input conductance, due to cathode lead
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inductance and transit-time. The value of the screen inductance
must be chosen such that no resonance with the screen capacitance
occurs within the working band.

5.4.2.4 Gain Stability

An advantage possessed by the distributed amplifier is the
comparative freedom from any tendency to self-oscillation. The

IIKN
+ + 100V
170V

| T

150K

Fig. 5.11. Stabilization of gain by D.C. stabilization of
standing anode current.

arrangement is also reliable, since the failure of a valve merely results
in a slight loss in gain. A major disadvantage in work involving the
precision measurement of pulse amplitudes is the variation in gain
which occurs due to changes in mutual conductance. In micro-
second amplifiers overall negative feed-back is usually employed to
improve linearity and stabilize the gain but this cannot be done in
the case of distributed amplifiers.

Improved stability results if the screen potentials and heater
supplies are stabilized. In addition (or instead), steps may be taken
to arrange that the total anode current, upon which the mutual
conductance principally depends, is maintained constant. Some form
of negative feed-back, operating only at zero or very low frequencies,
is called for and one arrangement is indicated in fig. 5.11. In a
circuit of this sort it is necessary that all the valves in the stage be
approximately matched as regards their D.C. characteristics.
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5.4.2.5 Noise

A distributed amplifier suffers from the usual sources of noise* to
which wide-band amplifiers are prone. Contributions to the total
noise output arise from:

(a) thermal noise in the output impedance of the source
feeding the grid line, and in the grid and reverse anode termina-
ting resistors,

(b) shot and partition noise in the valves,

(¢) noise associated with transit-time effects at high frequencies,
and noise in the grid loading impedance, to which the influence

of the grid-cathode capacitance, in conjunction with the cathode
lead inductance, is equivalent.

(a) Thermal Noise—The noise power N, generated in a resistance
in the frequency range f to f + Af is given by

N, = 4kTAf (5.22)

where T is the absolute temperature and & is BoLTzMANN’s constant.
The corresponding r.m.s. noise e.m.f. developed in a resistance R is
accordingly

E, = VN R = 1:28 X 10-9VRAf (5.23)
where R is measured in ohms, f in cycles per second, E,, in volts and
we have put 77 = 300° K.

In a distributed amplifier the noise voltage due to the output
impedance ‘of the source feeding the grid line, assumed equal to
Zy,, is amplified in the normal manner. The forward voltage wave in
the anode line has amplitude

ngmzoa VN OZOG
2 2
and the output power in the anode line developed across a matching
termination Z, is accordingly equal to
%N Onzg?nZOaZOg (5-24)

The terminating resistance in the grid line gives rise to a voltage
wave travelling in the reverse direction in this line; such signals are

* See the companion volume in the present series: Signal, Noise and Reso-
lution tn Nuclear Counter Amplifiers, by A. B. GILLESPIE.
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only amplified appreciably if the phase change per section is either
approximately zero or approximately equal to =. The above
expression for the output noise power may therefore have a quantity
zeta times as much added to it where { approaches the value unity
at low frequencies and at the line cut-off frequency and is small over
most of the range.

A further contribution of Ny/2 is given by the reverse anode
termination and the output matching termination together. The
total output thermal noise power is thus equal to

N,
5 [+ 7%nZoaZo,(1 + D/4] (5.25)

(b) Shot Noise—The effect of shot and partition noise in a valve is
usually expressed in terms of an equivalent resistance noise generator
R, in the grid circuit. The forward travelling noise power generated
at each anode is

V2ol

0a™"s

Since the contributions from the various valves are incoherent the
total output noise power due to this cause is equal to

}Nng2 Zo R (5.26)

8

(c) Valve Input Noise—The third source of noise only becomes
important at the higher frequencies at which the valve input
resistance approaches the value Z,, Attenuation of the desired
signal then occurs in the grid line and such frequencies barely fall
within the working range of the amplifier. This source of noise is of
little practical significance.

The total output noise power is given by the sum of the contribu-
tions 5.25 and 5.26 above:

N,
S 1+ wgnZoZo(1 + D/4 + ngpZoRyf2)  (5.27)

and the total r.m.s. output noise voltage is given by

N,Z
J =5 L+ 0 Z0aZo,(1 + D4 + ngnZo 2] (5.28)

The equivalent noise signal input voltage is obtained by dividing
this expression by the stage gain ng,, Z,,/2.
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It is seen that the effect of the resistive terminations in the anode
line will ordinarily be negligible and that the contribution due to
shot noise can be made small by employing a considerable number
of valves in the stage. Attenuation in the grid line, however, and
the possibility of noise arising from sourge (c) above, sets an upper
limit to the number of valves which may usefully be employed.

The noise factor of the amplifier may be defined as the ratio of the
total output noise power to the noise power at the output due solely
to the amplified input noise. The factor is given by the following
expression

4 2R,

1
+ €+ 2 2ZOaZ0|1 nZOa

(5.29)

A noise factor of about three and an equivalent noise signal input
voltage of the order of 40 4V are estimated for the case of an amplifier
employing six small valves to give a gain of three over a bandwidth
of 200 Mc/s at an impedance level of 200 €2.

Some complete distributed amplifiers described in the literature

Impedance
Band- | Vol- y Valves .
Source width | tage Ohms Mg’}”"ﬁ"‘
Mec/s |gain utpu
In ‘ Out | No. | Type
Corson [521] . . .| 30 | 25| 200 200 | 3 |6ACT 85 Vr.m.s.
30 | 35| 200 | 480 | 3 | 807
Cormack [522] . . . 170 | 25| 75 | 340 | 8 | Z77
Hewlett-Packard Type 460A| 140 | 10 | 200 | 200 5V peak
KeLLey [523] . . L[ 100 | 25 | 195 | low | 8 | BAKS5
90 40 | high | 470 | 16 | 6AKS5 + 60V
MyErs [525] . . .| 100 |100| 100 | 250 | 12 | 4X150A | + 160V
RupeNBERG and KENNEDY
[626] . . .| 200 | 31| 200 | 200 | 6 |BAKS
8.K.L. Type 204 . .| 200 |100| 200 | 200 | 24 | 6AKS + 6V
ScHARFMAN [527] . .110-360| 2-8 | 50 93 9 | 6AKS
TymiNskr [528] . .| 250 | 28] 180 | 180 | 6
WEBER [620] . . .| 3-400) 2-8| 150 | 220 | 5 | 6AKS
Yu [529] . . . .| 180 |5000{ 200 | 200 | 68 | various | 130 V peak to

peak push pull
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5.4.3 Practical Circuits.

Theoretical and constructional details of a number of complete
amplifiers are to be found in papers by Copsox [521], CorMACK [522],
KeLLey [523], KENNEDY and RUDENBERG [524], MYERs [525],
RUDENBERG and KENNEDY [526], SCHARFMAN [527], TyMINSKI [528],
YU et al. [629]. Some data on these amplifiers are summarized in
the table and circuit diagrams of two of them will be reproduced
here by way of example.

5.4.3.1 Signal Amplifier for Cathode Ray Oscilloscope

An amplifier has been designed by KELLEY to provide a push-pull
output for symmetrical deflection of a cathode ray tube up to a
frequency of about 100 Mc/s. The complete arrangement consists
of a probe unit, a pre-amplifier and a main amplifier.

(a) Pre-amplifier—The circuit is as shown in fig. 5.12. The probe
unit ¥, has a high input impedance and plug-in capacity type
attenuators may be used to prevent the valve from overloading. The
output from the probe is fed into a ladder attenuator, the input
impedance of which (195 Q) provides the effective anode load for
the valve V,. A maximum attenuation of 20 db is provided in
steps of 4 db.

The signal leaving the attenuator enters the grid line of the first
distributed stage (valves V,, V,, V,) which has a gain of about 5 times
and a design cut-off frequency of 120 Mc/s. The anode line of this
stage is coupled to a second similar stage (valves Vg, V,, V) via a
buffer valve V; which effectively provides an open circuit termination
to the anode line, thus giving a factor of two improvement in gain.
The output from the second stage is taken through a second buffer
valve V, and is fed, from the anode of this valve, into a synchronizing
amplifier (which triggers the cathode ray tube time base circuit) and
also via a length of 200 Q delay line (see §6.3.1) into the main
amplifier.

Filter sections of the m-derived type are employed throughout
and the method of construction* is indicated in fig. 5.13.

* Several workers have used self-supporting continuous helices, of thick
wire, so designed that the coefficient of coupling between adjacent sections
has the correct value. It is felt, however, that better mechanical stability is
obtained if thinner wire is employed and the coils are wound on a threaded
insulated former.
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(b) Main Amplifier—The main amplifier, depicted in fig. 5.14,
was designed to have a pass band of about 90 Me/s; a voltage
swing of at least 60 V, in either direction, was desired at the output.
The input delay line is terminated by a 200 Q carbon resistor of
small physical size. A small inductance is connected in series with
this resistor and is very effective in compensating for the shunt
capacitance of the load. The inverter valve V, was proved to be

257 257
PRE -AMPLIFIER
CRID 4F28 FORMVAR
257 657 65T bST 257
35T
PRE-AMPLIFIER
e 4F 24 FORMVAR

357 107 107 ©OT I5T nr

4k 26 FORMVAR
W7 our o asr

MAIN AMPLIFIER
GRID

MAIN AMPLIFIER
ANODE

67

67 w7 6T 67

167 167

4 TWISTS 4F 26 FORMVAR

All coils wound on } in. diameter polystyrene rod
24 B. & S. = 24 S.W.G.; 26 B. & 8. = 28S.W.G; 28B. &8. =30S.W.G.

Fig. 5.13. Delay line construction,

completely satisfactory within the frequency band involved and did
not introduce any noticeable deterioration in output pulse rise-time.
Two valves V, and V, follow the inverter and drive the grid lines
of the push-pull output stages. Here again the grid line impedances
form the load resistances of the coupling valves. The lines are un-
terminated at their input ends; no matching at the inputs is required
if the remote ends are sufficiently well terminated and an attenuation
factor of two is thereby avoided. The anode lines are connected to
the cathode ray tube deflector plates without the addition of any
resistive termination. A factor two increase in gain once more results,
but adjustment of the reverse termination is more critical.

Satisfactory performance was obtained when the screening grids
of each stage were simply connected in parallel and decoupled to
earth by a single capacitor in the middle of the stage. Shielding
between the anode and grid lines was found to be necessary in the
main amplifier but not in the pre-amplifier.

12
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Constructional details of the delay lines are given in fig. 5.13. The
small capacitances of 1-2 pF and 1.7 pF, on the anode and grid lines
respectively, are obtained by twisting together an earth lead with a
short length of wire which forms part of the coil winding. Dissipa-
tion in the grid line (due to the input conductance of the valves), and
the unavoidable shunt capacitance of the termination, require that
an inductive component be inserted in series with the grid termi-
nating resistor. An inductance of 0-1 uH was found to be suitable;
this may be constructed by winding 11 turns of No. 26 wire (No.
28 S.W.G.) on a 0-1 in. diameter insulated former.

The main amplifier alone was found to have a gain of about
40 times and the output pulse had a rise-time of 5 musec. Figures of
1000 for the gain and 6-3 musec. for the rise-time were obtained
when the main amplifier and pre-amplifier were combined.

5.4.3.2 An Amplifier of 400 Mc/s Bandwidth

Fig. 5.15 shows the circuit diagram* of an amplifier which provides
a voltage gain of 2:8 over a frequency band extending from a few
megacycles per second up to about 400 Mc/s. Filter sections of the
m-derived type were employed for the grid and anode lines. The
former had a characteristic impedance of 150 Q and each coil had a
total inductance of 0-138 yuH. The inductance of each half was
0-049 uH and the mutual inductance between sections had a value
of 0-020 uH. Corresponding figures for the anode line, of 220 Q
impedance, were 0-167 uH, 0-059 yH and 0-024 uH respectively.
Some difficulty was encountered in obtaining the required coefficient
of coupling between adjacent sections and both grid and anode
coils, of the self supporting type, were wound with the end turns
placed “inside” the rest of the coil. Absolute minimum lengths of
connecting lead were employed in the terminating networks.

The valve input conductance was lowered by employing the
technique outlined in § 5.4.2.3. The cathode “line” consisted of two
size 16 wires (No. 18 S.W.G.), in parallel, spaced } in. apart. The
compensating screen series inductance was obtained by utilizing the
inductances of the 4 in. long lead to the screen bypass capacitor, the
optimum value being determined experimentally. No attempt was

* The authors are endebted to Professor J. WEBER, University of Maryland,
in association with U.S. Naval Ordance Laboratory, Silver Spring, Md., for
details of this amplifier. The work was presented at the 1951 Institute of
Radio Engineers Convention.
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made to screen the grid line from the plate line nor were any valve
shields employed.
An output pulse rise-time of less than 2 musec. was measured.

5.5 SPECIAL VALVES

5.5.1 Transmission-Line Tubes.

Some consideration may now be given to the possibility of
obtaining wide-band amplification at frequencies above 400 Mc/s by
the use of special tubes involving transmission line concepts.
PERcIvAL’s original idea was to wind the anode and grid lines in
the form of uniform helices, arranged concentrically, surrounding a
long straight cylindrical cathode. Cylindrical screening and sup-
pressor grids may be incorporated and the whole is enclosed in an
evacuated envelope with leads in at both ends. Electrons move
radially from the cathode, through the control and other grids, to the
anode, in the normal manner, and the tube would behave exactly
as the distributed amplifiers described above if coupling between the
coils is neglected. Improved high frequency performance is expected
for two principal reasons (i) the line parameters are truly distributed
and (ii) no question of cathode lead inductance can arise since the
cathode itself forms one conductor of the transmission system.

An analysis, using circuit theory, has been made by LEw1s [530],
in which inductive and capacitative coupling between the anode and
grid coils is taken into account. The effect of the electrons is allowed
for by introducing a mutual shunt conductance, per unit length,
between the two helices and by including a distributed shunt
resistance between each coil and earth (cathode). It is found that
waves may travel with two velocities which are, in general, different.
In the faster mode, the grid and anode voltage signals are in phase
and in the slower mode these voltages are in opposite phase. The
characteristic impedances associated with the two modes are different,
in one and the same line, but reduce to the same value, which is
resistive and independent of frequency, if the coils are wound in
opposite directions (in a concentric system) and if the coefficients of
inductive and capacitative coupling are made equal. Complete
matching of the tube is then possible, at least in principle.

It is found that signals travelling in either direction in the anti-
phase mode are amplified according to an exponential law with length
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and waves in the in-phase mode are attenuated according to the
same law. Signals in each mode appear on both the anode and grid
coils simultaneously and are amplified (or attenuated) to the same
extent in the two lines. Advantages which would be possessed by the
tube include (i) much greater gain for the same H.T. supply power,
(ii) the availability of a push-pull output from a single-ended input,
and (iii) the bilateral nature of the device, which suggests its applica-
tion as a broad-band repeater amplifier in a two-way communication
link.

Performance would be limited at high frequencies by phase distor-
tion in the helical lines and by transit-time effects. Extremely close
grid-cathode spacing would be required with consequent difficulties
in construction, bearing in mind the considerable length of the tube.
The valve will tend to oscillate if the product of the reflection coeffi-
cients at the two ends times the gain for the double journey exceeds
unity. The proper matching of the tube over a wide frequency band
presents a major problem and close tolerance construction will be
necessary in order to avoid reflections from irregularities along
the length of the tube. Analysis also reveals the existence of a low
frequency limit to the uniform amplification band, a property which
would be disadvantageous in some applications.

There remains the alternative of constructing a tube in which
coupling between the anode and grid lines is sedulously avoided.
The possibility of oscillation due to imperfect matching will be
removed and constructional tolerances may be relaxed, further there
will be no low frequency limit to the uniform amplification band. The
close grid-cathode spacing must be maintained, however, and no
saving in supply power is achieved. Active theoretical and experi-
mental work on the coupled type of tube is being carried out by
Fowwrgr [5631], [532].*

5.5.2 Travelling-Wave Tubes.

Much is now known concerning the theory and performance of
travelling wave tubes of the KomprNER-PIERCE [533] and allied
types. (Also see MATHEWS [534].) These provide high gain and large
band-widths but possess a lower frequency limit of the order of
1000 Me/s. Such valves accordingly belong to microwave modulated
carrier systems, and there does not appear to be any immediate

* For additional information on coupled systems see references given in § 3.6.
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possibility of their range of application being extended down into
the millimicrosecond pulse region. -

This type of tube employs a linear beam of electrons which travel
at high velocity in a straight line; interaction occurs between the
beam and signals propagated on a slow-wave structure placed in
close proximity to it. Input and output terminals are at the two
ends of the slow-wave structure but the tendency to oscillation due
to mismatch can be counteracted by the introduction of attenuation.
The attenuation introduced affects both the incident and reflected
waves and thus has a double effect in preventing oscillation but only
a single effect on the wanted output. High gain and stability are
therefore not incompatible, as in the case of the bilateral coupled
transmission line tube.

Further developments (ADLER [535]) will undoubtedly take place
in the attempt to bridge the gap between the distributed amplifier
employing conventional valves, and the microwave travelling wave
tube.



6
CATHODE RAY OSCILLOSCOPES

6.1 INTRODUCTION

TaE cathode ray oscilloscope needs little introduction to the reader.
It is indispensable to the research worker using millimicrosecond
pulse techniques who will wish to understand the exact operation
of his circuits, and to examine the waveforms of the pulses present in
the system. Again, the cathode ray oscilloscope is often a convenient,
and probably the most reliable, instrument for the measurement of
time intervals between pulses, their relative amplitudes and their
shapes. In particular, if the pulses to be measured are of a transient
nature, the oscilloscope fitted with a photographic recording camera
is the only available instrument by means of which an exact analysis
of the pulse waveforms may be made. The need for careful examina-
tion of pulse waveforms is of special importance when using very
short duration pulses, since the presence of stray lead inductances
and capacitances may easily cause unexpectedly serious distortions,
thus giving rise to errors in the measurement of amplitudes and time
intervals.

The design of cathode ray oscilloscopes suitable for the display
and recording of single transient pulses will first be considered, and
then the oscilloscope display of regular recurrent pulses will be
described. It turns out that this latter case presents a rather easier
problem than does the former. In both cases the major problem
lies in the design of suitable cathode ray tubes and therefore these
tubes will be described first. The associated time-base and other
circuits will likewise be discussed, and the chapter concludes with a
description of the special circuit technique of pulse sampling which
may be used to display regular recurrent pulses.

6.2 CATHODE RAY TUBE DESIGN

Several factors in the design of a cathode ray tube become of special
importance when very short duration transient pulses are to be
displayed.

170
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6.2.1 Transit-Time Limitations.

In a conventional type of cathode ray tube the dimensions of the
plates and the electron beam velocity are such that the transit-time
of the beam through the deflection plate system is in the region 1 to
10 musec. If the deflection voltage changes appreciably during this
interval of time, then the resultant pattern displayed on the tube
screen will not be a true representation of the deflecting voltage
waveform.

|_y AXIS
DEFLECTING
ELECTRON

s PLATES
Ry

BEAM
G, N e X . 4 X
I AXIS
l f'; l | VI
|
14— [ —»ia § '
1 ! FLUORESCENT
SCREEN !

Fig. 6.1. Electron beam deflection in cathode ray tube.

We shall illustrate this effect by considering the application of two
simple types of voltage waveform to a pair of parallel deflecting
plates, through which an electron beam is passing (fig. 6.1). The
problem may be simplified by assuming that the electrostatic field
acting on the electron beam, due to the potential difference between
the deflecting plates, is uniform over the length of the plates and is
negligible beyond their ends. We shall further suppose that the
diameter of the beam is small compared with the distance between
the plates.

For the motion of a single electron through the deflecting plate
system, we have:

dx
axial electron velocity = P (independent of deflecting

voltage)
6.1)
and
&y E
mom =% e where e and m are the charge and mass of an electron.

(6.2)
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6.2.1.1. Pulse Conditions

Let us first consider the case of a step function of voltage, of
amplitude E, applied at time ¢ = 0, and suppose that a particular
electron enters and leaves the deflecting plate system at times
t, and ¢, respectively.

When the electron emerges from the deflecting field, having been
given a transverse velocity v,, equation 6.2 yields:

E
v, = 3.§dt (6.3)
t
E e
=Tt

where ¢, = t, — ¢, is the electron transit time through the deflecting
plates.

If the electron is between the deflecting plates when the step
voltage is applied (i.e., t; <C 0) then on emerging from the deflecting

field,
t
J’ E
b
0

e
‘m

§Im

Al

t (6.4)

o] &

N

The resultant deflection ¥ on the screen of the cathode ray tube
for small values of 0 is given by:
Y =280
= Sv,/v, (6.5)

The complete solution for Y, expressed as a function of the time ¢
after the application of the step voltage, is then,

Y=0 fort <7
E N

Y=—.E.—.(t—7) forr<t<(r+1)
b m v,
E e 8

Y=-I-)-.;L.v—z. =Y, say,fort>7+4t,
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where 7 is the time of flight of the electron from the deflecting plates
to the screen.
The corresponding waveforms are shown in fig. 6.2 and illustrate

£
INPUT VOLTAGE

o ]
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] -4

! v, | BEAM

! o 1 DEFLECTION

la— T —»l ¢, «—
]
1

--Lr

Fig. 6.2. Transit time distortion of display of step function.

that the electron transit time ¢, sets a lower limit to the rise-time of a
pulse that can be displayed.

6.2.1.2 Sine Wave Conditions
Let the applied voltage take the form

E = E,sin wt

Then we have from equation 6.3
E, e
=2— . —si b, + t,) si ¢
Uy wb mSIn%w(l'}’ 2) sin }ot,
The deflection Y on the screen of the cathode ray tube is then,

S E
Y =22 202 i doolt, + ty) sin dot,
v, wb m

This deflection is a sine wave of the deflecting waveform frequency
and peak amplitude given by:

Y(w) = E, wif:m sin }wt,
When
Se
w —0, Yo(w) »Eomt, = Y(0) say
hence

Y (o) _ sin (}wt,)

Yy0)  dot, (©8)
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i.e., the deflection sensitivity gradually diminishes to zero as the
frequency is raised from a low value. At still higher frequencies the
sensitivity rises again, as illustrated in fig. 6.3. Hence, if a cathode

K]
S EEAN

06 N
Y (W)
1,(0)

04

N
02 \

o e Ty 3T, T ST, 3mh oamj am
Twer

Fig. 6.3. Transit-time distortion of display of sine wave.

ray tube is being used to measure the amplitude of a high frequency
sine wave, this loss of deflection sensitivity must be borne in mind in
the amplitude calibration.

6.2.2 Connections to Deflecting Plates.

The inductance of the leads conveying the signal voltage to the
deflecting plates must be kept to as low a value as possible if the

R L

DEFLECTING
£ @ PLATES ¢

o
Fig. 6.4. Equivalent circuit of deflecting plates.

cathode ray tube is to be used for displaying fast rising pulses or
high frequency sinusoidal waveforms. The normal cathode ray tube
practice of bringing these connecting leads through the base of the
tube is quite inadmissable for the present applications and the leads
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should be sealed through the glass envelope adjacent to the deflecting
plates. The following simple analysis of the circuit will show that the
effect of lead inductance is as important as the transit-time limitation
in determining the shortest pulse rigse time or highest frequency sine
wave that can be displayed without undue distortion.

The simple circuit representing the deflecting plate system is
shown in fig. 6.4, where R is the total resistance of the external
circuit, including that of the deflecting voltage generator.

6.2.2.1 Pulse Conditions

Let a step voltage,* of amplitude E, be applied to the circuit, then
the Laplace transform of the voltage appearing between the deflect-
ing plates is given by,

E
p(p*LC + pCE + 1)

The solution of this equation (see Table 1.1, page 10), when R is
less than the critical damping resistance, is:

V=EFE [1 —e (g;sin Bt + cos ﬁt))] (6.7)
where

o=
p= "/ LC 412
In a practical circuit we choose R such that the resultant voltage

across the deflecting plates has as short a time of rise as possible, without
an undue amount of overshoot above the amplitude E of the input

voltage. A good compromise is to make iy unity which gives an
overshoot of approximately 49%,. If
2L

=1 th R =
en 0

* This type of input is considered before the sinusoidal case since we are
interested in pulses rather than in simple harmonic signals. We also wish to
establish a suitable value for the damping resistance on transient response
before analysing the sinusoidal case.
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Putting
1
fo = ——=, the circuit resonant frequency,
* 2mVIC
we have
1 0-22

Vonf,¢  foC ©8)

This latter formula may be used for estimating the value of R
required ; both €' and f, may be measured for a particular cathode

ray tube.
With this value of damping resistance

R 1 1
u=ﬁ=2—1]=(—)72=7’ where T = CR
Thus the deflecting voltage becomes
t t
V=E [1 — T (cos 7+ sin —’f’)] (6.9)

At the instant when V = E, on the rising edge of the pulse, we have
t 1si t 0
cos — - sin — =
T T

Therefore

3
t = Zﬂ T — 23T (6.10)

This gives a measure of the rise-time of the voltage waveform
displayed on the cathode ray tube screen. The shape of the curve
is given in fig. 6.5 (¢,/T = 0).

6.2.2.2. Sine Wave Conditions

Let the input waveform take the form of a sine wave of real
amplitude E,. The resultant complex voltage amplitude across the
deflecting plates is given by:

1
Vy = E
7 jwCR + (1 — w?LC) °

If we now use the same value of damping resistance R, as obtained
in the preceding pulse analysis, we obtain for the peak value of the
deflecting voltage

Vo) = El + 3T~ (6.11)
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where we have written Vy(w) to indicate the dependence of ¥, on
frequency. The resultant amplitude of the displayed waveform is
proportional to this value and is of sinusoidal form with a phase
shift between the input voltage and the displayed waveform.
At low frequencies Vy(w) — E,.
Hence
Volw)  Yy(w)
Vo) ~ ,0)
This expression is plotted in fig. 6.6 (¢,/7 = 0), and illustrates how
the deflection sensitivity of the cathode ray tube diminishes as the
frequency is raised, owing to the inductance and capacitance in the
deflecting plate circuit.

— (1 + jtTh"} (6.12)

6.2.3 Overall Frequency Limitations of Normal Deflecting Plate
Structures.

A simple analysis of the effects of transit-time and deflecting
plate lead inductance on the rise-time of an input step voltage or
on a sinusoidal voltage waveform has been given in the preceding
two sections. In a practical cathode ray tube both of these effects
occur so that it is of importance to combine the two results. It
should be noted that in the design of the cathode ray tube these
effects are independent.

6.2.3.1 Pulse Conditions

The voltage appearing across the plates inside the cathode ray
tube is given by equation 6.9, and inserting this value in equation
6.3 we obtain:

ts
E t t
) =f 51% [1 —eHT (cos? + sin?)] dt
4

Performing the integration we find:

E e ¢ ¢
=—,— —UT o8 —
W=7 m[t—{—Te cosT]

ty

1Y
The resultant deflection on the screen of the cathode ray tube is
then given by
Y = Sv,/v,
t]h
. el [t + Te~UT cos 71] (6.13)

1

ol
S|e
§
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If the electron is situated between the deflecting plates when the
step voltage is applied, the limit of integration ¢, in this equation is
replaced by zero.

-2

‘ ——
08 tr’;z\ A/& //
' /
/

LT
T

Fig. 6.5. Transit-time and circuit distortion of display of
unit function.

(¢, = transit-time between plates.)
(r = time of flight from plates to screen.)

The complete expression for the deflection Y expressed as a
function of the time ¢ after the application of the step voltage is
then

Y=0 fort <7t
E e 8 _= t__.,.]
=== 2¢t—7— Te T
Y o vw[(t 7) —T + Te cos T
forr <t <(r+1t,)
E e S B G t—7 E (t—7—1t)
Y=3';L'v:|:t'+Te T {cos T —eTcos——T———}]

for ¢t > (r + ¢,)

The waveform appearing on the screen of the cathode ray tube
for this pulse condition is shown in fig. 6.5; curves are plotted
for different values of the transit-time.
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6.2.3.2 Sine Wave Conditions
Combining equations 6.11 and 6.6 we obtain:
Yo(w) sin (Jot,)

- -4
Y0 = jer, (L 0T (6.14)
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Fig. 6.6. Transit-time and circuit distortion of display of sine wave.

Curves for different values of the transit-time ¢, are plotted in
fig. 6.6. The frequency characteristic of the deflecting plate structure
of a particular cathode ray tube and the shortest possible rise
time of any displayed pulse may be determined by means of figs. 6.5
and 6.6. The practical effects of transit-time and deflecting plate
lead inductance may be seen from the following numerical values
which were measured on a cathode ray tube designed for the observa-
tion of transient millimicrosecond pulses.

Deflecting plate capacitance C = 6 pF

Resonant frequency f, = 250 Mec/s

Transit-time ¢, = 1-3 musec. (estimated)
T = CR = 1 musec. (equation 6.8)

Required damping resistance B = 160

Thus 7' and ¢, are similar in value and are of equal importance
in limiting the minimum pulse rise-time. For this particular tube
the minimum rise-time of the displayed waveform, for a step voltage
input, is about 2 musec. measured between 10%, and 909, amplitude

13
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points. In the case of a sine wave input the deflection sensitivity
at'a frequency of 200 Mec/s is 0-7 of its low frequency value.

6.2.3.3 Time-Base Waveform

A further important case to consider is the application of a time-
base waveform to the deflecting plates.
Let the input voltage waveform, derived from the time-base
circuit, be:
E=0 t<0
E = Kt where K isa constant, ¢t >0
Then the voltage V applied between the deflecting plates inside
the cathode ray tube is given by
K
PAP*LC + pCR + 1)
Taking the inverse transformation, we have:

V=

V=K [(t —T) 4+ e ™ :«T — 1 sin Bt + T cos ,Bt” (6.15)

where
R
o = —
b= A/ LC 412
T =CR
and

av
V=0—-—=0att=0
de
If we again choose R to give a slightly underdamped circuit as in
§6.2.2.1, the solution 6.15 reduces to

t
V=K|t—T{l—elT —}]
[ { e COST

The effect of transit-time distortion is included by inserting this
expression for the voltage into equation 6.3. Performing the integra-
tion, we obtain:

t

K e t t
= — . — | 142 120 = 4T ( in — — _..)]
w= [% Tt + % T% 8in 73 — 008 (6.16)

t
fort, >0
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The resultant deflection D on the screen of the cathode ray tube
in terms of the time ¢ after the start of the applied time-base is then
obtained as in §6.2.1.1.

Fig. 6.7 shows the results in graphical form. From these curves
it is seen that the chief effect of the deflecting plate circuitreactance
and transit-time distortion is to give a time delay between the start
of the time-base and the attainment of a steady scan velocity. The
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Fig. 6.7. Transit-time and circuit distortion of display of time-
base waveform.
displayed time-basc is still linear except for a short period at the
commencement of the trace.

In a practical cathode ray tube, the time-base deflecting plate
constants will be of the same order of magnitude as the signal
deflecting plate constants; time-base distortions are accordingly
insignificant since the time-base duration is generally at least ten
times the shortest rise-time of the pulses to be displayed.

A simple geometrical arrangement has been assumed in the preced-
ing analysis and the equivalent circuit has been simplified by the use
of lumped constants. These assumptions, however, are justified in
practice, and the results of the analysis give a useful indication of
the frequency characteristics of the deflecting plate structure.

6.2.4 Methods of Reducing Display Distortions due to Deflecting
Plates.

We have seen in the preceding section that both the electron
transit-time and the deflection plate circuit reactances are limiting
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factors in the high frequency performance of a cathode ray tube.
Hence, both of these factors must be reduced as far as possible if
very short duration pulses are to be displayed. Two basic designs
have been employed for this purpose, and will now be described.

6.2.4.1 Lee’s Three Beam Micro-oscillograph

LEE [601] has designed an oscillograph tube in which the transit-
time through the deflection plates was reduced by using a high beam
velocity (60 KV accelerating voltage) and a short plate length. In
addition, care was taken to reduce the plate lead inductances to a
minimum. By this straightforward technique, the bandwidth was
increased to 8600 Mc/s for 3 db attenuation. The disadvantage of
this technique is that the deflection sensitivity is much reduced, as
will be seen from equation 6.5 (the deflection is proportional to the
transit-time and inversely proportional to the beam velocity). The
difficulty was overcome by using voN ARDENNE’s [602] technique
of reducing the diameter of the electron beam so that a very small
spot (0-01 mm diameter) was produced on the screen of the tube.
The deflection sensitivity of a cathode ray tube may be expressed
in terms of the deflection voltage required to move the beam by
one spot diameter (see § 6.2.5) ; thus, by reducing the electron beam
diameter, Lee was able to obtain a deflection sensitivity of 10 V per
spot width. It is necessary to view the screen through a low power
microscope because of the small physical size of the display.

6.2.4.2 Travelling-Wave Deflection Systems

Such methods are used to obtain a high deflection sensitivity
whilst increasing the bandwidth of the deflecting system.

In a large number of applications, the amplitudes of the pulses to
be examined are comparatively small, and some amplification must
be included in order that the pulse displayed on the screen be
sufficiently large for measurement purposes. The basic amplifier
designs for this purpose have been described in Chapter 5. If a large
output voltage is required for oscilloscope deflection, many valves
must be employed and a large amount of D.C. power consumed; any
method by which the tube sensitivity may be increased is accord-
ingly extremely valuable. In applications where a large amplitude
signal is available to drive the deflecting plates, however, the use
of travelling wave systems is an unnecessary complication.
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Reduction of electron transit-time and care in the design of the
connection circuit are aimed at in the construction of a deflection
system of large bandwidth. The former can obviously be achieved
by shortening the length of the plates. Several pairs of short plates
situated in tandem along the beam axis and suitably connected
together may be employed in certain cases, in order to offset the
consequent loss in deflection sensitivity. The length of the plates,
connected as indicated in fig. 6.8, must be such that the transit-time
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Fig. 6.8. Transit time distortion of display of sine wave for
single and triple deflecting plates.

through one pair is approximately equal to half the period of the
high frequency sine wave to be displayed. The deflections due to
successive pairs of plates are then additive, and an overall sensitivity,
equal to the number of plates multiplied by the sensitivity associated
with one pair, is obtained. HorrLMaN [603], who has used this tech-
nique, gives the expression

Yow) sin (Jot,) — 2sin (}wt,)
Yy0) Yooty

(6.17)

for the variation of sensitivity with frequency for a triple system;
here ¢, is the total transit time for the three pairs of plates. This
result is plotted in fig. 8.8, and may be compared with the curve for
a single pair of plates (relation 6.6) of the same total length. It is
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seen that the arrangement gives a marked improvement but only
over a range of frequencies round the design figure.

Pierce [604], in his design of a travelling wave deflection system,
has shown how the multiple plate technique may be modified so that
a wide range of frequencies is covered; the tube then becomes
suitable for displaying millimicrosecond pulses. The capacitances
between the deflecting plates (fig. 6.9) together with small connecting
inductances form a low pass filter network (§ 2.4). The constants of
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C.R.T. ENVELOPE — TO FLUORESCENT
SCREEN

Fig. 6.9. Schematic diagram of travelling-wave deflecting systom.

this network are so chosen that the velocity of propagation of a pulse
is equal to the velocity of the electron beam. Ideally, each individual
segment of the beam passing through the structure experiences the
same deflecting field, so that there is no transit-time distortion. This
would be the case if the length of deflecting plates was very small but,
in practice, the shortest pulse rise-time that may be displayed is
limited by the transit-time distortion of each of the deflecting plates,
and by the frequency characteristic of the low pass filter network.
The basic design equations are given in § 2.4.1, but a restatement of
the formulae will help the reader to understand the operation of this
deflecting plate system:

1
le=—Ti%
T = VL0

L
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Here L and C are the inductance and capacitance per section of the

filter (assumed to be of constant k type), f, is the cut-off frequency, 7'

the time delay per section, and Z, the characteristic impedance.
From these equations we have:

1
ﬁ=;5 (6.18)

T =02, (6.19)

From equation 6.6, fig. 6.3, we see that the sensitivity falls, due to
the effect of transit-time, to a value,

Yo(w)
— =07
Y(0)

when 4wt, == 1-5. This value corresponds to a frequency

15
f=— (6.20)
t,

The system is designed such that 7' ==¢,. Thus, comparing equa-
tions 6.18 and 6.20, we see that the reduction of deflection sensitivity
at high frequencies, due to the electron transit-time, through one
pair of plates will always be rather less serious than that due to the
frequency cut-off effect of the deflecting plate structure.

Equation 6.18 shows that in order to increase the cut-off frequency
of the deflecting plate structure it is necessary to reduce the time delay
per section. This means that either the electron velocity must be
increased, or the deflection plates reduced in size. Both of these pro-
cedures result in a reduction of deflection sensitivity, or alternatively,
more deflection plates are required for a given sensitivity. Thus, in a
practical design of tube, the cut-off frequency is kept low, consistent
with the requirements of the waveforms to be displayed, so that as
great a deflection sensitivity as possible may be obtained with
minimum complexity. Having determined what cut-off frequency is
required, the time delay per section 7' is fixed so that for a given
impedance Z, the capacitance C per section may be determined. The
characteristic impedance Z, is normally chosen to match a particular
coaxial cable impedance and the connections to the deflection plate
structure are made via coaxial plugs or sockets sealed through the
glass wall of the tube.
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The cathode ray tube described by PiErcE was designed to have
as large a deflection sensitivity as possible, consistent with a reason-
able bandwidth, and the actual performance figures were as follows:

Cut-off frequency f, 1200 Mc/s for 3 db attenuation
Characteristic impedance Z, 75 Q

Electron gun acceleration voltage 2000 V

Screen spot diameter 0-02 mm

Deflection sensitivity 0-027 V per spot width

A low value of beam current was used in order to obtain a very small
diameter spot. Only regular recurrent waveforms could therefore
be displayed, owing to the lack of brightness.

In this type of deflection system, it is necessary to terminate the
filter network by a resistance equal to its characteristic impedance.
If this is not done, the signal travelling down the filter will be reflected
back along the network, so producing a spurious deflection on the
screen of the tube. The terminating resistance may be inserted inside
the tube envelope.

6.2.4.3 Travelling-Wave Deflecting Plates with Distributed Constants

Discussion in the previous section has been concerned with the
case where the connections between pairs of deflecting plates were
in the form of lumped inductances. It is a simple step from this
filter network to arrange the deflection system in the form of a
transmission line, such as two parallel flat strips, with spacing and
width to give the required characteristic impedance. The speed
at which a pulse travels along the transmission line is much greater
than that of the electron beam; the line must be accordingly coiled
up in some manner so that the path traversed by the pulse is
considerably longer than that followed by the electrons. The line is
80 designed that the resultant velocity of transmission of a pulse, in
the direction of the electron beam, is the same as the beam velocity.
Transit-time distortion is thus eliminated, except for that due to the
finite width of the strips forming the transmission line.

This technique has been employed by several research workers
(see OWAKI et al. [605]), and fig. 6.10 shows the deflecting plate
structure designed by SmrtE [606] and his colleagues. The line
consists of a metal strip, about 1 em wide, wound into a five turn
helix of radius 1 e¢m, flattened on one side. The helix is mounted
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inside an earthed shield with a spacing of approximately 1} mm
between the helix and shield, so forming an unbalanced line of 50 Q
characteristic impedance. Connections are made to the helix at each
end by 50 Q coaxial plugs sealed through the glass wall of the cathode
ray tube. The electron beam, accelerated by a potential of 10 KV,
passes between the flattened part of the helix and the adjacent
earthed shield. The perimeter length of the helix was arranged such
that the beam and pulse velocities were equal. The beam transit
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Fig. 6.10. Distributed travelling wave deflection structure.

time per turn of the helix amounted to 0-17 musec., resulting in a
4%, reduction in deflection sensitivity at a frequency of 940 Mc/s.

This tube was designed for the photographic recording of transient
pulses, and accordingly the beam current and accelerating potentials
were chosen to give the necessary trace brightness. The following
figures were obtained:

Deflection sensitivity = 0-6 V per spot width

Spot size = 0-15 mm

Total accelerating potential = 35 KV

Light output sufficient to record on film a writing speed of
101 spot widths per second.

The deflection sensitivity obtained should be compared with the
figure given in § 6.2.4.1 for Le®’s tube.

8.2.5 Spot Size and Deflection Sensitivity.

In normal low speed cathode ray oscilloscopes, it has been custo-
mary to consider the deflection sensitivity in terms of the voltage
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required to deflect the spot on the screen through a given distance,
usually 1 em. The screen display may be magnified or diminished,
however, by optical methods, so this definition of deflection sensitivity
has no fundamental significance. In the case of oscilloscopes for
displaying short duration pulses, the amplitude of the signal pulse
may be small, and since the provision of suitable signal amplifiers
with the necessary bandwidth is difficult and costly, it becomes
important to design the tube for maximum deflection sensitivity.
The smallest amplitude pulse that can be detected on the screen,
magnified by optical methods if necessary, will be limited by the
spot width, and is usually taken as being that pulse which gives one
spot width deflection.* Hence it is preferable to define the deflection
sensitivity of a tube in terms of the signal voltage required to produce
such a deflection. For a given cathode ray tube deflection plate
system, the sensitivity may be increased by reducing the spot size.
The latter is usually accomplished by lowering the electron beam
current, but there is a consequent loss of brightness at the screen. A
good example of this technique is found in P1ERCE’s travelling wave
tube, described in the previous Section, in which the spot width was
reduced to the very small size of 0-001 in.; a signal pulse giving a
deflection of 0-0l in. can then be considered as providing a good
display for measurement. In this case, the displayed pulse is so
small that a low power microscope must be used for visual observa-
tion and measurements.

From this discussion of deflection sensitivity, it is at once obvious
that the electron optics of a cathode ray tube must be very carefully
designed to give the smallest spot width for a given electron beam
current. The term ‘spot width’ has been used in a rather general sense
heretofore, but, if necessary, it may be precisely defined by reference
to the curve of spot brightness versus distance across a spot diameter.
Fig. 6.11 shows a representative curve taken by moving a very
narrow slit across the spot and measuring the brightness at different
positions. The spot width may then be defined as the width of the
curve between half peak intensity points. The brightness curve only
falls to zero at a considerable distance from the centre of the spot
owing to internal light reflections in the glass face.

* Tt is desirable, of course, to apply signals of amplitude greater than this
minimum value; a pulse giving a deflection of ten spot widths will provide a
good display for most applications.
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6.2.5.1 Effect of Llectron Gun Voltages on Spot Size and Deflection
Sensitivity

The previous argument has stressed the importance of obtaining a

small spot size, and much work has been done to this end on the

design of electron guns. The theoretical aspect has been well treated

by several authors (see LanaMUIR [607], MALOFF and EpsTEIN [608],
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Fig. 6.11. Intensity distribution across spot.

Moss [609]) and only the effect of the gun accelerating voltage on the
spot size will be considered here, since it is of direct importance in
the design of oscilloscopes for millimicrosecond pulse displays. This
is because the accelerating voltage determines the electron velocity
through the deflecting plate structure, and therefore affects the
frequency bandwidth of the cathode ray tube.

The spot size actually obtained from an electron gun is at variance
with that predicted by the conventional electron optical theories,
since it is very difficult to take full account of the various lens
aberrations and space charge effects in the beam. The electron gun
used in a large number of cathode ray tubes is usually regarded as a
double lens system, in which the cathode, grid and first anode form
an “immersion” lens, whilst the following two anodes form a convex
lens system, which focusses the electron beam on to the screen. If,
in such a system, the final anode voltage is altered, conventional
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theory indicates that the spot size should be inversely proportional
to the square root of this voltage. Such is not the case in practice
and LIEBMANN [610] has shown that the spot size is substantially
independent of the final accelerating voltage; fig. 6.12 is a reproduc-
tion of his experimental figures. The result agrees with the theory
advanced by LIEBMANN, in which he considers this type of gun as
comprising a three lens, rather than a two lens, system. The amount
of published experimental evidence concerning the relationship of
spot size and beam accelerating voltage is, however, rather limited.
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Fig. 6.12. Effect of accelerating voltage on spot width (after
LIEBMANN).

Let us now consider an electron beam passing through a pair
of deflecting plates, of axial length !. From equation 6.5 we have
for the steady state deflection Y at the screen

E e 8§
Y=—.—.—t,
b m v,
Now
l
t, = —
Vg
and
v, o V'V,
where V, is the gun accelerating voltage, thus
1
Y ¢« —
Va

for a given applied signal voltage E.
Hence, as V, is increased, the deflection is reduced and, since the
spot size remains substantially constant for a given value of beam
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current, the deflection sensitivity, (in terms of deflecting voltage
per spot width), is reduced in proportion to the increase in V,. It
should be noted that in this case the frequency bandwidth of the
deflecting plates will be increased as V, increases, due to the reduction
of transit-time.

A further corollary of interest is that if the transit-time of the beam
through the plates is kept constant, by alteration of the plate length
as V, is altered, then the deflection sensitivity will be proportional

to 1/vV/ V,. Thus, for a fixed bandwidth,* the deflection sensitivity
is inversely proportional to the square root of the accelerating
voltage.

6.2.5.2 Effect of Spot Size on the Dimensions of the Display

One factor which influences the deflection sensitivity, and which
has not yet been considered, is the spacing between the deflecting
plates. As this spacing is reduced the deflection sensitivity is in-
creased so that the distance between the plates should be small
(bearing in mind the effect of capacitance on bandwidth). However,
if the spacing is reduced too much, the electron beam will impinge
on the plates when the beam is deflected so that the minimum plate
spacing will be fixed by the maximum required beam deflection. It
should be particularly noticed that the maximum deflection is to
be defined in terms of spot width, since this will determine the
resolution and measurement accuracy. In practice, a maximum
deflection of 50 to 100 spot widths in both signal and time base
directions will permit a measurement accuracy of 1 or 2 per cent,
which is usually sufficient in millimicrosecond pulse applications.

6.2.6 Brightness.

It is axiomatic to say that the brightness of the display must be
sufficient to be visible to the eye or else to be recorded by photo-
graphic or other means. We shall now briefly consider the various
factors which influence the intensity.

6.2.6.1 Beam Power

The primary factor which affects the brilliance is the beam
wattage, i.e. the product of beam current and beam accelerating
potential. Either or both of these quantities may be increased in

* It may be pointed out that changes in the length of the plates will influence
their capacitance, which in turn may affect the bandwidth.
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order to obtain a brighter spot. An increase in current will, in
general, give a larger spot diameter and a correspondingly reduced
deflection sensitivity, while, as we have seen, an increase in voltage
will also reduce the sensitivity. In tube design, it is usual to employ
as high an accelerating potential as is practicable and then arrange
that the current supplied by the gun gives sufficient brightness.
This procedure is adopted in the case of a tube intended to display
single transient pulses, but, when the tube is to delineate recurrent
waveforms at a high repetition frequency a greatly reduced spot
brightness is adequate and only a low beam current is required. The
very small spot width of 0-001 in. was obtained by PIERCE by
reducing the current. Such reduction involves the use of beam
limiting apertures in the electron gun, and problems of alignment
set a minimum value to the spot diameter attainable in practice.

6.2.6.2 Aluminizing

When a high voltage beam of electrons impinges on a screen, a
negative charge will be acquired and the potential of the surface
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Fig. 6.13. Performance of aluminized screens.

may fall below that of the final accelerating clectrode of the electron
gun. The beam of electrons will be retarded as the screen is approached
with a consequent loss of brilliance. An equilibrium condition is
established when the charge reaching the screen, through the
primary electron beam, is equal to the loss of charge by the emission
of secondary electrons (collected by the last anode of the electron
gun), and by the loss due to surface resistance leakage. DuDDING



CATHODE RAY OSCILLOSCOPES 193

[611] has discussed this effect, and the results obtained with a
sulphide phosphor screen are indicated in fig. 6.13. It will be seen
that the effect is not serious until the accelerating voltage rises
above 4 KV. This is because fewer secondary electrons can escape
from the phosphor due to the greater depth of penetration of the
primary electron beam into the phosphor material at the higher
voltages. To overcome this ‘‘phosphor sticking” the phosphor
must possess a low value of transverse resistance, so that the charge
collected may leak away between successive time bases strokes.
This has been achieved by the use of an aluminium film in contact
with the phosphor; the film is sufficiently thin that the electron
beam, which transverses the film before striking the phosphor, does
not lose much energy. The aluminium film is connected to the final
accelerating electrode of the gun, so that the phosphor surface is
held at the appropriate potential. The film also improves the bright-
ness by reflecting some of the light from the phosphor into the forward
direction towards the observer’s eye.

6.2.7 Beam Acceleration After Deflection.

During recent years, it has become common practice to accelerate
the electron beam after it has been deflected by the signal plates.
Two arrangements have been described by Prerce [612] and
A1LARD [613]. Additional anodes, in the form of annular rings of
graphite or other material, are deposited on the glass walls of the
tube; these anodes are held at successively higher potentials between
the deflecting plates and screen of the tube. In the second method,
the deflected beam travels in a field free space until it reaches a grid
made of very fine wires. This grid is located close to the screen and
is held at the mean potential of the deflecting plates. After passing
through the grid, the beam is accelerated rapidly towards the screen
by a high voltage applied between it and the screen (which is
aluminised). In the latter arrangement the spot size and deflection
sensitivity of the tube will be unaffected (ideally) by this additional
acceleration, since it occurs over a very small fraction of the path
traversed by the beam. It is found in practice, however, that with
the annular ring type of post acceleration anode, the deflection is
decreased if the accelerating voltage is raised, whilst with the grid
method, the deflection is unaltered but the spot size is increased due
to the effect of secondary electrons from the grid striking the phos-
phor. Thus, in both cases, the deflection sensitivity is reduced as the
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post accelerating voltage is raised to obtain greater spot brightness.
The bandwidth will be unaltered because it is determined by the
transit-time through the deflecting plates and by connecting lead
effects. This result should be compared with that obtainedin § 6.2.5.1,
where the accelerating voltage was considered to be applied before
the electrons reach the deflecting plates. In this case it was found
that the deflection sensitivity was inversely proportional to the
square root of the voltage, provided the bandwidth of the deﬂectiﬁg
plate structure was held constant by alteration of the deflecting
plate length.

It follows that, for a given bandwidth, overall accelerating voltage
and beam current (i.e., given brightness) there is little difference in
deflection sensitivity, whether the voltage be applied before or
after deflection. In practice, however, some post acceleration is
often used, since it reduces the potentials (with respect to earth)
applied to the electron gun, and so eases insulation problems in the
tube base. Post acceleration tubes also give a larger display for a
given pulse input; the larger display is, of course, more convenient
for observation.

6.2.8 Sealed versus Unsealed Cathode Ray Tubes for Photographic
Recording.

A considerable number of very fast writing oscilloscopes have been
constructed in which the electron beam is allowed to fall directly on to
the photographic sensitive material, which is placed inside the cathode
ray tube. The tube must be continuously evacuated, since some gas
is given off by the photographic materials, and also gas leakage occurs
when the film is inserted and removed from the tube. The need for
this continuous pumping makes the equipment very bulky and
expensive, so that it is preferable, whenever possible, to use the more
conventional types of sealed cathode ray tubes. No pumping
equipment is required, and since the photographic film is outside
the tube, it is easy to change the films or plates. The recording
efficiency, however, of an electron beam writing directly on to a
photographic emulsion is considerably greater than when a screen
phosphor and optical lens systems are interposed between the elec-
tron beam and photographic surface; very high writing speeds may
therefore be obtained with an unsealed tube. This statement is only
true if the electrons have sufficient energy to penetrate the gelatin
layer of the film. An accelerating voltage in excess of 30 KV is
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usually required, values lying between 30 and 100 KV being normally
used (e.g. RoGowskI et al. [614]). Hercock [615] has discussed
photographic recording with such tubes and finds that it is possible
to operate at much lower voltages if special types of film are em-
ployed. A practical comparison of the effective writing speeds of
sealed and unsealed tubes may be obtained by comparing perform-
ance figures quoted by Smith and by Lec (see Table 6.1, § 6.2.10).

6.2.9 Photographic Technique.

The photographic technique employed for recording cathode ray
tube digplays has been fully discussed by HErRcock [615]. Current
practice, in the case of millimicrosecond pulse displays, is to use the
largest aperture lens available (f.1) and a fast recording 16 mm or
35 mm film. The application of intensifiers during the film processing
does not, in general, give any significant improvement in the maxi-
mum possible writing speed which can be recorded.

TasLE 6.1
Cathode Ray Tube
Parameters co T e
1 2 3 4
Pre-deflection acceleratmg voltage (KV) . 3 50 2 10
Post-deflection accelerating voltage (KV) . 5 — — 25
Total cathode-to-screen voltage (KV) . 8 50 2 35
Maximum writing speed for transient
recording (spot widths per second) 02X 10%)2 x 100 — 101
Signal deflection plate bandwidth for 3 db
loss (Mc/s) . 200 8600 | 1200 | 2600
Signal deflection plate mput 1mpedzmoe
(ohms) . — — 75 50
Signal deflection sensmvxty (volts per
spot width) . . . . . 2-8 10 0-027 | 06
Spot size (mm) . . . . . 0-9 0-01 002 | 016

Tube 1. Normal sealed tube (G.E.C. type VCRX3.)7A) with short
connection through glass envelope to deflection plates.
Aluminized screen with single post acceleration anode.

Tube 2. LrE’s unsealed tube without post acceleration. The electron
beam is focussed directly on to the recording film.

Tube 3. PiErck’s sealed tube with four pairs of deflection plates
connocted as a travelling wave deflection system. This
tube is only suitable for displaying recurrent waveforms.

Tube 4. SmirH’s sealed tube with helical type travelling wave deflec-
tion system. Four post acceleration electrodes are used.

14
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6.2.10 Performance of Some Cathode Ray Tubes.

In the preceding Sections we have discussed in detail the various
factors affecting cathode ray tube performance. Some of these
factors are mutually conflicting and a compromise must be made.
In particular, a small spot size is required in order that the deflection
sensitivity may be high, but if the size is reduced too much there will
not be sufficient brightness to give the necessary writing speed. The
Table (p. 195) of data on four particular cathode ray tubes is given
in conclusion so that the reader may appreciate what performance
may be obtained with existing tube designs.

6.3 CIRCUIT DESIGN FOR TRANSIENT RECORDING
OSCILLOSCOPES

The general functions, which the circuits associated with such oscillo-
scopes must fulfil, may be stated as follows. Initially, the oscilloscope
rests in a quicscent state, with no spot visible on the screen of the
tube, until the pulse which is to be recorded arrives at the oscillo-
scope. The input signal then triggers the time-base circuit which
switches on the electron beam and applies a sweep waveform to the
X-plates of the tube. The pulse is then transmitted to the signal
deflection plates through a delay cable and amplifier, if necessary,
the delay being sufficient to ensure that the electron beam has reached
its normal brightness and the time-base scan its normal velocity
before the pulse to be displayed reaches the deflecting plates. The
display is recorded on a photographic film which is continuously
exposed to the screen of the tube, no camera shutter being used. At
the end of the time base stroke the electron beam is cut off and the
time-base circuits returned to normal. Insomeautomatic equipments,
the oscilloscope is arranged to be inoperative for a short interval of
time after a pulse has been recorded; during this paralysis period,
the film is moved through one frame by a drive mechanism. When
the film has been stepped forward into a new position the oscillo-
scope is ready to record another pulse so that a succession of transient
waveforms may be recorded. The maximum number of pulses per
second that can be recorded is limited (a rate of two a second being
convenient), but if a high rate of recording is required, special
camera techniques may be employed, involving, for example,
driving the film past the screen of the cathode ray tube at a constant
velocity.
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Fig. 6.14 is a block schematic diagram of a typical transient
recording oscilloscope. The basic circuits associated with the display
unit will first be described, and oscilloscopes suitable for the delinea-
tion of recurrent pulses will be considered later.
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Fig. 6.14. Block schematic diagram of transient recording
oscilloscope.

6.3.1 Signal Delay Circuit.

The most convenient form of delay line for millimicrosecond pulse
applications is a simple coaxial cable; such cables give delays of the
order of 10 musec. for 8 ft. The required length may be as much as
200 ft. in some cases, so that it is important to use a cable which
gives rise to as little high frequency attentuation as possible. Semi-
air-spaced types of cable (embodying a spiral insulator) are normally
employed for this purpose; typical attenuation figures are given in
§2.2.6.2.

It will be appreciated that it is important to reduce the amount of
signal delay required to a minimum so that the pulse shape to be
displayed is not unduly distorted by the cable. The principal factors
contributing to the delay are:

(a) that in switching on the electron beam to full brilliance,
(b) the time interval required for the time base waveform
applied to the X-deflecting plates to attain its normal velocity
of scan,

(c) the interval between the start of the pulse and the instant
at which the amplitude has risen to an amount sufficient to
trigger the time-base circuit.
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Of these delays the first two are controlled by the time-base
circuit and should be arranged to run concurrently rather than in
series. In some circuit designs the time delay (a) is comparatively
long and may be of similar magnitude to the time-base duration; in
such a case it is essential to switch on the electron beam before the
time-base waveform generator is triggered.

The third delay (c) is a function of the rise time of the input
triggering pulse. If the latter has rather a slow rate of rise, then
correspondingly large delays will be introduced. The minimum
signal delay inserted in the oscilloscope must then be sufficient to
cover the maximum time delay that may be introduced by this rise-
time effect together with the time-base circuit delays (a) and (b).
In practice, a delay time slightly longer than this should be employed,
since it is desirable that a small portion of the time-base be visible
before the commencement of the pulse waveform. This undisturbed
portion of the time base gives a zero reference level for pulse
amplitude measurements.

The time delays introduced by time-base circuits at present in use
vary between 10 and 200 musec., the longer delays obtaining with
thyratron circuits.

It may be stressed that a time-base circuit which gives the mini-
mum time delay is the most suitable for use in transient recording
oscilloscopes, but this statement does not apply to oscilloscopes
employed to display recurrent waveforms.

6.3.2 Time-Base Circuits.

The circuits which produce the pulse for switching on the electron
beam and those for generating the time-base saw-tooth waveform
will be described together, since they are bound up with one another.
Only time-base waveforms of the sawtooth type will be considered,
since other forms of time-base find little practical application in the
millimicrosecond range of interest.

6.3.2.1 “Bootstrap” circuit

This circuit is an extension of a commonly used linear time-base
for slow speed oscilloscopes. It is convenient because it gives a well
controlled linear time-base which can be easily switched to give a
range of time-base durations, and which introduces only a short
time delay. Fig. 6.15 gives the basic configuration of a circuit
designed by G. A. HoweLLs [616]; the mode of operation is as
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follows. The valve V, passes about 100 mA of anode current in the
quiescent condition, this current being determined by the cathode
load resistance and the negative supply voltage. The cathode
follower V, and the phase inverter V, take a current of about
10 to 20 mA. Valves V, and ¥V, form a cathode coupled flip-flop
circuit which is triggered by applying a negative pulse to the anode
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Fig. 6.15. “Bootstrap” time-base circuit.

vV, EFP60 V, CV493 vV, CV2127 V, CV138
V, Two valves V, EL37 V, EFP60 V, CV135
type CV2127

in parallel

of V,. This pulse is usually derived from a preceding amplitude
discriminator circuit. When the circuit is triggered, the cathode
current flowing in V, is transferred to V,, so that a positive pulse
is obtained from the dynode of the latter. A current of between
200 and 300 mA is available from this dynode so that a rapidly
rising output pulse is obtained. This pulse is applied to the modula-
tion grid of the cathode ray tube to switch on the electron beam;
the diode Vg limits the pulse amplitude to about 60 V. The reader
should note the existence of the current multiplication given by
V, between the cathode (current value of 100 mA) and the dynode
(output current of between 200 and 300 mA).

The anode current of V,, initially of value I, say, has been cut
off when the circuit was triggered so that this current now flows
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into the capacitor C. The anode potential commences to rise at a
rate I,/C and this rise is passed through the cathode follower ¥, and
fed back to the top end of the anode resistor of V, so that the
voltage across this resistor is kept constant. The current through
the resistor is accordingly maintained at the value I, and a linear
rise in voltage is obtained across . The output from the cathode
follower is applied to the X, deflecting plate of the cathode ray tube.
The valve V; is a phase inverter, which is used to drive the X,
deflecting plate, and so push-pull time base deflection is obtained.
Several details are of general interest in the design of millimicro-
second pulse circuits. For example:

(a) During the time base stroke the diode V; is cut off and the
cathode follower V, must supply the charging current I, =
100 mA for the capacitor C. The current demanded from the
cathode follower will be equal to this current plus that required
to charge the stray capacitance to earth of the X, deflecting
plate and associated circuit connections. The total may be as
high as 300 mA, with fast time bases, so that there will be a
non-linear portion at the commencement of the sweep, whilst
the cathode follower is being driven from its quiescent condition
(20 mA current) up to the operating current of 300 mA. If the
time-base is switched to a low speed range by increasing the
anode capacitor C to a larger value, then this non-linear portion
will persist since the cathode follower must continue to supply
the charging current. The load on the cathode follower, and
therefore the duration of the initial non-linearity, may be
reduced in such a case by transferring the X, plate lcad from
the cathode of V, to the anode of V, and deducting the capaci-
tance of the deflector system from the new value of C. This
procedure cannot be adopted in the fastest circuits* since the X,
plate lead will add too much capacitance to the anode of V,.
(b) The phase inverter valve is driven into heavy anode current
during the time base sweep and the current required,
200-300 mA, with the fastest time-base, will be that necessary
to discharge the anode and X, deflecting plate capacitances at
the required rate. A non-linearity will again be introduced
at the start of the waveform due to the time taken to bring the

* C will be small in value and may even be comprised solely of the stray
capacitances at the anode of V,.
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valve from its initial quicscent current of 20 mA up to the
required operating current. To reduce this effect the valve may
be pulsed quickly into current at the start of the time-base, and
this has been achieved in the circuit of fig. 6.15 by deriving a
pulse from the anode of ¥, and feeding it into the cathode of V.

(c¢) The non-linear portion at the start of the time-base will
occur whilst the electron beam is being switched on; it is
found, in practice, that the time-base has become nearly linear
before the caghode ray tube spot has attained its normal brilliance.

Up to this point we have only considered the operation of the
circuit just after the start of the time-base. Once the circuit has
been triggered, the cathode of V, will continue to rise at the rate
corresponding to the desired time-base velocity, until the cathode
to anode potential of this valve falls to a low value such that the
valve can no longer pass the required current. The cathode will
then cease to rise, and the time-base voltage will remain approxi-
mately constant until the cathode coupled trigger circuit V,, V,
returns to its quiescent condition. If this saturation effect is allowed
to occur, a very bright spot or short line will be present at the end
of the time base. This is always undesirable and valves Vg and V,
have been introduced to overcome the effect. The valve Vg is a
trigger circuit, as described in § 4.3.1, which operates when the time-
base voltage from the cathode follower V4 reaches a given value,
less than that giving rise to saturation. The output from Vg is
used to return the valves V,, V, to their quiescent state, thus
resetting the whole circuit. The valve ¥V, is pulsed into current,
giving a fast back edge to the cathode ray tube modulator pulse
derived from the dynode of V,, and thus switching off the beam.

This circuit was designed for use with cathode ray tube number
1 of Table 6.1 and, in this application, gave a push-pull time-base
of 500 V total amplitude with a minimum duration of 0-1 usec.

A duration of 0-05 usec. can be achieved by careful reduction of
wiring capacitances in the circuit and by the removal of switches
for the control of time-base durations.

The starting delay of the circuit, i.e., the time interval between
the leading edge of a fast rising trigger input pulse and the cathode
ray tube spot attaining its normal velocity and brightness, amounted
to about 10 musec.

A disadvantage of this particular circuit is the large value of the
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current taken in the guiescent condition. This limits the application
of the circuit to time-base durations of 0-1 usec. and longer, when
used with cathode ray tubes requiring several hundred volts of time
base deflection. Similar circuits have also been used by KeLLEY [617],
and by Moopy and McLusky [618].

6.3.2.2 Pulsed Valve Circuits

A different arrangement has been used by BAUER and NETHER-
cot [619] which is capable of giving much faster .time-base sweeps
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Fig. 6.16. Driven valve time-base circuit.

than is the circuit of fig. 6.15. The time-base velocity, however, is
not accurately controlled so that a time calibration waveform must
always be included if accurate measurements are required. The
method consists of pulsing a valve into heavy current and allowing
this current to flow into the time-base capacitor; in the typical
circuit, depicted in fig. 6.16, a pulse is applied between the grid and
the cathode of a valve via a low capacitance pulse transformer.
The duration of the driving pulse determines the duration of the
sweep, and the same pulse is often used to brighten up the cathode
ray tube. The time-base waveform may be taken from both the
anode and the cathode to obtain a push-pull output, the time-base
velocity being determined by the magnitude of the anode and cathode
capacitors C; and C, and by the valve current. The capacitors may
be chosen so that the anode and cathode waveforms are equal in
amplitude. For the fastest time-bases these capacitors degenerate
into stray capacitances.

A similar driven valve circuit has been used by SmiTa [620]
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(tig. 6.17) for providing fast time-bases in LEE’s micro-oscillograph.
In this application a 3D21 type of pentode was employed to give
a time-base waveform at its anode, and the valve was driven into
saturation current by a 2D21 type thyratron. An anode current of
up to 10 A was obtained and was controlled by varying the heater
voltage. By this means the time-base duration for a 1000 V sweep
could be varied from 4000 musce. (at 28 V heater) to a minimum
value of 4 musec. (at 6:3 V heater supply). For heater voltages
giving durations of from 10 to 30 musec. the time-base velocities

+3800V,

+1000V.

TIME
BASE
OUTPUT

~225V. -250V. VOLTAGE
Fig. 6.17. Saturated valve time-base circuit.

were found to be somewhat non-linear, but cxcellent linearity was
obtained outside this range. The 3D21 valve produced a total time-
base amplitude in excess of 2000 V; the first 1000 V of this sweep
was not used.

6.3.2.3 Thyratron Circuits

Hot cathode thyratron time-base circuits are not very suitable for
use in transient recording oscilloscopes because of the comparatively
long firing delay which exists between the application of a trigger
pulse and the occurrence of the discharge between the anode and the
cathode of the valve. However, it is found in practice that this time
delay (of the order of 0-1 usec.) is remarkably constant in value,
provided the trigger pulse has a large amplitude with a fast rising
leading edge. The delay is dependent on the power input to the
control grid and the trigger pulse should drive at least 20 mA of
grid to cathode current through the valve in the case of a small
thyratron, and correspondingly more for a larger valve.* Under

* If no grid current is taken, the input pulse being just sufficient tolbrigger
the thyratron, then variable delay times as long as 1 usec. will be obtained.
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these conditions the thyratron can be used as a time-base generator,
and such circuits find application in oscilloscopes for the display of
waveforms which are regularly preceded in time by a pulse, suitable
for triggering purposes. This subject will be discussed in § 6.4.

INPUT
TRIGGER

Fig. 6.18. Thyratron time-base circuit.

The basic circuit of a thyratron time-base is shown in fig. 6.18 and
PriME and RavENHILL [621] and others have described typical
applications.

Some little time after the thyratron has been triggered,* the anode
to cathode current increases rapidly to a maximum, in a time of
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Fig. 6.19. Thyratron time-base waveforms.

about 10 musec. The current flows through the capacitors C;, C,,
the resistors R;, R, being used to limit the amplitude of the current
to a safe value. Several amperes may be obtained from the hydrogen
thyratron circuit shown in the figure. The anode and cathode
waveforms are used to drive the X-deflection plates of the cathode
ray tube, the capacitor sizes being chosen to give the required time-
base speed. The time-base waveform (fig. 6.19) will be exponential

* The small thyratron type 2D21 is suitable for use in the triggering circuit.
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in shape since the current through the condensers diminishes as the
time-base progresses; in addition there is the slow start alluded
to above due to the time taken by the thyratron to become fully
ionized. The portion of this waveform lying between the end of the
starting period and the point corresponding to about one third of
the peak amplitude is approximately linear, and is used as the display
time-base. This segment of the waveform may be selected by apply-
ing a suitable pulse to the modulator grid of the cathode ray tube
such that the beam is only switched on during this portion of the
total time-base waveform. If used in this manner, the total voltage
generated by the circuit must be arranged to be at least three times
as great as that required for the cathode ray tube time-base sweep.

The circuits for providing the brightening waveform for the
cathode ray tube employ normal types of pulse generator and will
not be described. It is stressed that this pulse must be phased
correctly with respect to the time-base waveform.

The principal advantage of a thyratron circuit is that a current
of several amperes is available for the time-base, so that very fast
sweep speeds may be obtained; the current is also well controlled
by the resistors present. The time-base waveform, however, is non-
linear and must be carefully calibrated before it can be used for
accurate time measurements.

6.3.3 Auxiliary Circuits.

Various additional circuits, indicated on the block schematic
diagram of fig. 6.14 are found to be necessary. The need for this
auxiliary apparatus will depend on the particular application, but it is
desirable that these circuits should be readily available and, if
possible, built into the oscilloscope. This equipment comprises the
following:

6.3.3.1 Signal and Trigger Amplifiers

The design of wideband amplifiers has already been treated in
Chapter 5. An amplifier would, of course, only be employed if the
amplitude of the waveform to be displayed is too small to be applied
directly to the signal deflection plates, but, if the waveform is also
to trigger the time-base, then an additional amplifier may be needed
to obtain a pulse sufficiently large for this purpose. The bandwidth
of this auxiliary amplifier can generally be restricted to less than
50 Mc/s.
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In cases where the time-base circuits must be triggered by the
pulse that is itself to be displayed, care is necessary to ensure that the
connection to the auxiliary circuits from the input terminal does not
affect the shape of the signal waveform. This requirement will often
necessitate the use of an attenuator (indicated in fig. 6.14) in the
cable connection to the time-base circuits. The attenuator, introduc-
ing 10 to 20 db loss, will minimize the effects of loading, due to small
stray capacitances, and of reflected pulses from slightly mis-ter-
minated coaxial cables. The attenuation must be offset by the
provision of additional gain in the trigger amplifier.

6.3.3.2 Amplitude Discriminator

In some applications it is desirable that only input pulses of
amplitude greater than a certain amount should trigger the time-
base circuit. This may be achieved by the use of an amplitude
discriminator circuit preceding the time-base unit and such circuits
are described in Chapter 7. The reader should notice that the
provision of such a discriminator, in combination with the signal
amplifier and trigger amplifier gain settings, affords a means whereby
the time-base is only triggered by pulses the amplitudes of which are
large enough to give a satisfactory display on the cathode ray tube.
This facility is useful in applications where successive input pulses
vary in amplitude between wide limits.

6.3.3.3 Time Calibration Circuit

The fast time-bases used often suffer from non-linearity, particu-
larly when durations of less than 0-1 usec. are concerned, so that it
is essential to calibrate the time-base if accurate time measurements
are required. This calibration may be simply performed by recording
a single trace showing either a sine wave derived from a signal
generator or a series of short pulses. The frequency of this sine
wave or the recurrence frequency of the pulses is adjusted to suit
the time-base duration and is measured accurately.

Fig. 6.20 shows a simple circuit (WELLS [622]) which has been used
to generate pulses for a time calibration waveform. The secondary
emission valve functions as an oscillator by inserting a tuned circuit
in the dynode lead and applying positive feed-back from dynode to
control grid; frequencies of up to 100 Mc/s may be generated. The
output is taken from the anode across a low value resistor and con-
sists of short duration pulses at a recurrence frequency determined by
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the tuned circuit. A sine wave of small amplitude is superimposed
on the pulse output, due to the valve capacitance between anode
and dynode, but this may be removed by means of a biassed
germanium diode.

At frequencies above 100 Mc/s a sine wave is generally employed
for time calibration purposes.

+250V. +500V. +250V.
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Fig. 6.20. Time calibration pulse generator.

(From Nucleonics, Volume 10, No. 4, pages 28-30.
Copyright 1952, McGraw-Hill Publishing Company Inc.)

6.3.4 Camera Equipment.

A standard type of camera, with shutter mechanism, may be used
for photographic recording with oscilloscopes displaying recurrent
waveforms. When recording transients however, no shutter is
employed and the film is continuously exposed to the screen of the
cathode ray tube; means must be provided for moving the film,
either frame by frame, or at uniform speed. When the time interval
between input pulses is long, of the order of one minute, the usual
practice is to move the film forward one frame after each time-base
stroke. In either case, a paralysis circuit must be inserted in the
system, so that the time-base circuit is inoperative for a sufficient
period after each single stroke in order to allow the film to be moved
into a new position. This is necessary to avoid the confused picture
recorded when two time-bases are superimposed. The paralysis
circuit usually forms part of the amplitude discriminator; a suitable
arrangement is detailed in § 7.5.

6.4 OSCILLOSCOPES FOR THE DISPLAY OF RECURRENT
WAVEFORMS

In the preceding Sections we have been concerned with the design of
time-base circuits and cathode ray tubes for the display and photo-
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graphic recording of irregularly occurring waveforms. The design
differs from that required when recurrent pulses are to be delineated
in the following main respects:

(a) The brightness of a single trace must be sufficient to give a
photographic recording.

(b) The time-base starting time delay must be a minimum.

(c) Different photographic recording techniques are adopted in
the two cases.

The first two requirements need not be met where recurrent pulses
are concerned. The brightness of the cathode ray tube trace will
depend on the recurrence frequency of the pulses to be displayed and
the tube may be operated at correspondingly reduced beam current
and spot size. A tube designed specifically for this application is
number 3 of Table 6.1, page 195; the increase in deflection sensitivity
obtained should be noted.

The time-base starting time delay is not significant* when regular
pulses are to be displayed, since auxiliary delay circuits can generally
be included to provide the required time-base trigger pulses at any
suitable time (of the order of 1 usec.) preceding the waveform to be
observed. By suitable adjustment of the delay circuits the waveform
to be measured can be adjusted to occupy a central position on the
display. The time-base circuits previously described may be used
and the thyratron type of circuit (§6.3.2.3) is suitablo for this
application, when very short duration time-bases are required.

An alternative and elegant method of displaying recurrent wave-
forms is described in the next Section.

6.5 OSCILLOSCOPES FOR RECURRENT PULSES
USING PULSE SAMPLING TECHNIQUES

Such types of oscilloscope differ fundamentally from those previously
discussed and their basic principle of operation (JANSSEN [623]) is
related to that of a stroboscope used for viewing high frequency
phenomena. McQUEEN [624] has developed an instrument possessing
a signal deflection bandwidth in excess of 300 Mc/s; performance is
better than that obtained with simple types of cathode ray tube, but
is not as good as that achieved by the travelling wave deflector

* The delay may be large but must be free from random variations in
magnitude.



OATHODE RAY OSCILLOSCOPES 209

plate design described in §6.2.4.3. However, this bandwidth
performance is obtained without using specially designed cathode
ray tubes and with a minimum of high frequency circuits. The
sensitivity obtained is high so that there are great practical advan-
tages in the method and future developments may well give greater
deflection bandwidths. The instrument cannot be used for displaying
irregular pulses.

The technique of pulse sampling may be illustrated by reference
to fig. 6.21. In this diagram, the second line shows a typical short

I l TRIGGER PULSE
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1

PULSE
Fig. 6.21. Principle of operation of pulse sampling technique.

duration pulse waveform which it is required to display and the
third depicts a sampling pulse occurring at time ¢, after a reference
time-zero derived from the input trigger pulse. The amplitude of
the waveform under test is measured during the sampling pulse
interval by a suitable mixing circuit, which gives an output propor-
tional to the average amplitude of the test waveform throughout
the duration of the sampling pulse. This output is used to control
the amplitude of a long pulse, the duration of which is made a little
less than the recurrence period of the test waveform. The long
duration pulse then provides the Y deflection on the display cathode
ray tube, the X deflection being made proportional to the time
interval ¢, (see fig. 6.22). If now ¢, is altered between successive
pulses then the amplitude at different points along the test wave-
form will be measured and the Y deflection on the display tube will
vary in accordance with the test waveform. In practice,t, isincreased
in a linear manner from a minimum value to a maximum, and is then
quickly restored to the minimum value again. This saw-tooth change
of ¢, is then repeated ad infinitem. The recurrence frequency of the
display is equal to that of the saw-tooth. The time taken for the
delay ¢, to change from its minimum value to its maximum, divided
by the recurrence period of the test waveform, determines the number
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of elements of the test waveform measured and hence defines the
number of pulses building up the display on the cathode ray tube.
Fig. 6.22 depicts a display containing only 10 elements for clarity
in drawing but in practice this number should not be less than 100.
Also, in a practical oscilloscope, only the peaks of the pulses applied
to the Y -plates of the tube are made visible by switching the electron
beam on and off at suitable instants.

TRIGGER PULSE

Fig. 6.22. Display principle of pulse sampling oscilloscope
(4 and B are proportionality constants).

The final picture on the screen appears as a waveform made up of a
geries of short horizontal lines with small gaps between adjacent
“dashes”.

The shortest duration pulse or the highest frequency sine wave-
form which this type of oscilloscope can display, without undue
distortion, is entirely controlled by the high frequency performance
of the initial mixing circuit and the duration of the sampling pulse.

6.5.1 Mixing Circuits.

A varjety of possible circuits may be employed in the mixing
stage. The circuit used by McQUEEN, shown in fig. 6.23, is satis-
factory at frequencies up to at least 300 Mc/s. When much higher
frequencies are to be handled, diode mixing circuits or valves
suitable for use at 1000 Mc/s must be employed in order to avoid
frequency limitations due to transit-time and connecting lead induc-
tance. Referring to fig. 6.23, the valve is normally biassed off and is
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pulsed into current by the negative sampling pulse applied to the
cathode. The bias and pulse amplitude are adjusted so that, on the
peak of the sample pulse, an anode current of about 8 mA is passed
(the normal value when the valve is used as an amplifier). The exact
value of the current will be controlled by the grid potential which is
derived from the waveform under test via a capacitance potentio-
meter. The attenuation is adjusted such that the test waveform
does not exceed 0-5 V peak to peak amplitude at the grid of the
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Fig. 6.23. Mixer circuit for pulse sampling system.

mixing valve. The anode current thus consists of a series of pulses,
modulated in amplitude by the test waveform, the maximum amount
of variation being kept small by restricting the test waveform
amplitude applied to the grid of the valve. This restriction is
necessary to ensure that the valve characteristic is approximately
linear over the working range and so that the changes in anode
current will be a linear function of the amplitude of the test waveform.
The current is integrated by capacitance at the anode and the voltage
output from the mixing valve is then amplified by a low frequency
amplifier. A comparatively long duration pulse is thus obtained,
with an amplitude proportional to the mean value of the pulse of
anode current flowing in the mixing valve.

In this particular mixing circuit it is necessary to provide a
capacitance (including stray capacitance), from grid to earth to
offset the effect of that between the grid and the cathode. The
latter valve capacitance and the grid to earth capacitance form a
potential divider across the cathode input drive, so that the ampli-
tude of the pulse appearing between grid and the cathode of the
valve will be less than that supplied by the sampling pulse generator.

15
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This attenuation effect must not be too great, so the total grid to
earth capacitance should not be less than 5 pF.

6.5.2 Frequency Limitation depending upon Sampling Pulse
Duration.

In practice, the shape of the sampling pulse will probably approxi-
mate to a half sine wave before application to the mixing valve;
it will become distorted, however, by non-linearity in the mixing
valve near cut-off, so that we may assume the pulse of anode current
to be triangular. If H is the voltage amplitude (measured above
cut-off) and 7 is the duration of the sampling pulse, and if V(?) is
the amplitude of the grid signal to be displayed, we have for the
anode current at any instant ¢

I,(t) =0 for t<t, —7/2

10 =00 [V + 1o forey 2 <i <t

I,(t) = g I:V(t) + g (¢ + 7/2 — t)] fort, <t <t + 7/2
T
I,(t) =0 for b+ 72 <t (6.21)

We have here supposed that the valve, of mutual conductance g,,,
behaves linearly, once it has been driven into the conducting state by
the triangular sampling pulse.* The capacitance C at the anode
integrates this current and a voltage fall ¥, is produced at the end of
the sampling pulse, given by

ti+7/2 t

ng=%?f V(e + 2Em fu~g+ﬁmm

o
Cr
t,—7/2 t—71/2

t+7/2
+fm+m—w (6.22)

t

The term in brackets represents an output pulse of constant
amplitude, independent of the input signal, and we are only concerned
with the added contribution due to the first term.

* Strictly, the width of the sampling pulse is not constant but varies with the
amplitude of the signal under test; this is because the instants of time at
which the valve starts to conduct or is cut off are determined by the instanta-
neous difference between the potentials of the grid and cathode.
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6.5.2.1 Pulse Conditions

Consider the application at time ¢ = ¢, of a voltage step function
input of amplitude V(fig. 6.24). The first term in equation 6.22 then

Valty) =0 for t + /2 <t

ty+7/2
m Vi
Valty) = ('I(‘,‘ f Vdt = ——g~ (t, 4 7/2 — ty)
t
for t, —7/2 <ty <t + 7/2
t+7/2 v
Va(tl) == g(:—,” f Vdt = —-gi for

t—7/2

ty<t, —7/2 (6.23)
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Fig. 6.24. Sampling pulse applied to step function input.

The deflection Y(¢;) on the display tube, which is proportional
to V(t,), is accordingly given by

=0 for ¢ -+7/2 <t

1
+§ for ¢ — 72 <, <t + 72

— =1 for ¢, <t —7/2 (6.24)
Y,

where ¥, = Vg,,7/C is the steady response, neglecting the additive
constant terms in equation 6.22 already alluded to.
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The response curve is depicted in fig. 6.25, and it is seen that the
rise-time of the displayed pulse cannot be greater than the sampling
pulse width 7.

|~

Fig. 6.25. Theoretical response of pulse sampling oscilloscope
to step function input at time z,.

6.5.2.2 Sine Wave Conditions

Let us now consider the case when the input signal is in the form
of a sine wave
V = V,sin wt (see fig. 6.26)
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Fig. 6.26. Sampling pulse applied to sinusoidal input.

Relation 6.22 then yields
t+7/2
Vogm 2V 9m

sin widt = —
wC

tL—1/2

Va(tl) =

sin -32’1 sinwt,  (6.25)
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Thus, as ¢, is varied to move the sampling pulse along the sine wave,
the deflection on the display will also be sinusoidal in shape. The
amplitude Y (0) of the displayed oscillation at low frequencies is
given by Y (0) = Vg,,7/C, whence at a frequency w

Yo(w)  sin wr/2
Y(0) - wr/2

(6.26)

This relation has been plotted in fig. 6.3; it is seen how the amplitude
of the display decreases as the frequency is raised.

6.5.3 Display Circuits.

One of several methods of display may be adopted, but, as the
circuits involved (except for the sampling pulse generator) use
PROBE Low-
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CIRCUIT AMPLIFIER PULSE SHAPING UNIT

SIGNAL
INPUT J

AUTOMATIC
SAW TOOTH
DELAY

/ CONTROL

X SWEEP

FLYBACK
SUPPRESSION

BRIGHTNESS
AUXITLIARY
PULSE GENERATORS MODULATION

Fig. 6.27. Block schematic diagram of pulse sampling
oscilloscope.

standard low frequency pulse techniques, they will not be described
in detail. The general schematic diagram is given in fig. 6.27 to show
what circuits are required in order to utilize the pulse information
available from the mixing unit.

The input trigger pulse triggers the sampling pulse generator
through a variable delay circuit which defines the delay time ¢, of
fig. 6.21. The slow speed X time-base generator varies this delay
time in a saw-tooth manner such that the rate of change of delay ¢,
is proportional to the rate of change of the X deflection voltage
applied to the display tube. The total change in delay time, from
minimum to maximum, will determine the time interval over which
the test waveform is sampled and so defines the effective time-base
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duration of the oscilloscope. Values of from 0-05 to 5 usec. have been
used by McQUEEN. The duration of the X-sweep on the cathode
ray tube determines the number of elements forming the display and
a value of not less than one hundred times the trigger pulse recurrence
period should be employed. In a practical instrument both the X
time-base duration and the range of variation of the delay time ¢,
should be controllable at will.

The sampling pulse is fed into the mixing unit through a matched
coaxial cable, the mixing circuit being constructed in the form of a
small probe unit which may be mounted very close to the source of
the waveform under test. The output from the mixer is fed to the
main oscilloscope via a low capacitance coaxial cable and is then
amplified by a low frequency amplifier. It should be noted that a
D.C. amplifier is not required, since the information is still in pulse
form. It is necessary to ensure that the amplifier response is linear
over the range of “modulation” of the pulses;* some of the valves in
the later stages will require to be operated in a class C manner in
order to avoid overloading.

The output pulse from the amplifier is then formed into one of the
same peak amplitude but of long duration. This long pulse provides
the Y deflection on the cathode ray tube. Other suitable waveforms,
derived from auxiliary pulse circuits, are employed for electron beam
switching including the extinguishing of the spot during the time-
base flyback.

One method of operating this type of oscilloscope has been des-
cribed. Various refinements are possible; two independent wave-
forms, for example, may be displayed simultaneously on the same
cathode ray tube screen. This may be performed by employing two
mixing units and switching their outputs in turn into the same low
frequency amplifier. Alternate pulses fed into the amplifier will thus
be derived from the two different input waveforms and the final
display will appear as two independent waveforms, each composed
of half the normal number of elements. Alternatively, each mixing
unit may be switched into and out of circuit on alternate time-base
sweeps; the recurrence frequency of the final display will then be
halved. This technique may be extended to three or more mixing
circuits controlled by an appropriate switching sequence.

* The maximum depth of modulation is not more than 259%, of the average
pulse amplitude.
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6.5.4 Brightness of the Display.

It has been pointed out in the preceding discussion that the recur-
rence frequency of the display should not be greater than one
hundredth of the test waveform repetition frequency. Thus, if the
display is to be free from flicker, the input pulse recurrence frequency
must not be less than 5000 per sec. If the waveform to be tested has a
low recurrence frequency, a cathode ray tube with a long afterglow
characteristic may be employed, or alternatively, the display may be
recorded photographically.

6.5.5 General.

The input impedance of the mixing probe is determined by the
input capacitance potentiometer. In the most sensitive condition,
0-5 V signal gives full deflection on the tube and the input capacit-
ance amounts to about 5 pF. When a lower sensitivity can be
tolerated, the capacitance may be reduced to 1 or 2 pF, thus giving
rise to very little loading on the source under test—a valuable feature
of this technique. In addition, the only circuits handling high
frequency signals are located in the mixing valve probe and all high
frequency cable connections to the oscilloscope proper are eliminated
(except that conveying the sampling pulse). Many possible causes
of distortion, encountered in a more conventional oscilloscope, due,
for example, to the use of distributed amplifiers and to reflections in
imperfectly terminated cables, thus disappear. Thelocalization of the
high frequency circuits to the mixing valve probe is one of the major
advantages of this type of oscilloscope.



7
APPLICATIONS TO NUCLEAR PHYSICS

7.1 INTRODUCTION

THE basic circuit techniques which are required, when pulses of
millimicrosecond durations are to be handled, have been described
in detail in the preceding chapters. We shall now show how these,
and other more specialized circuits, have been applied to some of the
measurement problems encountered in nuclear physics research. The
use of the particular circuits to be considered is not necessarily
limited to this field, and, although designed, at the present time,
primarly for this purpose, such circuits may well find a wider range
of application in the future. In the next chapter some further
applications will be indicated.

7.2 GENERAL MEASUREMENT PROBLEM

The general measurement problem in nuclear physics, to our
knowledge of which the application of millimicrosecond pulse
techniques has made a substantial contribution, may be briefly
stated as follows:

(a) The measurement of the time interval between the emission
of two related nuclear particles, or radiations, from a radioactive
nucleus.

(b) The selection of a particular nuclear particle or quantum
of radiation and the measurement of its energy and direction
of motion.

(c) The measurement of velocity by observing the time taken
for a particular particle or quantum to travel between two
fixed points.

(d) The measurement of the number of nuclear particles, or
quanta of radiation, arriving at a particular element of volume
during a given time interval.

218



APPLICATIONS TO NUCLEAR PHYSICS 219

The first piece of apparatus needed for these measurements is a
“counter’’ which delivers a voltage or current pulse as soon as possible
after the arrival of the particle to be detected. If energy measure-
ments are to be made then the amplitude of the pulse must be related
to the energy of the nuclear eventinitiating it. Having once obtained
the pulse, the measurement problem becomes a purely electronic one
involving the display and examination of the pulse waveforms and
the measurement of (i) their amplitude, (ii) the time interval between
related pulses, and (iii) the number of pulses occurring in a given time.
This latter measurement is termed ‘“‘scaling”; the term ‘“‘counting”
will be reserved for the process of detecting a particle or quantum by
the formation of a voltage or current pulse.

Two types of counter have been employed to drive fast pulse
measuring circuits and these will be described first. The measure-
ments (i), (ii) and (iii) alluded to above will be considered in subsequent
sections.

7.3 SCINTILLATION COUNTERS

Counters of this form have been described by many authors and
much work has been done on their development. A review article
by Cort™MAN [701], and the companion volume by J. B. BIRKS in the
present series entitled Scintillation Counters, may be consulted.

The nuclear particles or quanta are allowed to enter a suitable
organic crystal or other phosphor. Some of the atoms are excited
and on returning to their normal state emit light (scintillate). There
exists a probability distribution for the small time interval which
elapses between the initial exciting event and the emission of a light
photon from an excited atom. If the rate of photon emission, after
the passage of a nuclear particle, is measured it is found to decay
to zero; an approximately exponential law is followed, the time-
constant of which is dependent on the particular phosphor material
employed.

The light from the phosphor is picked up by the photo-cathode of
an electron multiplier tube (fig. 7.1) and the resulting photoelectrons
are multiplied in the succeeding electron multiplication stages. A
burst of electrons arrives at the final collecting anode for each light
scintillation of the phosphor, the rate of electron arrival, or current,
being controlled by the rate of emission of photons from the phosphor.
A current pulse is thus obtained which is related in time to the nuclear
event under observation. The time integral of this current pulse,
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i.e. the charge, is proportional to the total number of photons emitted
by the phosphor, which in turn is a function of the energy of the
particle or quantum of radiation being measured. The exact shape
of the current pulse is of interest since the latter will be used to
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Fig. 7.1. Schematic diagram of scintillation counter.

actuate all the succeeding circuits; factors affecting the rise-time
and decay-time will now be considered.

7.3.1 Current Pulse Shape.

Let us take the case of a single photoelectron leaving the photo-
cathode and forming, by the process of electron multiplication, an
avalanche of electrons at the collecting anode of the photomultiplier
tube. These electrons arrive after a certain time interval following
the emission of the initial photoelectron. Furthermore, they do not
all arrive at precisely the same instant, but are spread out over a
further time interval, because the paths traversed by the individual
electrons between multiplying stages are not identical, and so different
electrons have different transit-times between stages. The latter
time interval alluded to is called the “spread of transit-time”, whilst
the time which elapses between the start of the photoelectron from
the photocathode and the arrival at the collecting anode of half the
total number of electrons is simply termed the ‘““transit-time”. The
rate of arrival of electrons at the anode will vary with time accord-
ingly to a probability law, determined by the geometry of the photo-
multiplier. We shall assume this law to be Gaussian, giving a good
approximation to the current found in practice, thus

Ne (7
VaT,,

I= (1.1)
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where I = current at time ¢,

N, = total number of electrons arriving at the anode per single
photoelectron,

e = electronic charge,
T = transit time,
T, = constant, determining the spread of transit time.

The constant factor in front of the exponential is chosen such that
the following relation is satisfied:

@0

fldt = Nge (7.2)
The curve in fig. 7.2 (for the case of zero phosphor decay-time
constant 7',) shows the shape of the current distribution; this also
gives the average shape of a ‘“noise” pulse due to a single photo-
electron leaving the photocathode. In practice 7', usually lies in
the range 0-1-10 musec. whilst N, has a value between 10° and
108 per single photoelectron.
When the effect of the phosphor decay-time is taken into account
the photoelectric emission from the photo-cathode, when a particle
is incident at time ¢ = 0, will follow a law of the form

N :

= — ¢ T 7.3

n T, e (7.3)

where n = number of photoelectrons leaving the photocathode per
second,

and N = total number of photoelectrons released by the light
scintillation.

This relation is not strictly correct; with some phosphors a sum
of two exponential terms, of widely differing time-constants, is a
closer approximation. In addition, the photocathode current is not
a continuous but a statistical function, as discussed by Post and
ScHIFF [702]. Equation 7.3 is, however, sufficiently accurate for
our present purpose.

The anode current I at time ¢ due to a particle or quantum striking
the phosphor at ¢ = 0 may be obtained by combining relations
7.1 and 7.3:

1

_(t=t=r\ N

I==f Ne -5 N oo g4y (7.4)
3 VaT,, T,
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This may be written in the form
t

_ _NNe = =) Tyt Tt AT, f ["’T“ (-] . dt’
\/ﬂTmT,, b
(7.5)
whence
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Current waveforms are shown in figs. 7.2 and 7.3 for different values
of the ratio 7',/T,—in these curves it has been assumed that

Fig. 7.2 illustrates the effect of altermg the phosphor time-constant
T, with a fixed spread of transit-time in the photomultiplier;
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Fig. 7.2. Photomultiplier current output waveform.
(spread of transit-time 7', constant).

fig. 7.3 depicts the improvement in pulse shape obtained when the
photomultiplier constant T',, is decreased with a fixed value of T,
In both these figures the total number of electrons emitted from the
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photo-cathode, due to the light scintillation from the phosphor,
has been assumed to be constant. In practice, 7, can only be varied
by a change of phosphor material, and this in turn will give a varia-
tion in the total number of photoelectrons available for multiplication.
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Fig. 7.3. Photomultiplier current output waveform
(phosphor decay-time T, constant).

7.3.2 Performance of Existing Scintillation Counters.

The shape and magnitude of the output current pulse obtained
from scintillation counters has been studied by several authors
(see PosT and Scurrr [702], CoLrins [703], PosT and SHIREN [704],
Luxbpsy [705], BITTMAN ef al. [706], ALLEN and ENGELDER [707)]).
Such counters are being developed to give shorter pulse durations
and the following tables will give the reader an appreciation of the
performance of some phosphors and photomultiplier tubes at
present in use:

TasBLE 7.1. Phosphor decay time-constants

Phosphor Decay tizr:nelggg)mm (T'5)
Naphthalene . . . 87
Anthracene . . . 23
Trans-stilbene . . 6
p-terphenyl . . . 4-2
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TaBLE 7.2. Photomultiplier constants

Spread of transit time
(T'm) (mpsec.)

D'est voltage (normal
Type operating vollage
1500-2000 V)

5

R.
E.

C.A. type 1P21 (9 stage) . . 5000 0-2
M.I. type 5311 (11 stage) . . 4000 4-3

7.3.3. Spread of Transit-Time in Photomultiplier Tubes.

The effect has been discussed in § 7.3.1; it is the chief factor in
limiting the rise-time of the output pulse current and is due to the
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Fig. 7.4. Schematic diagram of 931A photomultiplier tube.

difference in path lengths traversed by individual electrons between
electron multiplying stages. The tube should therefore be designed
such that the electrons move along similar paths and the total path
length, and transit-time, should be reduced as far as possible.
Fig. 7.4 shows the layout of the R.C.A. type 931A photomultiplier
tube which is commonly used in scintillation counters (see RATcHMAN
and SNYDER [708] and Roppa [709]). This type has nine multiplying
stages and several versions have been produced using a similar
dynode shape but with different photocathode structures. A more
recent design employs sixteen multiplying stages (see GREENBLATT
et al. [710]).
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Fig. 7.5 depicts a multiplier tube employing both electrostatic
and magnetostatic focussing. The electrons follow a cycloidal type
path under the influence of the crossed electric and magnetic fields
and the dynode multiplying surfaces are so positioned that the
velocity with which the primary electrons strike the surface (about
200 electron volts) gives a high secondary emission yield. With this
arrangement, SMITH [711] computes that the spread of transit-time
should not exceed 0-033 musec.; this quantity, however, has not yet
been measured. The necessity of providing a suitable magnetic
field constitutes a practical difficulty in some experiments.

DYNODES

ELECTRON MAGNETIC FIELD
TRAJECTORIES PERPENDICULAR TO
PLANE OF PAPER

Fig. 7.5. Electron multiplier employing combined electrostatic
and magnetostatic focussing.

7.3.4 Scintillation Counter Output Circuit.

The photomultiplier tube acts as a “constant” current source of
high internal impedance and the output may be taken from the
collecting anode or from any of the preceding dynodes. In all cases
the current waveform is of the type shown in fig. 7.2. The current
flows into, and is integrated by, the total stray capacitance C; of
the tube output electrode and of the output circuit.* This capaci-
tance is shunted by the (high) resistance R, in parallel with R, and a
step type of voltage waveform is obtained, at high impedance.
The output signal may then drive a cathode follower valve, so giving
a similar pulse at low impedance. The rise-time of the pulse will
be determined by the combined cffect of the transit-time spread 7',
in the multiplier and the decay time-constant 7', of the phosphor. The
final amplitude will be proportional to the total number of electrons
arriving at the photomultiplier anode and is thus related to the
energy and type of incident nuclear particle. Care must be taken
to ensure that no space charge saturation effects are taking place in

* The coupling capacitor Cy is of large value and does not enter into the
calculations.
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the later stages of the multiplier; if such occur the gain of the tube
must be lowered by reducing the E.H.T. supply voltage.

The values of the resistances R, and R, are chosen such that the
charge can leak away between successive pulses, thus allowing
the output voltage waveform to return to zero between events. The
values should, however, not be less than that required to give an
output circuit differentiating time-constant C,R,R,/(R, + R,) of
five times the phosphor decay time-constant. Also, in the limiting
case, the time interval between successive pulses should exceed a
figure equal to five times the output circuit time-constant just
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Fig. 7.6. Output pulse from delay line pulse shaping circuit.

mentioned, in order to avoid a small pulse being affected by the
trailing edge of a preceding large pulse. Thus, if an anthracene
crystal is used in a scintillation counter, the separation between
successive pulses should not be less than 1 usec., if reasonably
accurate amplitude measurements are to be made.

When a high counting rate is to be handled, involving a time
separation between pulses of less than 1 usec., it is better to employ
a delay line pulse clipping circuit than to rely on the simple resistance
capacitance differentiating effect discussed above. A pulse of ampli-
tude proportional to the photomultiplier output charge will be
obtained, provided the separation between the leading edges of
successive pulses is not less than ten times the phosphor decay
time-constant. Fig. 7.6 shows the type of waveform obtained, and
a typical pulse shaping circuit is given in fig. 7.7 (see WELLS [712]).
In this circuit the resistance across the output of the multiplier tube
is kept as high as possible, consistent with the mean output current
not giving rise to more than about 5 V change in the mean potential
of the output electrode. Each output current pulse produces a step
type voltage waveform which is applied, through the cathode fol-
lower ¥V, to the grid of the pulse shaping valve V,. A voltage step
of half the input amplitude travels down the cathode cable and is
reflected, without change in polarity, at the open circuited end.
When the return voltage step reaches the valve it raises the cathode
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potential and returns V, to its original current condition. The
cathode impedance of V, is chosen to equal the characteristic
impedance of the cable and accordingly no further reflection occurs
(ideally). The output from the anode of V, is a negative pulse of
duration equal to twice the delay-time of the cathode coaxial cable.
The valve can accept another input step waveform immediately after
the output pulse has terminated, without the grid potential having
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Fig. 7.7. Delay line pulse shaping circuit.

(From Nucleonics, Volume 10, No. 4, pages 28-30,
Copyright 1952, McGraw-Hill I’ui)liahing Company Inc.)

to return to its initial value. In practice, however, it is difficult to
arrange that the cathode impedance of V, exactly matches the cable
impedance; a second input step waveform should therefore not be
applied until the lapse of about three pulse durations (six times the
cable delay) after the leading edge of the first pulse, in order to allow
time for the reflected step waveforms in the cathode cable to die
away. A further point is that the photomultiplier output circuit,
although of long time-constant, produces a small degree of differen-
tiation of the output pulse. The ensuing ‘“‘overshoot” may be
balanced out by a suitable choice of the cathode resistor of ¥, which
tends to produce an “undershoot’ after the output pulse has passed.
The action is illustrated by the waveforms shown in fig. 7.8.

We have so far considered output circuits which may be used
when we require the integral of the photomultiplier output current
pulse. When the measurement of time intervals is of interest it is
necessary to use the leading edge of the current pulse as far as
possible. The measuring circuits again require a voltage input pulse
for their operation, and the rate of rise of the voltage pulse obtained

16
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from the multiplier is limited, as before, by the output stray
capacitance. In this case however the shunting resistance can be
quite low in value, since the amplitude of the pulse does not matter,
provided the initial rate of rise of the leading edge is unaffected.
For such work it is important to employ a phosphor having a very
short decay-time so that the interval between the passage of the
nuclear particle and the emission of the first few photoelectrons is
short. Fig. 7.2 illustrates how the peak current amplitude is increased
as the phosphor decay time-constant is reduced. When working

i OUTPUT(a)
_4____‘oversWoor

1= O
L LJ OUTPUT (c)

Fig. 7.8. Waveform diagram of delay line pulse shaping circuit.

(a) Input decay time-constant infinite.

(b) Cathode resistor of V, infinite; normal input decay time-
constant (V, taking normal current by use of infinite
negative supply voltage).

(c) Effects (a) and (b) balanced as in actual circuit.

under these conditions, the gain of the photomultiplier and following
circuits should be such that the first two or three photoelectrons,
which leave the photo-cathode, will provide enough current to give
a useable output voltage pulse. The following typical calculation
gives an idea of the value required for the gain:

Minimum output voltage pulse desired V =2V
Photomultiplier output circuit stray

capacitance C = 20 pF
Output charge required CV =4 x 101 coulombs
Therefore number of electrons required = 2-5 x 108
Number of initial photoelectrons =3

Therefore gain required = 8 x 107
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If this gain is not available in the photomultiplier, then additional
amplification must be provided in the succeeding circuits. Few
photomultipliers are at present obtainable with gains in excess of
107, but higher gain tubes should become available as a result of
future development.

Care must be taken in the layout of the photomultiplier tube
output connections to reduce stray reactances to a minimum. If the
time of rise of the output current pulse is less than 1 musec. then the
resistance shunting the output capacitance may be reduced to
the order of 100 Q without undue loss in amplitude; in this case the
output lead may take the form of a coaxial cable sealed through
the glass wall, thus eliminating the effects of lead inductance. The
impedance of the coaxial line should be as high as possible.

7.3.5 Particle Counting by Cerenkov Radiation.

If a particle traverses a medium with a velocity greater than that
of light in the material, then photons are emitted. These photons
may be detected and amplified by a photomultiplier tube in a similar
manner to the light scintillation from a phosphor. The interesting
feature, however, of the CERENKOV [713] radiation is that its decay
time-constant is extremely short compared to phosphor scintillations.
MARSHALL [714] states that the pulse of light has a duration of
between 1 and 0-01 musec. If an electron travelling near the speed
of light enters a block of glass with a refractive index 1-5 then he
estimates that 250 photons are emitted per cm of travel. If all the
photons were collected by a 5819 type photomultiplier, an average of
15-7 photoelectrons would be produced from the photocathode of the
multiplier per cm travel in the glass block. A plastic material, such
as Lucite, may be used instead of glass for these counters. Such
counters are suited to the precise timing of high velocity particles,
the accuracy only being limited by the performance of the photo-
multiplier tube.

7.3.8 Pulse Testing of Photomultipliers.

The photomultiplier tube is the first link in the chain of electronic
circuits and it is useful to have available an artificial source of pulsed
radiation for test purposes and also a circuit which can simulate the
type of output pulse produced by the multiplier. One of the pulse
generators described in Chapter 4 may be used for such tests, in
conjunction with either of the two following injection systems.
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7.3.6.1 Pulsed X-ray Tube

The type of tube is illustrated in fig. 7.9. A short duration pulse,
derived from a relay or other form of pulse generator, is applied to
the electron gun and a burst of X-rays is produced when the resultant
electron beam strikes the target plate. A potential of 20-50 KV is
normally applied to the plate and soft X-rays emerge through a
very thin glass window. The pulse of X-rays of controllable duration

ELECTRON  ELECTRON
GUN BEAM

EHT+

L
=3t

THIN GLASS 77\
WINDOW |
INPUT [ S
PULSE IRAYSY

Fig. 7.9. Pulsed X-ray tube.

(1-10 musec. is commonly employed) occurring at a known instant
of time may be used to drive the scintillation counter under test.
The X-rays are weakly penetrating and a special thin window may
be required to allow entry through the light shield surrounding the
scintillation counter.

7.3.6.2 Pulsed Secondary Emission Valves

A valve with one stage of secondary emission may be used to
simulate the dynode output pulse from a photomultiplier tube. The
circuit shown in fig. 7.10 delivers the required positive pulse at high
impedance. The valve is normally biassed off and is caused to pass
current by applying to the grid a positive pulse, of duration
1-10 musec., derived from a pulse generator. The peak current
required may be judged from the following figures; its magnitude
may be controlled by varying the amplitude of the grid driving pulse.

Required number of output electrons = 10% (maximum)
Pulse duration = 1 musec. (minimum)

Therefore peak pulse current = 16 mA (maximum)

A small secondary emission valve is capable of delivering the
required output current.
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When it is desired to simulate the photomultiplier collecting anode
pulse the output may be taken from the anode of the secondary
emission valve; alternatively a normal pentode valve may be
employed.
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Fig. 7.10. Scintillation counter dynode output pulse simulator.

(From Nucleonics, Volume 10, No. 4, pages 28-30.
Copyright 1952, McGraw-Hill Publishing Company Inc.)

7.4 SPARK COUNTERS

These counters have been developed from the original work by
GREINACHER [715], STUBER [716], and CHANG and ROSENBLUM [717].
KEvUFrFEL’s [718] arrangement consists of two closely spaced parallel
plates in a sealed tube with a gas filling. A high potential difference
is maintained between the plates which is sufficiently large to cause a
discharge when any ionization of the gas occurs. The action, which is
similar to that of a Geiger-Muller tube, is as follows. When an
ionizing particle enters the counter the resulting electrons form a
cumulative electron avalanche which moves to the positive plate;
the positive ions which are formed drift to the negative plate and a
spark discharge is produced. The discharge would normally spread
throughout most of the counter volume but this is prevented by
applying a “quenching” pulse for a period of at least 0-05 sec. after
the initial discharge. The quench waveform reduces the voltage
across the counter to a sufficiently low value, such that the discharge
is stopped after the first spark or electron avalanche. During the
quenching period the ions are removed by the potential difference
between the plates, and after this period has elapsed the counter
voltage is returned to normal. The rise-time and delay-times of
" this type of counter have been investigated by KEuFrFEL and by
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MapaNskyY and Pipp [719] and their results may be summarized
as follows:

TaBLE 7.3
Output pulse rise-time Possible variation of output
Overvoltage (mpsec.) pulse delay (musec.)
250 8 15
500 - 10
900 3 3

The overvoltage is the potential difference in excess of the mini-
mum value required for the discharge to commence.

From these figures it will be seen that such counters may be used
for measurements in the millimicrosecond range. They have been
applied, in particular, to the field of cosmic ray research (see
RoBINSON [720]) since they are suited to experiments requiring large
area counters and in which the long quench time needed is not a
serious limitation.

The output pulse amplitude obtainable from this type of counter
is large compared with that produced by the scintillation counters
previously described.

7.5 AMPLITUDE DISCRIMINATORS

A circuit used for measuring the output pulse amplitude from a
scintillation or other counter is termed an “‘amplitude discriminator”
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Fig. 7.11. High speed amplitude discriminator
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and forms a basic part of the counting equipment employed in
nuclear physics experiments. We require a circuit which can be
triggered by a short duration pulse, the amplitude of which exceeds
a given voltage level; the critical amplitude should be independent
of the pulse duration and rise-time, as far as possible.
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Fig. 7.12. Performance of amplitude discriminator.

The circuit consists of a non-linear element, such as a diode, which
determines the critical amplitude, followed by a trigger circuit which
must be sensitive to the small output derived from the preceding
diode or other discriminating element. Moopy [721] has used a
germanium crystal diode followed by a secondary emission trigger
circuit for this purpose (see fig. 7.11).

The secondary emission valve V, is biassed in the centre of its
normal working range. The anode current is fixed at 10 mA by the
D.C. feed-back resistors R, and Rj; these apply automatic grid
bias (negative feed-back) to the valve through the cathode follower
V, and the crystal diode W,. Positive feed-back is derived by
capacitative coupling between dynode and grid, via the crystal
diode W, The diode is normally biassed off by about 1 V and the
attenuation introduced by it in this condition is sufficient to
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ensure stability in the quiescent state. Positive input pulses aro
applied to the grid of ¥V, through the diode W,, which is controlled
by the variable bias derived from the cathode follower V,. When the
input pulse amplitude exceeds this bias, W, will conduct and, if the
excess amplitude of the pulse is large enough, the resultant amplified
positive signal at the dynode will exceed the bias on W; The
attenuation in the dynode-grid feed-back path is then removed and
the valve will drive itself hard into current. The minimum amplitude
of grid pulse necessary to initiate this action is less than 0-1 V. The
valve returns to its quiescent state after a period determined by the
magnitude of the feed-back capacitor and various space charge
saturation effects inside the valve. This period has a duration of
0-3 usec. with the values as given in fig. 7.11. The performance of the
circuit as an amplitude discriminator is shown in fig. 7.12; further
relevant data are:

Discriminator amplitude range . 005 to 25V

Stability of triggering level . better than 0-1 V for 10 musec.
pulses

Triggering delay . . . 3 to 10 musec. dependent upon
input pulse shape and drive
conditions

Output pulse . . . . 200 to 300 mA

Pulse duration . . . 01 to 100 usec. readily obtain-
able

Output pulse rise-time . . of the order of 10 musec.

The input discriminating diode W,, used in the above circuit, is
equivalent to a capacitance in parallel with a resistance. In the
biassed-off condition the latter is high, but pulses which are smaller in
amplitude than the bias voltage can still feed through the shunt
capacitance and cause errors in measurement. The effect may be
neutralized, if desired, by applying an additional pulse of opposite
sign to the input pulse (derived from it via a phase reversing valve or
transformer) to the grid of ¥, through a similar neutralizing capacitor
and resistor.

In some applications it is required that the amplitude discriminator
be paralysed for a comparatively long period after the circuit has
once been triggered. Fig. 7.13 depicts the circuit of fig. 7.11 with
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the paralysis feature added (HoweLLs [722]). The valves Vjand V,
form a cathode coupled “flip-flop” paralysis circuit. In the quiescent
condition, ¥, passes an anode current of 10 mA, which flows to earth
through the diode V; thus keeping the cathode of ¥, at earth poten-
tial. When a positive input pulse is received, of amplitude sufficient
to cause ¥V, to conduct, regenerative action occurs in the latter valve,
as previously described, and a large amplitude short duration pulse
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Fig. 7.13. Amplitudo discriminator with paralysis circuit.

of anode current is obtained. Adequate cathode to earth capacitance
must be provided in order to give the required output pulse duration.
The resulting rise in the cathode potential of V, triggers the circuit
Vs, V4 s0 that ¥, now passes current and the anode current of Vj is
cut off. As soon as the cathode potential of V, rises above that of its
grid (the rise being limited in amplitude by the diode V), V, ceases
to pass current and the grid returns to earth potential. The cathode
of V, falls to a voltage determined by the resistors R, and R, which
are arranged to keep V, in the non-conducting condition. The
discriminator circuit will then remain paralysed until the valves
V3 and V, return to their normal quiescent state.

Another amplitude discriminator circuit, shown in fig. 7.14,
employs conventional techniques (WELLs [723]). This circuit is much
slower in operation than those previously described but has a short
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recovery time which is determined by a delay line. In the quiescent
condition, the grid of Vg is held at earth potential by the diode Vg,
and the resistor B,. The grid of V,isat — 5-5V so that V4 passes all
the 20 mA of current flowing through R,; the cathode potential of V¢
will be a volt or two above earth. This cathode voltage determines
the grid potential of V,;; V. is held beyond cut-off by the variable
discriminator bias. The cathode current of V, normally passes
through V,. The valves V3 and V, are also biassed to cut-off.

AMPLITUDE

B i ¥ s U
TIME ———»
Fig. 7.15. Idoalized amplitude discriminator waveform diagram.
(a) Input pulses.
(b) Delay line waveform (grid V,).
(¢) V5 anode current.

When a positive input pulse, large enough to overcome the dis-
criminator bias, arrives at the grid of V,,, current will flow in this
triode, a positive signal being produced at the anode of V,. This is
amplified by V, and a negative pulse is fed back to the grid of V,,
via Vg, which acts as a cathode follower. The action is cumulative
and the circuit snaps over, so that all the current previously flowing
in V,, is transferred to V;,. The grid of Vg is driven sufficiently
negative for V, to take all the cathode current; since the grid
potential of the latter valve is fixed, the amplitude of the negative
voltage step fed to the grid of ¥V, is limited to about 6 V. It is
necessary to limit this pulse in order that V;, may again conduct,
when the input pulse disappears from V.

When V, conducts, a 10 V negative pulse, of duration 0-1 usec., is
produced across the short-circuited delay line (see fig. 7.15); this
pulse is used to cut ¥, off and thus remove the current from ¥;. The
circuit is then completely insensitive to any further input pulse for a
period of 0-1 usec. after the triggering event. At the end of the delay
line pulse, V, again conducts and, if the input pulse has disappeared,
the circuit snaps back to its initial condition. If the duration of the
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input pulse is greater than 0-1 usec. the current in ¥V, will pass
through V,, until the input pulse voltage has fallen sufficiently to
allow the circuit to return to its normal state.

As the circuit returns to normal, ¥V, will be cut off and the delay
line will now produce a positive 0-1 usec. pulse; when this pulse has
lapsed the arrangement is back in its quiescent condition. The
circuit may, however, be retriggered before the quiescent condition
is completely reached, but the duration of the output pulse is then
reduced and may fail to operate the succeeding scaling circuit.
When used in conjunction with the scaling unit of fig. 7.17 a dead-
time of 0-25 usec. was obtained, as determined by a random pulse
experiment. Deterioration in waveforms accounts for the increase
in the observed dead-time over the expected value of between 0-15
and 2-0 usec.

The minimum pulse duration required for the circuit to operate is
about 50 musec.; this figure should be contrasted with the value
6 musec. which applies to the previous arrangement shown in fig. 7.12.
The circuit of fig. 7.14 could probably be improved in this respect
by the use of secondary emission valves.

7.5.1 Use of Amplitude Discriminators.

The applications of amplitude discriminators in nuclear physics
experiments fall into two general classes:

(a) The scaling of nuclear counter pulses above a given ampli-
tude, so that the number of nuclear particles of energy greater
than a certain amount may be determined. In such cases the
discriminator must drive a scaling circuit and, if a high counting
rate is to be used, a fast amplitude discriminator must be
employed. The duration of the pulse derived from the nuclear
counter is usually under our control and should be determined
by a consideration of the counting rates employed. It should
usually be made as long as possible, consistent with one pulse
having decayed to zero before the next pulse arrives; in general,
the pulse duration would be kept to the same order of magnitude
as the dead-time of the scaling and amplitude discriminating
circuits. In particular, if a circuit of the form shown in fig. 7.7 is
used, the duration of the input pulse to the discriminator need
not be less than one quarter of the amplitude discriminator
dead-time.
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(b) The examination and measurement of the amplitudes of
and time intervals between pulses which are above a given
amplitude. The principal requirement which an amplitude
discriminator circuit must fulfill for these applications is that
there shall be a minimum time delay in triggering; the circuits
of figs. 7.11 and 7.13 are therefore preferable to that of fig. 7.14.
The dead-time of the circuit may not be of much importance in
such applications. The circuit of fig. 7.13 was designed for use
in the recording oscilloscope of fig. 6.15, where it was necessary
to include a long controllable paralysis-time in the discriminator.

7.6 FAST SCALING CIRCUITS

A further circuit which is required, when nuclear events are to be
counted, is the scaling unit. This circuit scales down the number of
pulses derived from the output of the preceding amplitude
discriminator circuit. The reader who is not familiar with nuclear
physics should realize that the pulses to be counted occur at random
instants in time, so that two pulses may occasionally be produced
with a very small time separation between them, whilst at other
times, this separation may be large.* Scaling circuits differ from
frequency dividing circuits in that they must be completely aperiodic,
and must start and stop scaling when a control switch is operated. In
the case of random pulses, the possible time separation may approach
zero, so some pulses will inevitably be lost owing to the dead-time
of the circuits. If the dead-time is short enough, however, only a
small percentage of the pulses will fail to be counted and the counting
loss can be estimated if the circuit dead-time is known. A 19,
counting loss can be tolerated in general and, in some cases, counting
rates giving a loss as high as 109, may be acceptable.

Many circuits have been devised for scaling pulses whose time
separation is not less than 2 usec. An average counting rate of
5000 per sec. may then be scaled for a 19, counting loss. If the
circuit dead-time is reduced to 0-2 usec. then an average rate of
50,000 per sec. may be scaled or 500,000 per sec. if a counting loss
of 109, can be tolerated. It should be noted that a scaling unit is
often preceded by an amplitude discriminator and, in the case of

* In order to obtain a reasonably accurate measure (~ 19, error) of the
average number of pulses arriving per second, a minimum of 10,000 pulses
total should be counted.
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fast circuits, the dead-time of the discriminator is usually greater than
that of the scaling circuit.

Two types of fast scaling circuit are in use to date; the first to be
described is a development from the Eccles-Jordan low speed scale-
of-two unit. The arrangement, designed by Frrcu [724], is shown in
fig. 7.16. The triodes V4 and ¥V, form the normal direct coupled
Eccles-Jordan binary circuit, except that the cathode follower valves
V, and V; have been inserted in the anode to grid feed-back paths.
The cathode followers reduce the capacitative loading on the anode
L, 5 + 250V
SOuH SOuH

BALANCE POTENTIOMETER
RVI IOKN

Fig. 7.16. Fast scale-of-two circuit.

to grid coupling circuits to a minimum and thus allow capacitors C,
and C, also to be reduced to a minimum (consistent with the duration
of the input trigger pulse). The anode to grid capacitance of the
valves V; and ¥V, may be neglected, since the grids are driven from
the low output impedance of the cathode followers.

The circuit has two stable states in which either V, or V, passes
anode current; it may be triggered from one state to the other by
the application, through the coupling diodes, of a short duration
negative pulse derived from the anode of V,. The trigger pulse must
not be larger than one third of the total change in voltage across
the anode load of either V3 or ¥, and its duration should be short
compared with the ‘“memory” time-constant of the circuit. The
latter quantity is the time interval required for the circuit to change
from the condition of V5 conducting to ¥, cut off, or vice-versa, and
for the circuit reactances to approximately attain their quiescent
state conditions after the change over in valve currents. These
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reactances consist of Oy, C,, L,, L, and the stray capacitances to
earth. For correct operation it is essential that the circuit be
balanced; the potentiometer RV, is provided for this purpose so
that, in their respective conducting states, the anode currents of
V3 and V, may be adjusted to be equal.

If the circuit is balanced in this manner, a continuous input pulse
recurrence rate of 15 Mc/s may be counted, whilst on random input
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Fig. 7.17. Scale-of-five circuit.

pulse operation the circuit dead-time, after counting each pulse, is
less than 0-1 usec. It should be remembered that in all cases the
input trigger pulse duration should not be greater than 0-05 usec.
(preferably rather less) whilst some precautions must be taken to
limit the amplitude of the trigger pulses.

A similar circuit using pentodes instead of triodes, to reduce anode
to grid capacitance, has been described by SessLER and MASKET
[725].

One such binary circuit may be followed by (N — 1) other similar
binary units thus giving a scale of 2¥. It is difficult to design a
scale-of-ten circuit on these lines whilst still maintaining a high
counting speed so that it is common practice to employ a scale-of-
eight followed by normal types of low speed decade scalers.
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The second type of circuit which is in use provides a scale of ten. It
consists of a scale-of-five followed by a binary stage, the basic circuit
of the scale-of-five, designed by WELLs [723], being as shown in
fig. 7.17.

The arrangement is a development of a familiar frequency dividing
circuit, but complete aperiodicity is achieved by the addition of
valves V, to V,. This scaler was originally designed for use in con-
junction with the discriminator circuit of fig. 7.14 and its speed is
sufficiently high to count all the output pulses from the latter (which
has a dead-time of 0-25 usec.).

Negative input pulses, of 0-1 usec. duration, are derived direct
from the anode of a pentode valve (with anode load resistance to
H.T.) which supplies a pulse current of 8 mA. This current pulse is
fed into the capacitor C; through the diode V,, and the value of
C, is adjusted such that a voltage step of 12 V amplitude is produced.
The total capacitance required, including all stray capacitances, is
about 70 pF. During the drive period the diode V7, is cut-off by the
grid to cathode voltage of the cathode follower V,. When the input
current pulse ceases, the resistance R, causes the cathode potential
of V,, to rise until arrested by the diode V¥, at a volt or two above the
cathode potential of V,. The diode ¥V, is thus cut-off, leaving the
capacitor C; isolated. By this process the capacitor is discharged
in successive 12 V steps, one for each input pulse.

C, is initially charged to a potential of 60 V so that on the fifth
input pulse the voltage falls to zero and the blocking oscillator valve
Vg is brought into conduction by the cathode follower V,. V; then
drives itselt into current and the cathode and grid potentials rise
rapidly, thus recharging C, to its initial level through the diode V,.
The rise in potential of the grid of Vy is arrested by the diode Vg,
at a voltage which is adjusted such that C, is recharged to exactly
60 V. It should be noted that, as soon as the cathode potential of
V4 rises above that of the grid, the anode current starts to diminish;
the action is again cumulative and the grid swings rapidly back to
earth potential. The cathode voltage also falls, thus cutting off the
diode V, and leaving the capacitor C, free to accept further input
pulses. The voltage waveform observed across C, is sketched in
fig. 7.18.

It has been previously mentioned that valves V, and V, are in-
cluded to make the circuit completely aperiodic; the action of this
“capacitor locking circuit” is as follows. Initially, the potential
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difference across C, is held at 60 V by the resistor R, and the diode
Vg which is connected to a 60 V tapping point on the potentiometer
chain. The four diodes Vg and V, are all conducting and the four
triodes ¥V, and V; are cut off. On the arrival of the first input pulse
the potential across C, is driven down to 48 V and during this step
the diode V¢, cuts off, leaving V,, passing current. By virtue of the
high anode load R, the latter triode holds the capacitor to within a
volt or two of its grid potential which is fixed at 48 V. When the
second pulse occurs the potential of C, is depressed to 36 V, and during

nnn gL

Fig. 7.18. Scale-of-five circuit. V, grid waveform.

this step the diode V¢, cuts off leaving V, passing current. Vg then
maintains the capacitor at its grid potential of 36 V, the anode
current of V,, being suppressed because its anode potential is now
below that of its cathode. Triodes Vi, and Vg, function in a similar
manner on the third and fourth pulses and lock the capacitor voltage
to the values 24 and 12 V respectively. This circuit action is per-
formed at a comparatively low speed, so that, if a high input pulse
rate is being scaled, the locking circuit will not have time to operate;
the scaler continues to function nevertheless and the influence of the
locking circuit may be ignored. At low input rates, on the other hand,
the locking circuit holds the capacitor voltage fixed between input
pulses, so that the effects of all leakage currents associated with
the capacitor are removed.

One output pulse is obtained from the blocking oscillator Vg for
every five input pulses and this may be used to drive a conventional
scale-of-two circuit, giving a scale of ten for the complete instrument.

The blocking oscillator V3 may be replaced by the trigger circuit
of fig. 4.9; pulses with a separation of less than 0-25 usec. (the
nominal design figure for the above arrangement) may then be
counted. If pulses occurring at a regular high recurrence rate are to

7
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be scaled, then the capacitor locking circuit V, to ¥V, may be
omitted.

7.7 COINCIDENCE CIRCUITS

The function of a coincidence circuit is briefly as follows. Two nuclear
counters are used giving two sets of input pulses which drive the
coincidence unit; the circuit is then required to give an output
pulse every time a pulse from one counter arrives within a given
short time interval of a pulse from the other counter. This time

COINCIDENCE
UNIT

Y% N’ COINCIDENCE
.-78 ouTPUT
bR o Babadat
SOURCE ), COUNTER 4

Fig. 7.19. Angular correlation experiment.

interval is termed the “coincidence resolving time”. Circuits of this
nature, having coincidence resolving times of 1 usec. and longer,
have been in use for many years, but with the development of the
scintillation counter, described in § 7.3, it has been found possible
to design circuits having resolving times as short as 2 musec.

A typical experiment, which illustrates the use of a coincidence
circuit and the importance of having a short stable resolving time,
is the measurement of the angular correlation of the y-radiation
from a radioactive nucleus. Certain radioactive nuclei emit two
y-rays almost simultaneously and it is of interest to determine the
rate of disintegration for different angles between the y-ray emission
directions. Two directional counters are used, as shown in fig. 7.19,
and the coincidence circuit gives an output pulse every time a
nucleus emits the two y-rays in the appropriate directions (counter
inefficiencies are ignored).

Let N be the average number of nuclear disintegrations occurring
per second and let the two types of y-ray be denoted by y, and y,.
The number of output pulses from counter 4 due to y, quanta is
then Ne, where e, is the efficiency of the counter involving, among
other factors, the solid angle subtended by the counter at the source.
A few of these particular nuclei will give rise to a y, quantum
travelling in the direction of counter B so that a coincidence output
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counting rate of Ne,e, W(0) will be obtained, where e, is the efficiency
of counter Band W (0) is a function of the angle between the counters.
If there is no preferred angle between the two y-rays then W(0) is
unity. Now counter B may also register a y,-ray and give a coinci-
dence output with a y,-ray passing through counter 4 hence we
have:

Total coincidence output counting rate = N, say

= 2Ne,;e, W(0) (7.7)

(assuming that the counter efficiencies for the two types of y-ray
are the same).

In addition to these genuine coincidences, some output signals
will be produced due to chance coincidences between pulses from the
two counters. We therefore have

N,=2N /Npr (7.8)

where N, = random coincidence output rate,
N, = average number of pulses from counter 4 per unit time,
N = average number of pulses from counter B per unit time,

7 = coincidence resolving time.

The factor 2 in this relation arises because the coincidence unit
operates if a pulse from B arrives within the time interval = of a pulse
from counter A4, irrespective of which pulse occurs first.

Now

N = 2Ne, (y, and y, quanta)

Ny = 2Ne, (y; and y, quanta)

therefore by relation 7.8
N, = 8NZ%,e,r

Using equation 7.7 we thus have
N,

1
N,  4Nr

= W(0) (7.9)

Now it is necessary to keep N as high as possible, so that the true
coincidence rate is large enough to give a sufficient number of
counts (10,000) for adequate accuracy in a reasonable experimental
time. This rate is proportional to the solid angle of collection by the
counters, so that, to achieve good angular resolution, N must be
increased to a maximum in order that this solid angle may be kept
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small. The experiment will not be successful, however, unless the
ratio N /N, is greater than 10, say. Relation 7.9 shows that 7, the
coincidence resolving time, must accordingly be reduced to a mini-
mum. It should be noted that N may be controlled by varying the
amount of radioactive material used in the experiment.

The reader should also note that, since N, is a function of 7, the
coincidence resolving time must be constant during the course of
the experiment in order that a correction may be made to the experi-
mental results to allow for the presence of random coincidences.
In an actual experiment the total coincidence output rate will be
equal to (N, + N,); N, is measured as described in § 7.7.1 and the
value subtracted from the total, thus giving the desired quantity N,.
The experiment is repeated for different angles 0 between the two
counters hence enabling the function W(6) to be determined.

In some experiments the number of counter output pulses in each
separate channel will greatly exceed the values 2Ne,, 2Ne, above, due
to the presence of radiations or particles other than the two relevant
related v quanta. The need for the shortest possible resolving time is
further emphasized, since N, is increased without any corresponding
increase in N,.

Various forms of coincidence circuit will now be considered in
detail.

7.%.1. Pulse Limiter with Diode Mixer Circuit.

An arrangement which has been extensively used by BELL et al.
[726], WELLS [727], and other workers, is shown in fig. 7.20; negative
input pulses having fast rising edges, followed by a slow exponential
decay to zero, are required.

Each of the valves V; and V, normally passes an anode current
of 20 mA. If an input pulse has sufficient amplitude one valve will
be completely cut off, thus driving a current of 20 mA into the anode
circuit, which consists of a matched 100 Q coaxial cable. This anode
pulse travels down the cable to the T-junction where the current
divides. Part* flows down the 50 Q cable to the short-circuited end
where the voltage is reversed in phase, and returns to the T-junction.
When it arrives back at the junction no further reflection occurs
since the two 100 Q lines match the 50 Q cable. The pulse then splits
into two “halves” which continue down the 100 Q cables to their ends

* The remaining portion travels along the other 100 2 line and is absorbed in
the terminating resistor.
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and are absorbed in the terminating resistors. The nett result is
that a large negative input pulse applied to the grid of either V, or V,
will give a positive pulse of 0-5 V amplitude at the cable T-junction

4 +150V.
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Fig. 7.20. Fast coincidence circuit.

the duration of which is determined by twice the delay-time of the
50 Q cable. This pulse is delayed after the input signal by the transit
time of one of the 100 {2 connecting cables. If two input pulses arrive
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Fig. 7.21. Fast coincidence circuit waveform diagram.

simultaneously the resultant signals will add at the T-junction and
give a pulse of amplitude 1 V. The 1 V pulses, due to coincidences,
are sorted out from the non-coincident 0-5 V pulses by the crystal
diode which is suitably biassed. Waveforms are shown in fig. 7.21.
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The output from the coincidence diode is of small amplitude (the
duration being determined by the overlap time of the two anode
pulses) and feeds into an amplifier which can be of comparatively
narrow bandwidth. The 0-5 V amplitude non-coincident pulses give
rise to a small output due to the backward resistance and shunt
capacitance of the crystal diode. If the amplitude of the amplifier
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Fig. 7.22. Fast coincidence circuit performance under test
pulse conditions.

output signal is measured as the time separation between the two
input pulses is varied a curve of the form shown in fig. 7.22 is obtained.
The coincidence diode bias is adjusted to give the maximum ratio
between the coincident and non-coincident outputs; the ratio
should not be less than 5. The gain of the low frequency amplifier
is set such that the maximum output for coincidence lies between 10 *
and 20V, and the succeeding amplitude discriminator is arranged
to trigger at about one third of this level. It should be noted that
the setting of this discriminator will effectively vary the coincidence
resolving time, so that the bias level should be stable and the gain
of the amplifier should also be well stabilized.
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The coincidence resolving time may again be varied (as shown in
fig. 7.21) by altering the duration of the shaped pulses from ¥V, and
V,; this duration is controlled by the length of 50 Q cable employed.
The gain required in the low frequency amplifier will need to be
increased as the resolving time is reduced, owing to the shorter pulse
output delivered by the coincidence diode.

It will be seen that the coincidence resolving time is equal to the
duration of the pulses at the input to the coincidence diode, less the
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Fig. 7.23. Typical waveforms at input to coincidence
diode in fast coincidonce circuit.

time overlap required to give an integrated signal through the diode
sufficient to operate the following amplifier and discriminator
circuits. So far, we have assumed that the pulse shapes are perfectly
rectangular, but, in practice, waveforms such as those depicted in
fig. 7.23 will be observed owing to the finite rise-time of the input
pulses applied to the grids of the limiting valves ¥, and V,. Three
typical waveforms are illustrated:

(a) Both input pulses are rectangular and of duration 7;; we
shall assume that the coincidence unit gives an output if the
sum of the two pulses exceeds the bias level shown in the
figure. The maximum time separation between the leading
edges of the pulses to give a coincidence output will then be
=+ 7, i.e. the coincidence resolving time is simply 7,.

(b) Both input pulses are similar in shape, but with a slow rate
of rise and fall. In this case the maximum allowable time separa-
tion between pulses, for a coincidence output to be given, will
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be considerably less than 7;, so that the coincidence resolving
time is smaller than 7. If the rise-time of the pulses is rather
longer than 7;, then the sum of the two pulses, even when directly
superimposed, may be insufficient to operate the coincidence
circuit, i.e. the resolving time is zero.

(¢) One input pulse is rectangular whilst the other has a slow
rate of rise and fall. In this case, if the fast pulse follows the
slow one, then the maximum time between the leading edges of
the two pulses may exceed 7, before the coincidence output is
lost, as shown in fig. 7.23(c). If, on the other hand, the fast
pulse precedes the slow one then this maximum time separation
will be less than 7,. The coincidence resolving time may
accordingly be either greater or less than 7;.

The values predicted for the resolving time will all require to be
modified in order to allow for the time overlap previously discussed.

The input pulses in an actual nuclear physics experiment will
normally be derived from a scintillation counter and a large range
of input pulse amplitudes will be met with. The time taken for these
pulses to cut off the input valves V, and V, will vary with their
rates of rise so that the rise-times of the pulses applied to the coinci-
dence diode will according vary from pulse to pulse. In particular,
input pulses of small amplitude will give slow rising pulses as in (b)
above.

Now let us consider two scintillation counters arranged to detect
coincident nuclear radiation and let a variable delay line be placed
in series with the output pulses from one counter. When the delay
is zero, the coincidence circuit output will be derived from all input
pulses which give a sufficiently short rise-time at the coincidence
diode and which therefore have a finite coincidence resolving time.
As the delay time is increased, only those input pulses which can
produce a resolving time in excess of the delay will contribute to the
coincidence output. The mean coincidence output pulse rate will
therefore fall because true coincidences between very low amplitude
input pulses will be lost as in (b) above. When the delay inserted
becomes greater than the nominal pulse width, some coincidence
output pulses will still be observed due to coincidences between pairs
of very large and small amplitude pulses (see (c) above). Typical
experimental curves of the variation of the average coincidence
output pulse rate with delay are shown in fig. 7.24 where positive
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and negative delay indicates that the latter is inserted in series with
counter A or counter B respectively. If the delay is sufficiently large,
then all true coincidences are lost and the residual counts are due to
purely random coincidences. It should be noted that the introduction
of a long delay line in this manner gives an experimental method of
determining the random coincidence rate in a particular experiment.
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Fig. 7.24. Experimental characteristic curve for fast
coincidence circuit. (Including use of amplitude
discriminators as in § 7.7.2.)

The rate should be independent of the delay, provided that the
introduction of the delay does not indirectly change the coincidence
resolving time.

The curves of fig. 7.24 indicate the performance of a coincidence
unit in a particular experiment; a consideration of these graphs will
show the minimum resolving time that can be employed, without an
undue loss of coincidence counting efficiency at the maximum of the
curve.* The delay line used was in the form of a variable length of
coaxial cable which could be switched into circuit; this cable is
an essential part of a practical coincidence unit and enables the curve
of coincidence rate versus delay to be measured conveniently at the
start of an experiment. '

* The maximum may not occur at zero delay if there are unequal transit-
times in the two scintillation counters or if there is a small time difference
between the ‘“‘coincident’ nuclear radiations or particles being detected.
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From the above discussion of the influence of pulse shapes on the
coincidence resolving time, it becomes apparent that the following
two conditions must be met, if the minimum possible coincidence
resolving time is to be obtained without undue loss of counting
efficiency: .

(a) The rise-time of the pulses at the coincidence diode must be
as short as possible, so that their duration may be reduced to a
minimum. As an alternative to reducing the pulse duration, the
circuit following the diode may be arranged to require a con-
siderable amount of pulse overlap, before a final coincidence
output signal can be produced.

(b) Only those counter pulses which are due to the incident
particles under investigation should, as far as possible, be
allowed to operate the coincidence circuit. All other pulses
may produce unwanted coincidence outputs and often give
rise to some deterioration in the performance of the unit.

Condition (a) implies that the input signals from the counters should
cut off the limiter valves as rapidly as possible; their amplitudes
must therefore be large. Adequate current gain must be present in
the circuit between the photocathodes of the multiplier tubes and
the coincidence limiter valves, such that the first one or two photo-
electrons released by the light scintillation will provide sufficient
signal (say 2 V at the grids of ¥, and V,). Typical values are quoted
in §7.3.4.

In order to meet condition (b) full use should be made of the
fact that the wanted pulses from the counters may differ in amplitude
from the noise and unwanted pulses. Discriminator circuits may be
introduced into the coincidence unit so that such an amplitude
gelection may be made; BELL’S [726] technique, as described in the
next section, may be employed.

The reader should note that when a high value of photomultiplier
gain is employed in order to obtain optimum coincidence resolution
then a considerable number of noise pulses will be present in the
counter output. These pulses are large enough to giverise to a random
coincidence output but are generally considerably smaller than those
produced by the light scintillations from the phosphor. It is there-
fore essential to include amplitude discrimination, so that all coinci-
dence output pulses derived from small amplitude noise signals are
suppressed.
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7.7.2 Pulse Amplitude Selection for Coincidence Units.

Preliminary selection is achieved, as far as possible, by using
suitable filters or by employing spectrometric methods in front of
the scintillation counter. A mixture of incident radiations may still
enter the counters and some further discrimination may be obtained
by electronic pulse amplitude selection after the counter. Such
discrimination will satisfy condition (b) above and give a good
measure of protection against photomultiplier noise.

AMPLIFIERS FAST COINC IDENCE

100 70 200 MC/S  CIRCUIT AMPLITUDE
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Fig. 7.25. Block schomatic diagram of complete fast coincidence

unit,

A block schematic diagram of a complete coincidence unit, em-
bodying amplitude discrimination facilities, is given in fig. 7.25. The
pulses from the photomultiplier tubes are fed to amplitude dis-
criminators, after some amplification if necessary. The amplifiers
can be of comparatively narrow bandwidth (a figure of 2 to 5 Mc/s
being commonly used) determined by the input pulse duration.

The amplitude of the pulse taken from the scintillation counter
for this purpose must be proportional to the total number of electrons
leaving the photocathode of the multiplier for each scintillation
detected. It is sometimes necessary to utilize the pulse from a
dynode, previous to the final collecting anode of the multiplier, in
order to avoid space charge saturation effects in the last stages of
electron multiplication (see BEGHIAN et al. [728]).

The outputs from the two amplitude discriminators are taken to a
subsidiary coincidence circuit possessing a resolving time of about
0-1 to 0-5 usec. and the output of this circuit is used to gate the fast
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coincidence circuit output. A final output pulse can therefore only
be obtained from two input pulses the amplitudes of which are
greater than the discriminator settings and the time difference
between which is less than the resolving time of the fast coincidence
circuit. The amplifier gains are adjusted such that a pulse which has
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Fig. 7.26. Response of fast coincidence circuit with pulse
amplitude selection.

an amplitude equal to the discriminator level will be many times
larger than the minimum value required to operate the high speed
coincidence circuit (see § 7.7.1). Scaling units may also be introduced
to count the pulses from the amplitude discriminators; the average
pulse rates, in each channel, which contribute to the final coincidence
rate may then be determined.

This technique may be extended by employing pulse height
selectors instead of simple amplitude discriminators, such selectors
having an upper as well as a lower limit of amplitude discrimination.
This type of circuit is only operated by pulses the amplitudes of
which lie within the prescribed range.

When experimental conditions allow of such a drastic reduction
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in counting rate, the latter method may be employed to advantage
to improve the fast coincidence circuit performance. Since the
amplitudes of the pulses being fed to this circuit, which give rise to a
final output, are restricted to a narrow range, the shape of the pulses
at the coincidence diode will be similar and, in this special case, the
coincidence resolving time may be reduced below the rise-time of the
latter pulses. It should be noted that it is always possible to detect
small time differences between pulses of similar shape and amplitude
even if the time differences are much less than the pulse rise-time.
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Fig. 7.27. Current stabilized limiter circuit.

Fig. 7.26 shows the coincidence delay curve obtained by McLusky
and Mooby [729], using this technique.

The above indirect method of introducing amplitude discrimina-
tion to coincidence circuits is necessary, because the fast coincidence
unit must be operated by the pulse derived from the first few photo-
electrons produced in the photomultiplier tube, whereas the amplitude
discriminator requires to be driven by a pulse proportional to the
total number of photoelectrons released by the light scintillation
from the phosphor. The discriminator output pulse will therefore
be considerably delayed with respect to the pulse operating the
fast coincidence unit and, moreover, this delay will vary with pulse
amplitude. The fast coincidence circuit therefore cannot follow
the amplitude discriminator, as is the case in more conventional low
speed circuits.

7.7.3 Stability of Coincidence Circuits.

As pointed out earlier the coincidence resolving time must be
stable in value. The anode currents of the input limiter valves
V,and V, (fig. 7.20) should accordingly be stabilized and the arrange-
ment of fig. 7.27 will be found useful in cases where the mean input
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pulse rate is high. In this circuit the cathode current of the valve
is diverted to earth, through the crystal diode, when the input
pulse is applied. It should be realized that if this diode is replaced by
a large capacitor, as in fig. 7.20, the mean cathode current of the
valve is stabilized but the peak anode current will be affected by the
input pulse rate. This latter circuit is satisfactory for low input
rates, but that of fig. 7.27 should be used if the duty cycle (mark to
space ratio) of the input pulses is greater than say 5%, (1 : 20).

Another source of instability is to be found in the germanium
crystal coincidence diode. The backward resistance of such diodes
varies considerably with temperature and so the effective bias may
be altered when a relatively high value resistive diode load is used.
The load resistance should not exceed a few hundred ohms and the
temperature of the crystal must be kept constant.

One other difficulty encountered is that of keeping the coincidence
resolving time unaffected by change in delay cable length. The
delay variations usually lead to small changes in resolving for the
following reasons:

(a) For long delays, the attenuation in the cable causes a
deterioration in the shape of the pulse applied to the coincidence
diode.

(b) For short delays, the small mismatches at the cable input
ends give rise to reflected pulses which arrive back at the
coincidence diode before the initial pulse has passed, thus
altering the effective shape of the latter.

Effect (a) may be minimized by inserting the delay before the
limiter valves, if possible. Effect (b) may be avoided by keeping the
delay greater than about one half the coincidence resolving time;
only the first reflected pulse is troublesome since subsequent
reflections are of negligible amplitude.

To summarize, coincidence resolving time stabilities of -+ 5%, are
readily obtainable, except on the very shortest resolving time settings.
If this figure is to be improved upon, great care must be exercised is
stabilizing all components in the system.

7.7.4 Factors Determining the Minimum Possible Resolving Time.

There are two limitations which prevent the resolving time
of a coincidence circuit from being decreased below a certain
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minimum value, if the coincidence counting efficiency is to be
kept high.

(a) As discussed previously (§7.7.1), the time taken for the
counter output voltage pulses to cut off the grids of the limiter
valves (fig. 7.20) determines the minimum resolving time of the
circuit. To reduce the rise-time to a minimum a large gain must
be available in the photomultiplier and subsequent amplifier,
and the rise-time is then determined by the spread of transit-
time of the photomultiplier tube rather than by the decay
time-constant of the phosphor. We have seen how the coinci-
dence resolving time may be reduced to a value somewhat
below that of the rise-time of the pulses by employing pulse
amplitude selection, but it is found that the effect of the spread
in transit-time is not the same for every pulse, so that the rise-
times of the output pulses will still vary thus determining a
minimum useable coincidence resolving time. This effect is
less than 1 mpusec. with the R.C.A. type 937A photomultiplier
and so may generally be neglected; a value of several milli-
microseconds obtains, however, with the E.M.I. type 5311 tube.

(b) A time delay exists between the passage of a nuclear
particle into the phosphor and the emission of the first photo-
electron from the photomultiplier cathode. This delay is
subject to random variations and therefore sets a lower limit
to the useable coincidence resolving time.

Posr and ScHIFF [702] have shown that the mean value 7, of the
time delay is given by
T 1
TO:E(1+7€)’ R>1 (7.10)

where 7' is the mean life-time of the light flash from the phosphor
and R is the total number of photoelectrons produced by the flash.

The coincidence resolving time of the circuit should be set at a
value greater than 37 if the probability of observing the first photo-
electron is not to be less than 0-95.

Fig. 7.28 shows BELL’s curves illustrating this effect; the mini-
mum resolving time is plotted in terms of the electron energy
expended in the crystal. For a stilbene crystal and electrons with
an energy of 100 KeV the minimum resolving time is 1 musec.

The minimum coincidence resolving time that has been obtained
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in practice is in good agreement with the value set by the two
limitations just discussed. The time limitation (b) above is of much
less importance in experiments on high energy particles using
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Fig. 7.28. Theoretical minimum coincidence resolving time.

Cerenkov counters (§7.3.5) than when a phosphor is employed
to detect low energy particles. Bay et al. [730] report that
resolving times of less than 1mpusec. may be attainable in the
former case.

7.7.5 Mixer Circuits.

The performance of the coincidence circuit described in § 7.7.1 has
been considered in detail because it is of a commonly used type,
and a study of the pulse shapes and time delay variations is applic-
able in general to most other forms of coincidence circuit. Some
alternative arrangements will now be briefly reviewed. Pulse
amplitude selection may be applied to all by using the technique
described in § 7.7.2.
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7.7.5.1 Crystal Diode Circuits

Bax [730], [731], BALDINGER et al., [732] and ELLMORE [733] have
used crystal diode mixing circuits, driven directly by the current
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Fig. 7.29. Crystal diode coincidence circuit.

output pulses obtained from scintillation counters. We then have
examples of low capacitance circuits being operated at rather lower
amplitude levels than other types of mixing circuit employing
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Fig. 7.30. Waveform diagram of diode coincidence circuit.

thermionic valves. One circuit designed by BAY is shown in Fig. 7.29
and its operation may be understood by a consideration of the
waveform diagrams in fig. 7.30.

18
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Current pulses from the photomultiplier tube are fed into the
cables thus producing negative voltage pulses at the cable outputs.
The duration of these pulses may be controlled by varying the lengths
of the short-circuited pulse shaping lines, the maximum duration
being determined by the shape of the current pulse as illustrated in
fig. 7.30. Single pulses from counter A will charge the two capacitors
C, and C, through the diodes W; and W,. The rates of discharge of
the capacitors are equalized by adjustment of R,; the difference
between the voltages across ; and C, is applied to a low frequency
amplifier. The potentiometers B, and R, may be adjusted such that
there is negligible output from the amplifier for single 4 pulses; the
balance is maintained over a large range of pulse amplitudes. Single
negative pulses from counter B will have little effect since diode W,
will be cut off. However, when a pulse from B occurs at the same
time as one from A4, then the resultant charge on the capacitor C;
will have a value different from that which obtains when the B pulse
is absent. The balance for the 4 pulse is therefore disturbed and the
amplifier produces an output. The coincidence resolving time is
controlled by the pulse durations and so may be varied by altering
the lengths of the pulse shaping cables. For the diode to operate
efficiently, the input pulse amplitudes should not be too small, and
Bay has given the following minimum gain requirements which the
photomultiplier tubes must fulfil:

TABLE 7.4
. . Minimum gain (no. of )
Resolving tim:

(';,Zfsw_; ¢ of elet:;%;gt tube
1-85 35 x 107
0-54 6 x 107
0-29 16 x 107

The above figures for the gain are based on the supposition
that the circuit is to respond to the current derived from a
single photoelectron leaving the photocathode of the scintillation
counter.

BALDINGER, et al. [732], have also described a crystal diode
coincidence circuit consisting of a diode bridge which is balanced
for non-coincident pulses but unbalanced for coincident ones.
ELLMORE [733] has discussed a lower speed crystal diode circuit.

Another crystal diode arrangement, which is driven directly by
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pulses from the two counters, but which depends on a somewhat
different principle for balancing out the effect of non-coincident
pulses will now be described.

7.7.5.2 Double Pulse Technique

The schematic diagram of a circuit used by DICKE [734] is given
in fig. 7.31. The pulse from counter 4 travels along the coaxial
cable ; to the cable junction where the current divides between

COUNTER

COINCIDENCE
QUTPUT

TUNED AMPLITUDE
RECEIVER DISCRIMINATOR

Fig. 7.31. Double pulse coincidence circuit.

the three other lines. The resistors R; and R, are carefully matched
to equalize the currents which flow down cables I; and [,, so that
pulses of equal amplitude arrive at the diode with a time separation
equal to the difference in delays of the two cables i.e. proportional
to the lengths I, — I5. The pulse from I, after passing the diode,
will continue down 7, until it reaches the matching resistor R, where
it is absorbed. The network comprised by R;, R,, I, and I, is designed
such that both the lines /5 and I, arc correctly terminated, whilst
the attenunation suffered by a pulse travelling from I, through R,
and R, into cable I, is at least 20 db. The two equal pulses from the
diode are fed into a narrow-band radio receiver which is tuned to give
a minimum output pulse (after detection). The lowest frequency
at which this occurs is when the difference in time delay of the
cables I, and I3 is equal to half the period of the receiver frequency
ie.
1

fo= 5w, =y

(7.11)
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where f, = frequency to which receiver is tuned
T, = time delay of cable I,
T, = time delay of cable [,
When the receiver is set to this frequency, and provided the two

pulses from /3 and I, are exactly equal in amplitude and shape, a very
small output will be obtained for single pulses from counter 4.

NO TRUE SPURIOUS
COINCIDENCE conycaomce c?nrcmmcs
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) ' “
/\/\ COINCIDENCE
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Fig. 7.32. Waveform diagram of double pulse fast coincidence circuit.
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Signals from counter B are also fed into the receiver in a similar
manner, 8o that there is again negligible final output for non-coinci-
dent pulses.

Now consider the arrival of a pair of coincident pulses from counters
A and B. The difference in delay between the cables /, and I, is
made equal to 7'y — 7’3 so that the first pulse from B is superimposed
upon the second pulse from A (see fig. 7.32). If these pulses were fed
into the receiver in the absence of the diode there would be no
resultant output, but, due to the non-linear characteristic possessed
by the diode, the centre pulse of the three input pulses is more
effective than the sum of the first and third pulses, so that an output
is now delivered by the receiver. It should be noted that an output
pulse is also obtained when a counter B pulse occurs at a time
2(T4 — T,) previous to a counter 4 pulse, as indicated in fig. 7.32.
This represents a spurious coincidence and may lead to errors in
some experiments.

The chief experimental difficulty encountered is that of equalizing
the pulses in each pair fed to the diode, so that the receiver output,
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for non-coincident pulses, shall be negligible in comparison with the
coincident pulse output, even when there is a large amplitude
difference (10 : 1) between the pulses from counters 4 and B. The
coincidence resolving time is dependent upon the duration of the
input pulses. The following experimental figures are given by Dicke:

l,=486cm [,=324cm
l3=320em I, = 160 cm
fo=62Mc/s Af= 10 Kec/s—receiver bandwidth

Resolving times of 2 musec. were obtained under test pulse
conditions.

7.7.6.3 Double Grid Mixing Circuit

Fisceer and MaRrsHALL [735] have employed a 6BN6 type of
valve having two control-grids operating on the one electron stream.
Approximately equal control is exerted by the two grids and positive
pulses, derived from the two nuclear counters, are fed to the grids
separately. These are normally biassed off so that no anode current
is passed unless there is a pulse present on both; the resulting anode
output signal is then suitably amplified. The coincidence resolving
time is again dependent upon the durations of the input pulses and
on the minimum time overlap required to give a number of electrons
at the anode sufficient to operate the output circuit. The amplitude
of the input pulses should not be less than 3 V for satisfactory
operation. The authors report that it is possible to obtain coin-
cidence resolving times of the order of 0-3 musec. when the arrange-
ment is tested on signals from a pulse generator. An electron transit-
time of 2 musec. exists between the two control grids; this should
be compensated by delaying the pulse applied to the second grid
(i.e. the one nearer the anode) by a similar amount.

7.7.6.4 Cathode Ray Tube Method

The use of controlled electron beams for coincidence measure-
ments has been little exploited; one arrangement, however, is
described by HorstapTER and McINTYRE [736]. The pulse from
counter 4 initiates a fast time-base sweep, whilst the pulse from
counter B is applied, after a suitable delay, to the signal plates of a
cathode ray tube (fig. 7.33). The screen is masked such that the B
pulse will appear in the narrow aperture as shown only if the two
pulses are coincident. The peak of the B pulse is allowed to be



264 MILLIMICROSECOND PULSE TECHNIQUES

vigible and the light from the screen is detected by a photomultiplier
tube. An output pulse is produced by the latter only if the B pulse
appears within the screen aperture; if pulses 4 and B are not
coincident the pulse B will be displaced along the time-base, away
from the aperture, and accordingly no final output is obtained.
The coincidence resolving time is.determined by the duration of
the B pulse and by the aperture width and the velocity of the time-
base. The authors were able to obtain resolving times of 0-9 musec.

APERTURE
IN MASK

COINCIDENT
PULSE

Fig. 7.33. Display of coincidence cathode ray tube.

when testing this circuit with a pulse generator. The pulse amplitude
should not be less than 2-5 V and the recurrence rate of the 4 pulses
must be sufficiently low for the triggered time-base circuit to function
correctly. Recurrence frequencies of up to 1000 p.p.s. were used at
resolving times of 50 musec.

It is worth emphasizing that the cathode ray tube method
incorporates its own amplitude discriminator or pulse height selector
(on the B channel), according to the manner in which the mask is cut.

Some other types of circuit have also been described by GarRwIN
[737], Bay and Parp [738], and by LunDBY [739].

We shall now consider the measurement of short time intervals
involving the use of “delayed coincidence’ circuits.

7.8 TIME INTERVAL MEASUREMENTS WITH DELAYED
COINCIDENCE CIRCUITS

These circuits are similar to those described in § 7.7, but the variable
delay line incorporated is accurately calibrated and is used for
measuring the time interval.
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The simplest application is the determination of the speed of
nuclear particles by the measurement of their time of flight between
two fixed points. A typical experiment is illustrated in fig. 7.34
(see reference 728). A beam of neutrons is allowed to pass through
two scintillation counters 4 and B, separated by a suitable distance.

dy i

]
: 4 : /Neum'?u
]
&uzns{‘.‘.—-’:‘_—ﬂ_:'i:_—i 7= =
o
COUNTER ! ' ! COUNTER
1 IB 8
L2
OouTPUT
VARIABLE COINCIDENCE
DELAY CIRCUIT

Fig. 7.34. Measurement of neutron velocity.

The coincidence output counting rate is measured for different
settings of the delay line. Results are then taken again for a different
distance between the two counters thus yielding the two curves
shown in fig. 7.35. The curves are normalized* such that their
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Fig. 7.35. Normalised delay coincidence curves in neutron
velocity measurement.

maximum ordinates are the same; they should turn out to be of
similar shape. The time delay between corresponding points on the
two curves will then equal the difference in the times of flight of the
neutrons between counters 4 and Bin the two experiments. Measure-
ment of the distances involved then yields the velocity. The

* The random coincidence rate should be measured and subtracted from
the observed coincidence rate before the curves are normalized.
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accuracy is better, the greater the change in counter spatial separa-
tion, but the maximum distance that can be employed is limited
by the degree of collimation of the neutron beam; if the beam is
divergent the coincidence counting rate will rapidly decrease as the
distance between the counters is increased.

It is seen from fig. 7.35 that if measurements are made on the
steep sides of the curves then quite small time differences may be
detected by this method. The smallest discernable time difference
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Fig. 7.36. Delayed coincidence curves in half lifetime measurement
of metastable state of Hg!?®

will only be a few percent of the coincidence resolving time; it may
be remembered that the width of the curves, at half maximum
amplitude points, is approximately equal to twice the coincidence
resolving time.

The method has been applied to the measurement of neutron
energy (since this is related to the velocity) and also to the determina-
tion of y-ray speeds (see CLELAND and JAsTRAM [740], LuckEY and
WEIL [741]). BaY estimates that time differences as short as
0-01 musec. may be detectable in experiments on high energy
particles, using Cerenkov counters as discussed in §7.7.4,

The second main application of the delayed coincidence technique
is in the measurement of the half-life of a short lived radioactive
element. A typical experiment performed by BELL provides an
illustration.

When an atom of the radioactive isotope of gold Aul®® decays, a
f-particle is emitted and a mercury nucleus Hg!®® is formed. After
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a short period the latter emits a y-ray, so that, if the time interval
between the f and ) emissions is measured, the lifetime of the
excited state of the Hg'®® nucleus can be determined. The y-ray
is internally converted, giving an L conversion electron, and this
may be selected by a f-ray spectrometer and detected by one
scintillation counter. A second counter is arranged to detect the
initial S-radiation, selected by a second spectrometer, and the pulses
from the two counters are fed into a delayed coincidence unit. The
output coincidence rate is then measured as a function of the delay
line setting, thus giving the delayed coincidence curve. After these
readings have been taken the source of Au!®® is replaced by one of
ThB which emits two electrons within a time separation of less than
0-1 musec. A new curve of delayed coincidence rate versus delay
line setting is taken, thus giving a calibration on ‘“prompt’ coin-
cidences. The two groups of results are plotted as shown in fig. 7.36.
By analysis of the curves the mean half-life of the Hg!®® nucleus may
be determined; the following method, due to NEwTON [742] (also
Bay et al. [743, 744]) may be applied:

Let P(x) represent the prompt coincidence curve (ThB)

F(x) represent the delayed coincidence curve (Hg'®?)

and f(¢)dt be the probability of a delayed daughter emission (y-ray)
occurring in an interval d¢ at a time ¢ after the primary
emission (f-ray).

Then the delayed coincidence curve (Hgl%) is given by
F(z) = f fO)Px — t)dt (7.12)

For a decaying isotope we have
ft) = 2e *fort > 0

f@)=20 fort <0
Hence

F(z) =f Ae~HP(x — t)dt (7.13)
0
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which, on putting y = x — ¢, becomes
z
F(x) = de™™ f e P(y)dy (7.14)
—

Differentiating this relation we obtain

dF (x)
dx

= A[P(z) — F(z)] (7.15)

and

dnfl@ [1 P(x)] (7.16)

dx  F)
= — 1 when F(z)> P(x)

From these equations the following properties of the curves have
been deduced, provided the curves of F(x) and P(x) are plotted to
the same included area:

(a) F(z) and P(x) rise at the same point on the left.

(b) F(x) and P(x) intersect at the maximum of F(z) if only a
single life-time is present. -

(c) If onlyasingle life-time is present, the curvature of In F(x) is
nowhere positive provided the curvature of In P(x) is not posi-
tive. If this is not the case, more than one life-time is present
in F(x).

(d) When F(x) > P(x) then the slope of the In F(x) curve
determines the constant A and hence the half-life of the isotope.

(e) The centroid of F(x) is displaced positively along the x axis
from the centroid of P(x) by an amount 1/, the mean life-time
of the delayed radiation.

Applying this analysis to the experimental results for Hg!® as
given in fig. 7.36, BELL obtained a mean value of 2-35 4 0-2 musec.
for this particular y-transition.

Half life-times of the order of 0-1 musec. have been measured by
this method.

It may be emphasized that all such time difference measurements
are made more easily and more accurately if the coincidence resolv-
ing time of the circuit can be lowered. It is essential to achieve very
short resolving times, provided this can be done with a reasonable
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degree of stability, in order to reduce the number of hours required
to accumulate sufficient experimental data.

7.8.1 Time Sorters.

Such units consist of multichannel delayed coincidence circuits
and are designed to facilitate the plotting of the delayed coincidence
curves discussed above. The pulses from the two scintillation counters
are fed into a number of coincidence units through different lengths
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COINCIDENCE UNITS COUNTER
?DELAY COAXIAL CABLE

A AMPLITUDE - catiNG/T ' B8 AMPLITUDE
DISCRIMINATOR PULSES DISCRIMINATOR

INPUT ! comclomcs outPyr i : lNPUT
SCALER SCALERS ' SCALER

COUNTER
A

Fig. 7.37. Block schematic diagram of “‘timesorter” (multi-
channel delayed coincidence unit).

of delay cable. The output from each coincidence unit is then
recorded on a separate scaler. Fig. 7.37 depicts a ten channel
arrangement designed by McLusky and Moopy [729]. The delay
settings of the unit are adjusted to suit the experiment so that ten
points on one of the curves of fig. 7.36 may be obtained for each
counting run; the experimental time is accordingly reduced by a
large factor. This reduction of the time required to collect the data
can be of great importance in cases where the isotopes under investi-

gation decay by an appreciable amount during the course of the
experiment.

7.8.2 The Chronotron Timing Unit.

The arrangement is also similar to a multichannel delayed
coincidence unit and it has been applied by KEUFrEL [745] and by
NEDDERMEYER ef al. [746] to the measurement of the time delay
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between two nuclear events, using the parallel plate counters described
in § 7.4. The circuit was designed for use in a cosmic ray experiment,
where the events to be measured were very infrequent, and a photo-
graphic recording technique was employed to obviate the use of
scaling units.

As in the time sorter, the pulses from the two counters are fed
through delay cables to ten coincidence diodes (see fig. 7.38); the
delay between adjacent diodes is the same and is adjusted to suit

COUNTER COINCIDENCE OUNTER
l A_II ["uni - j 8 I
DELAY COAXIAL LT'J L
CABLE T
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b8a
AMPLIFIERS
DELAY UNITS

SIGNAL

RECORDING
OSCILLOSCOPE
Fig. 7.38. Block schematic diagram of ‘“‘Chronotron’

(multi-channel time interval measuring circuit).

the experimental conditions. The arrangement thus comprises ten
delayed coincidence circuits and the output from each diode is
displayed on a recording cathode ray oscilloscope in the form of a
pulse the amplitude of which is proportional to the diode output.
The displayed pulses are separated on the oscilloscope time-base by
inserting different time delays (up to several microseconds) between
the output of each diode and the display mixing circuit.

The output pulses from the counters are approximately of the
same amplitude (being determined by the discharge characteristic of
the counters) and the pulse duration is arranged to be less than the
delay between adjacent coincidence diodes, by suitable choice of
values for the input differentiating capacitors and associated circuit.
The diodes act as peak rectifiers, thus, if we consider a pulse from
each counter travelling along the composite delay cable, the output
from each of the diodes will be proportional to the larger of these
two input pulses, except for the particular diode where they overlap
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in time. The output from the latter diode will then be proportional
to the sum of the two input pulse amplitudes and hence the particular
diode at which the pulses overlap in time may be at once identified
from the display record (fig. 7.39). The initial time separation be-
tween the two counter discharges may then be found from a know-
ledge of the length of delay cables between this coincidence diode and
the counters.

The oscilloscope time-base is triggered by an auxiliary coincidence
circuit which gives an output signal whenever pulses from each

COINCIDENCE
AT FOURTH
DIODE

Fig. 7.39. Typical chronotron display.

counter occur within a short time interval of one another; this
interval is made equal to the delay produced by the total length of
cable lying between the ten coincidence diodes.

7.9 TIME INTERVAL MEASUREMENT BY INTEGRATION
METHODS

We wish to measure the time interval between two pulses 4 and B.
Let us assume that pulse B follows pulse 4, then, if we allow pulse 4
to switch on a current I into a storage capacitor C (see fig. 7.40) and
pulse B to switch this current off, the voltage developed across the
storage capacitor will be dependent on the time interval between
the two pulses. The capacitor is allowed to remain charged for as
long a time as may be required to accurately perform the voltage
amplitude measurement; it then discharges through a high resistance
and returns to its original condition. If good accuracy is to be
achieved it is obvious that the time which elapses between the
application of the pulse 4 (and B) and the corresponding switching
on (and off) of the current into the storage capacitor must be of
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known amount. The delays should also be as short as possible to

avoid errors being introduced by any fluctuations in their value.
This method of time interval measurement has been applied

by Moopy [747] in the millimicrosecond range. Modified forms of
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Fig. 7.40. Block schematic diagram of circuit for the
measuroment of time by integration.

the secondary emission valve amplitude discriminator circuit of
fig. 7.11 are operated by the input pulses. Both the amplitude
discriminators are followed by further trigger units, using secondary
emission valves, based on the circuit of fig. 4.9. Each of the latter
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Fig. 7.41. Current integration circuit.

circuits functions primarily as an amplifier and provides a 250 mA
output switching current pulse of comparatively long duration
(100 psec.) and with a leading edge rise-time of 2 to 5 musec. The
total time delay between the leading edges of the input pulses and
the subsequent output pulses is 6 to 10 musec. The pulse output
from the A trigger circuit is arranged to be negative whilst that
from the B circuit is positive; these pulses are then applied to the
integrator circuit of fig. 7.41.
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The valve V, (fig. 7.41) normally passes 51 mA of cathode current
and 40 mA of anode current; valve V, is biassed off. A current of
30 mA flows through the resistor R, whilst the excess anode current
in ¥V, passes through the diodes X;. When pulse 4 arrives, the nega-
tive pulse from the trigger circuit cuts V; off, so that the current
through R, is diverted into C; and the stray capacitance producing
a rate of rise of anode voltage of 0-75 V/musec. The crystal X, takes
the current flowing through R, after a short time interval (C, is
comparatively small in value). On the arrival of pulse B, a positive
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Fig. 7.42. Waveform diagram of current integration circuit.

signal is applied to valve V, causing it to conduct and thus returning
the anode potential of V, (and of V;) back towards earth. At this
point in the sequence, the diode V3 becomes open-circuited, and C
is left with a charge proportional to the time interval between pulses
A and B. Fig. 7.42 shows the voltage waveforms across the diode V,
the amplitudes of which may be measured; the capacitor is slowly
discharged by the 50 uA leakage current.

Instead of determining the voltage change across C), the time
taken for the capacitor to return to its normal state may be measured,
using a trigger circuit. This circuit is actuated when the potential
of the anode of the diode V4 falls below a certain small value and the
circuit returns to normal as soon as the diode voltage returns to a
similar level. An output pulse of duration proportional to the time
interval between the input 4 and B pulses is then obtained. The
overall performance of this ‘‘time expansion” circuit is illustrated in
fig. 7.43.

The above method of time interval measurement finds its most
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convenient application in experiments where the input pulse
recurrence frequency is comparatively low, so that adequate time
is available for the circuits to return to normal between pairs of
input pulses. There should also be a negligible chance of a random
pulse appearing within the time interval A-B since this would
suppress the B pulse to be measured. If the interval 4-B is very
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Fig. 7.43. Performance of the time expansion circuit.

small, then pulse B may be delayed by a known amount before
being applied to the expander unit so that only the linear portion of
the curve of fig. 7.43 is utilized in the measurement.

7.10 RECORDING OSCILLOSCOPE MEASUREMENTS

In all the previously mentioned instruments for the measurement
of time intervals it has been assumed that the voltage pulses under
test have fast rising leading edges free from any spurious effects. This
assumption may not be justified, so that the voltage waveforms
should always be examined before relying on the time interval
measurements. This check is most conveniently performed by using
a recording oscilloscope (see Chapter 6).

The oscilloscope itself may be employed for the measurement of
time intervals and brief mention of one illustrative experiment, out
of many, may be made here. Post and SHTREN [748] determined
the spread of transit-time in a photomultiplier tube by recording
the output current waveforms given by noise pulses, due to single
electrons leaving the photocathode. A photomultiplier type 1P21
supplied with an E.H.T. voltage pulse, of 5 KV amplitude and 2 usec,
duration, at a low recurrence frequency was used and the oscillo-
scope time-base was triggered during each pulse. The current output
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pulse from the photomultiplier anode was taken through a coaxial
cable to the signal plates of the cathode ray tube. The peak value
of the electron multiplication of the photomultiplier was about 108,
under these conditions, and this gain was sufficient to give an output
large enough to be directly visible on the cathode ray tube screen.
The noise pulses appear at random along the time-base; measure-
ments from the film gave a mean value of 0-8 musec. for the duration
of a pulse between half amplitude points. Sundry corrections for
stray inductances and capacitances were then made, yielding a
value of 0-5 musec. which is indicative of the spread of transit-time
in the photomultiplier tube. It may be noted that the 1P21 tube
cannot be run continuously with an E.H.T. of 5 KV, since sufficient
feed-back occurs (presumably due to ionization) to make the tube
unstable and unuseable a few microseconds after the voltage has
been applied. The tube functions satisfactorily, however, provided
the E.H.T. is not switched on for a period greater than 2 usec. and
is not reapplied until a comparatively long time interval has elapsed.

Particular measurements of this type, and the function of monitor-
ing the voltage waveforms to be measured, are the chief uses of the
recording cathode ray oscilloscope in the millimicrosecond region.
Once the shape of the waveform is known, the circuits described in the
previous Sections may be used with confidence for time interval and
amplitude measurements; laborious analysis of large numbers of
oscillograph film records is then obviated. When measurements
are to be made on very infrequently occurring pulses, however, the
oscilloscope method is valuable; the number of records is then small
and the recordings may be inspected at leisure and any spurious
ones rejected. This technique is used in some cosmic ray experiments
where the average pulse recurrence rate is of the order of one in ten
minutes or slower.



8
MISCELLANEOUS APPLICATIONS

8.1 INTRODUCTION

Tue application of millimicrosecond pulse techniques to nuclear
physics measurements has been described in the previous chapter
and it is in this field of research that these techniques find their
major use at the present time. The basic circuits, however, are not
peculiar to experimental nuclear physics and can and should be
applied to electronic measurements in all fields of research; it is the
object of this book to bring to the notice of physicists and engineers
the present day capabilities of millimicrosecond pulse circuits. A
number of other applications will now be briefly described.

8.2 MILLIMICROSECOND PULSE GENERATORS FOR
NARROW BANDWIDTH RADIO RECEIVER
MEASUREMENTS

For a number of tests on radio and radar type narrow band receivers
it is convenient to have available a signal generator giving a uniform
energy output over a very wide frequency band. Measurements of
the signal to noise ratio, for example, and the tracking adjustments
of superheterodyne receivers can be readily made over a wide
frequency range with such a generator. A pulse generator giving a
very short duration output pulse is required and the output energy,
over a given frequency band, can be calculated when the pulse
amplitude and shape are known. Fig. 1.3 shows the frequency
spectrum of a short triangular pulse. The ordinates give the relative
amplitude, per unit frequency range, of the various frequency
components; starting at zero frequency it is seen that these ampli-
tudes diminish with increasing frequency. The output is reduced to
1/4/2 (3 db down) of the value at low frequencies when wr/27 = 0-65
that is at the frequency 650/ Mc/s where the pulse duration r is
measured in millimicroseconds.

The simplest type of pulse generator, described in §4.2.1, is

276
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capable of giving a pulse duration of the order of 1 musec. corre-
sponding to a frequency spectrum extending* up to 650 Mc/s.
The repetition rate of a relay type pulse generator is rather too low
for some applications and in such cases one of the valve types of
pulse generator discussed in Chapter 4 may be employed. With such
generators—however—the pulse duration cannot be reduced much
below 4 musec. so that the useful output frequency spectrum scarcely
exceeds 160 Mc/s. It should be noted that in these applications the
output pulse must be stable in both amplitude and shape, and con-
trollable in amplitude, if accurate receiver measurements are to be
made.

8.3 USE OF MILLIMICROSECOND PULSES FOR
RADAR PROPAGATION MEASUREMENTS

Very short duration pulses (3 musec.) have been transmitted by
DEeLANGE [801] on microwave frequencies (4000 Mc/s) over a long
path (22 miles) and the variation of the propagation time during
fading periods has been investigated. Multipath transmission effects
were observed with path differences of the order of 7 musec.

Millimicrosecond pulses are ideally suited to time measurements of
this nature, where it is required to identify the pulse arriving by the
direct path, out of a number of others arriving by indirect and longer
paths, in the transmission medium.

8.4 THE INVESTIGATION OF ELECTRICAL DISCHARGE
PHENOMENA WITH TRANSIENT RECORDING
OSCILLOSCOPES

One example of the use of these oscilloscopes (see Chapter 6) is
given by EncrisH [802] in which the rate of build up of a corona
discharge between point and plane electrodes was examined. The
photon emission from the corona at the point electrode was detected
by a photomultiplier tube and the output voltage pulse was then
amplified by a distributed amplifier of 100 Mc/s bandwidth (see
Chapter 5). The waveforms were recorded by an oscilloscope on a
0-2 usec. duration time-base. The rate of photon emission from the
corona discharge could then be measured from the oscilloscope
photographic record.

* The spectrum riges again after the frequency determined by wr/27 = 2
but the amplitude is small.
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8.5 ELECTRO-OPTICAL SHUTTERS FOR HIGH-SPEED
PHOTOGRAPHY

There are a number of research applications which require the use of
a photographic camera equipped with a shutter which can be opened
for time durations lying in the millimicrosecond region. This
requirement is found, for example, in the study of electrical discharges
where it is desired to photograph the discharge at different instants
of time during the build-up or decay process. Another application is
in the study of ballistics, where it is required to photograph a pro-
jectile after a given interval of time without the film becoming
fogged by the intense light flash from a previous explosion.

Mechanical shutters are too slow for operation in the millimicro-
second range and electron-optical methods are accordingly employed.
Two types of electronic shutter, described below, are at present
available for this purpose.

8.5.1 Kerr Cell.

These cells have been known and used for many years and ZAREM
et al. (803] have give a recent description of their performance.

VARIABLE
VOLTAGE

KERR CELL

V?)?LAABYLE NITROBENZENE [~~~ Z~~

RECORDING
FILM

CROSSED
NICOL PRISMS

Fig. 8.1. Schematic diagram indicating use of Kerr cell camera.

Operation may be understood by considering an experiment per-
formed by DunninaTon [804] for photographing the growth of a
spark discharge (fig. 8.1).

The Kerr cell consists of two parallel metal plates inserted in
nitrobenzene liquid contained in a glass vessel. The light from the
discharge is allowed to pass between the plates as shown in the figure.
Two crossed Nicol prisms are placed on either side of the cell with
their respective planes of polarization making an angle of 45° with
the plates of the cell. In the normal condition there is no emergent
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light from the system but when a potential difference is applied
across the plates the nitrobenzene becomes doubly refracting and
will convert the incident plane polarized wave into an elliptically
polarized beam which is partially transmitted by the second Nicol
prism. The delay in operation of the Kerr cell after the application
of the voltage is very short and has not been measured. Similarly
the cell may be shut almost instantaneously by the removal of the
electric field, so that an exposure time as short as 1 musec. may be
realized by the application of a suitable voltage pulse. Pulse ampli-
tudes of the order of 30 KV are required.

The formula for the transmission of light through the combination
of Nicol prisms and Kerr cell (neglecting absorption and reflection
losses) is as follows:

I = I, sin? (nblE?) (8.1)

where I = output light intensity
I, = incident intensity

b = Kerr constant (4-1 X 10-% for light of wavelength
5460 Angstroms)

1 = length of plates (cm) in the direction of the optical axis
E = electric field strength in E.S.U.

In DunNINGTON’s actual experiment the cell was normally held
open by a voltage applied to the spark gap. The potential difference
wag then raised until the spark occurred; the voltage then dropped
to a low value. This voltage step was propagated down a trans-
mission line, to provide delay, to the cell so that the voltage was
removed and the shutter closed a few millimicroseconds after the
spark discharge commenced. The camera recorded the spark up to
the closure time of the cell and records were obtained for different
lengths of transmission line. The shortest delay used by DuxNing-
TON was 2 musec.

Recent applications of this technique have been described by
ANDERSON [805] and FrooME [806] and experiments in ballistic
photography are discussed by QUINN et al. [807].

An interesting application of transmission line techniques to
Kerr cell design has been given by Beams and MorroxN [808]. In
their experiment the parallel plates of the cell were made very long
in the direction of the light beam so that the plates formed a trans.
mission line. The operating pulse was then applied across one end of
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the line and travelled along it in the same direction and with the
same velocity as the incident light (requiring that the refractive
index of the liquid shall be equal to the square root of the dielectric
constant). Each segment of the light finds all parts of the cell in
the same optical condition so that the light transmission performance
of the complete shutter follows the input driving pulse shape without
distortion (except for the distortion inherent in formula 8.1). A high
sensitivity was obtained by this means and it was possible to use a
liquid possessing a lower value of Kerr constant. This is desirable,
in some cases, since the usual liquid- nitrobenzene- is chemically
rather unstable and relatively opaque in the violet region. Construc-
tional details of the cell were as follows:

Plates . . Aluminium, 335 cm long X 15-3 cm wide,
separation = 4-6 mm

Line impedance . 5 )

Phase velocity . 13 x 100 cm/sec.

Liquid . . Halowax Oil No. 1007

8.5.2 Image Converter.

This type of tube was first proposed by Horst [809] whilst
JENKINS and CHIPPENDALE [810] have reviewed development

METAL
BACKING

FOCUS COIL ANODE
GRID -
m i
7 N
- h
LIGHT fROM_ 11 .
oBlecT A :
Y~ 1
/ !
o [}

RRR& cAtHooe ---7
PHOTOCATHODE FLUORESCENT
2SMM.OIA. 115 MM.DIA.

Fig. 8.2. Outline of image converter tube.
(Mullard type ME1201).

progress and described a recent design (fig. 8.2) suitable for use as
a high-speed camera shutter.

An image of the object to be photographed is projected on to a
photo-sensitive cathode. The resulting photo-electrons are focussed
on a fluorescent screen situated at the other end of the tube by the
combination of the anode to cathode electric field and the magnetic
field from a focussing coil. The current in the latter is adjusted for
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optimum focus and a high definition display of the photocathode
image may be obtained with a magnification of 4 : 1. The tube is
controlled by means of a grid cylinder and the display can be switched
on and off by applying suitable voltages to this grid electrode. The
display is finally projected on to the photographicrecording film. The
fluorescent screen is metal backed to prevent any light from passing
through it and fogging the film. Typical operating voltages for the
tube are 4 3 KV on the grid and + 6 KV on the anode with the

cathode earthed.
< ;/FLASH TUBE \
_________________________ \
n 1
1
CATHODES—7
+3- W

HYOROGEN AN

THYRATRON

{OPEN §§
TRIGGER ! > 1 GRID
P

»
VARIABLE [VARIABLE HYDROGEN
DELAY DELAY THYRATRON|

(EXPOSURE) (CLOSE] ANODE\
+6KV.

Fig. 8.3. Schematic diagram of the arrangement for
pulse operation of an image converter.

A suitable pulse circuit for operating an image converter in
synchronism with a light flash tube is depicted in fig. 8.3. The
cathode is normally held at a potential of + 3-1 KV, i.e. at 100 V
above the grid potential, so that no electrons can reach the anode;
the shutter is then closed. The shutter is opened by triggering a
hydrogen thyratron which brings the cathode potential down to the
correct operating value, in the region of 60 V. An image of the
photocathode picture is thus displayed on the screen and recorded
on the film. When the second hydrogen thyratron is triggered, the
grid potential is brought below that of the cathode and the display
is removed. The time interval between the striking of the two
thyratrons determines the exposure-time of the shutter; times of
50 musec. have been obtained in practice but considerably shorter
durations should be possible.

The minimum exposure-time with both the Kerr cell and image
converter types of shutter is usually limited by the amount of light
available from the object to be photographed. It should be noted
that the simple Kerr cell requires a pulse voltage of the order of
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30 KV whilst the image converter may be operated by a pulse one
tenth as great.

8.6 CONCLUSION

In experiments where the definition and measurement of short time
intervals is involved, electronic pulse methods give clear, accurate
and readily interpretable results, and the above examples will have
sufficed to show the reader how millimicrosecond techniques may be
applied. In this book the authors have endeavoured to present a
concise account of present day knowledge of the subject, so that the
reader may be equipped to apply such methods to his particular
problems. Extension of the use of these interesting techniques will
undoubtedly take place in the future and it is hoped that the volume
will make some contribution to the further development of the art.



APPENDIX I

THE GENERAL DISTORTIONLESS TRANSMISSION LINE

WE wish to determine the general properties which a lossless
electromagnetic wave transmission system must possess in order
that an arbitrary disturbance, or signal pulse, may be propagated
from one region to another without distortion of the pulse shape.

The variation with time f(t) of the electric field is to be the same
everywhere and may differ from point to point only in the manner
of a simple delay. No a& priori restriction is placed on the space
variation of the fields.

If E is the electric field strength vector at any particular point, at
time ¢, then we can write

E=E .fit—T)

where E’ is the vector amplitude function, depending solely on the
coordinates, and 7' is a time delay, which is a scalar function of the
coordinates (both E’ and 7 will involve the coordinates of some
reference point or origin). On taking the Laplace transform (sce
Table 1.1, page 10) we have

E=FE .e?T.f (A1)

The magnetic field intensity H must have a similar form; we
need not assume that the time variation, g(t) say, and delay time,
S say, are necessarily the same as for the electric field and accordingly
write

H=H .e7 ", g (A2)

Maxwell’s equations for a linear lossless isotropic insulator in which
there is no volume distribution of charge are

V x H = peE (A3)
VX E= —puH (A4)
V.H=0 (A5)
V.E=0 (A6)

283
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where Laplace transforms have been taken (M.K.S. units are
employed).
On substituting for E and H from equations (Al) and (A2) in (A3)
we find
[A x H — pVS x H'le 5§ = peE'e~PIf

This must be satisfied for all values of p; thus § = 7'and f = g,
as fully expected; the following relations must also be satisfied

Vx H = (A7)
VT x H = — ¢E' (A8)
In place of (A2) we can therefore write
H=H .. f (A9)
On substituting for E and H in (A4) we similarly find
VXE =0 (A10)
VT x E' = uH’ © (A1l

Further, from relations (A9) and (A5) it follows that
pVT . H —VH' =0

and therefore, since this equation must be true for all values of p,

we have
VH = (A12)

VT .H =0 (A13)

Similarly, from relations (Al) and (A6) one obtains the following
results
VE =0 (Al4)

VT .E =0 (A15)

It now remains to put a physical interpretation on the above
relations.

(a) From equation (A8) and (All) it follows that E', H and VT
are everywhere mutually perpendicular and form a right-
handed set; these conclusions are confirmed by relations
(A13) and (A15).

(b) On any surface of constant phase or constant delay time
the function f(t — T') is constant at any particular instant. The
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electric and magnetic fields over the surface are simply propor-
tional to E’ and H' and equations (A7), (Al10), (A12) and (Al4)
show that the fields viewed over such a surface are therefore
purely electrostatic and magnetostatic. E’ is thus derivable
from a scalar potential, in the ordinary manner; the same
applies to H'. The system must therefore embody at least
two conductors in order that an electrostatic field pattern may
be supported.

The line integral of E’, taken over any path in the surface
of constant delay, gives the potential difference between the
conductors, and the discontinuity in the normal (and only)
component of ¢E’ at the surface of the conductors defines the
charge density. A capacitance per unit length is then determined.

The tangential (and only) component of H' at the conductors
determines the surface current, and an inductance L per unit
length may be derived from the definition

2
[[E
T2

where the volume integral is taken for unit length in the appro-
priate direction.
(¢) On substituting for H' from (A1l) into (A8) we find

(VT . E)NT — (VT')2E" = — ucE’
which, on using (A15), yields
IVT| = + Ve (A16)

Returning again to relations (All) or (A8), and putting in this
value for |VT|, we find

IE, + J
[H]
Thus, by (Al) and (A9) it is seen that |E|/|H| and therefore

|E|/|H| are also equal to £ at any point at any time.
&

(d) If we move with the pulse, that is travel with a surface of
constant delay, over a distance Jr in a time 6t we must have
6t — 8T = Osincef(t — T')istobeconstant. Butd7' = VT'.dr,
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thus, if dr lies along the direction of VT i.e. is perpendicular
to the surface then

|or]| 1 1
L by (A16
o IV Ve y (410

The direction of propagation is given by V7'/|VT| and the

speed by 1/V/ ue. We therefore see by (a) that both the field
vectors are at right angles to the direction of propagation and
lie in the surface of constant delay.
(e) In the case of propagation in one dimension only, as in
transmission lines consisting of parallel straight conductors, the
constant delay surfaces are clearly cross-section planes. When
the system consists of coaxial cones, with a common vertex
but different vertical angles, we may picture a spherical wave
which appears to originate from the vertex. In the intermediate
cage of two dimensional propagation we can imagine a cylindrical
wave, confined between two parallel infinite conducting planes,
spreading out radially in all directions.

APPENDIX II

TRANSMISSION LINE CHARACTERISTIC IMPEDANCES

THE majority of the following formulae have been taken from a
collection made by FRANKEL [214], and arc also to be found, together
with results for a number of other forms, in the book by MARCHAND
[254].

The conductors are supposed to be lossless and if embedded in a
medium of relative permeability «,, and relative permittivity «,
the expressions for Z, (which are given in ohms) must be multiplied
by Vkm/k,.

The wave velocity, in the principal mode, in vacuo, is always equal
to 3 x 108 m/sec. for the rectilinear types, and the inductance and
capacitance are given by the relations

KkmZ
L=-"22 uH
a0 MM
104
C____.'f°__>_<____ pF/m

3Z,
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Further information on various configurations is to be found in
the references listed at the beginning of § 2.2.3.
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SCREENED LINES
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APPENDIX III

SOME VALVE DATA

Typical operating conditions of valves used in general
pulse circuits

Voltage I
Type | i) |md]v)|
anode | screen | grid
12AT7 CV455 Double triode . 250 | — | —2 10 | 65 55
12AX7CV492 Double triode . 260 | — | —2 | 12 | 16 100
6J6  CV858 Double triode . 100 — | —05{ 9 | 56 38
EF91 CV138 H.F. pentode 250 | 260 | —2 | 10 | 75 —
6CH6 CV2127 Output pentode 250 | 260 | —4-5( 40 | 11 —
EL37 —  Output pentode 250 | 250 |— 13-5{ 100 | 11 —
2D21 CV797 Thyratron 650 500
max.| -— — |peak| — —
pulse
3045 COV372 Hydrogen thyratron .| 3KV 35A
max. — — |peak| — _—
pulse
EFP60 — Secondary emission
pentode .| 250 | 260 | —2 | 20 | 25 |(Notel)
E2133 CVX Secondary emission
2276 pentode .| 360 | 260 [— 17 | 15 | 19 |(Note2)

Note 1: at a dynode potential of 150 V and dynode current — 16 mA.
Note 2: at a dynode potential of 250 V and dynode current — 10 mA.
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Comparative data on valves for use in linear voltage
amplifiers

Figures of Merit

Cout | working

n
)

Tuve mA1v) oo 0|(Nbte 1)| () | Eeonomy Wi‘f;ba"d
| SCin T o Ml

6ACT CV660 .| 9 |11 5 10 09 90
6AKS CV850 .| &5 | 4 3 8| 06 120
EF91 CVI38 .| 78 7 2 10| 075 130
404A . . .| 128 7 2:5 13| 10 210
418A (Note2) .| 25 | 22 50| 05
EFP60 anode .| 25 | 9 6 20| 13 260

dynode .[—20 | 9 |11 —16| 13 160
E2133 CVX2276

anode .| 19 | 75| 35 15| 13 280

dynode . [—14 | 75| 35 | — 10| 14 200
WarLLMARK [508] .| 25 3 8:5 3| 8 350

Note 1: capacitance figures are quoted for the valve when cold. About
259, may be added to Cin when the valve is hot and both Ci, and Cout may be
increased by about 2 pF each, in practice, to allow for wiring strays.

Note 2: The total capacitance is reduced to 19 pF in the case of the 418A by
removal of the metal shield.

APPENDIX IV

GUIDE TO NOTATION

A coMpPLETE list of symbols would confuse rather than assist the
reader and in any event standard symbols have been employed as
far as possible. An abbreviated collection is appended here for easy
reference.

In logarithm to the Naperian base
e exponential function
e electronic charge

log,o logarithm to the base 10
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Km = W/ tho

K, = &/g,

Val?)
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magnetic permeability (M.K.S. units)
permeability relative to vacuo
electric pemittivity

dielectric constant relative to vacuo

potential difference across transmission line at the
point z at the time ¢

delay time per unit length at the point x on a tapered
line

delay time per unit length on a uniform line, also
delay per section of a filter, also time constant of a
Iumped circuit

voltage amplitude reflection coefficient at ends of a
line (x = 0 or [)

characteristic impedance at the point x on a tapered
line

characteristic impedance of a uniform line, also of a
filter

internal impedance of a source feeding a line
impedance of load connected at the end of a line

a bar placed over a variable indicates the Laplace
transform with respect to time. On putting p = jw
the same symbol denotes the complex amplitude in the
case of sinusoidal oscillations

direction of wave propagation on a line

real amplitude of sinusoidally alternating voltage
(compare V(t) which represents the total voltage
variation with time at the point x = 0 on a line)

pulse duration, time interval
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Aluminizing, cathode ray tube screen
192

Amoplifiers, figure of merit

— interstago coupling 138

— limitations of valves at high fre-
quencies 133 :

— socondary omission valves 141

— transmission line tubes 167

— travelling-wave tubes 168

— also see Distributed amplifiers

Amplitude bandwidth 6

— discriminator circuits 206, 232

— discrimination in coincidence cir-
cuits 253

—- distortion 6

Attenuators 121

— coaxial 124

— lossy transmission line 126

— simple 106, 122

135

Bandwidth of cathode
deflecting plates 177
Beam acceleration after deflection in
cathodo ray tubes 193

Blocking oscillators 120, 128, 130,
242

Boot-strap time-base circuit 198

Brightness of cathode ray tubo dis-
play 191

ray tube

Cathode ray tube design 170
aluminizing of screen 192
beam acceleration after deflec-

tion 193
brightness of display 191
deflecting plate connections

174, 177
electron gun voltage, effect on
spot size 189

micro-oscillograph  technique
182

multiple plate deflecting sys-
tems 182

performance of some tubes

spot sizo, cffect on dimensions
of display 191
-— —relation to deflection
sensitivity 187
time-base waveform distortion
180
transit-time limitations
177

171,

Cathode ray tube design (contd.)
travelling-wave deflecting

plates 186
unsealed cathode ray tubes
194 . .

Coérenkov radiation 229

Chronotron timing unit 269

Circuits with distributod parameters

15

Coincidence circuits 244

— — amplitude discrimination 253

— — analysis of delayed coincidence
curves 267

— —— cathode ray tube mixing circuit
technique 263

— — crystal diode mixing -circuits
259

— — delayed
264

— — doublo grid valve mixer 263

— — double pulse mixer technique

coincidence circuits

261

-— — multiple delayed coincidence
circuits 269

— — pulso limited by diode mixer
246

— — resolving-time, limitations 256
—— — -—— — stability of 255
Constant current generator 2

-— voltage generator 2

Deflection sensitivity of cathode ray
tubes 187

Delay circuits for transient recording
oscilloscope 197

Delay lines (lumped) 52

—— — — conspant-k filters 53

— — — derived filters 55, 151

Delayed coincidence circuits 264

Ditferentiating circuit 12

Distributed amplifiers 143

— — alternative couplings

— — complete circuits

165

— —- derived filter networks 151

-— — gain, stability of 157

— -— high frequency limitations 155

146

160, 161,

— — low frequoncy limitations 152

— — noise 158

— — optimum grouping of valves
146

— — output stage 149
— — signal amplifier (details) 161
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Distributed amplifiers,
amplifier (details) 165
Duhamel integral 8

400 Me/s

Electrical discharge measuremonts
277

Electro-magnetic theory
283

Electron multiplier, with crossed field

focussing 225

— — also see Photomultipliers

Eleotro-optical shutters for
speed photography 278

Filters 52

— constant-k 53

— coupling in amplifiers 138

— derived 65, 151

Fourier analysis 4, 9

— spectra 4, §

Fourier-Mellin inversion integral 11

16, 17, 25,

high-

Half-lifetime measurements 266

Helical linos 42

— — cable data 52

— —— capacitance per unit length 47

-— — inductance per unit length 42

— — phase distortion 48

— — self-capacitanco 50

— — variation of inductance with
frequency 48

Image converter 280

Integrating circuit 12

Kerr cell 278

Laplace transform analysis 5, 9

— — — correspondonce with sinu-

soidal analysis 11

— — — standard forms 10

Lee’s three beam micro-oscillograph
182

Micro-oscillograph techniques 182

Oscilloscopes 170

— fox: recurrent waveform display
— for2 (Z'ausient waveform recording
——-wsilr?g6 pulse sampling techniques
— als%o.fee Cathode ray tube design

Phase bandwidth 6

— distortion 6

— ~— in helical lines 48

— — in lumped delay lines
56

53, 55,

309
Phosphor decay time-constants 221,

Photographic equipment for transient
recording oscilloscope 207
— technique of cathode ray tube
recording 195
Photomultipliers  for
counters 224
Pulse distortion 6
— -— in tapered lines 73
— — also see Phase distortion
— generators 99
— —— discharge line type 100
— — further possibilities 120
— — photomultiplier testing 229
— —relays 102
— — secondary emission valves 115
— — tapered discharge line 112
— — thyratron 107
— inverter 91, 111
— rise-time 6
Pulse sampling tochniques for recur-
rent waveform oscilloscope
208
bandwidth 212
brightness of display 217
display circuit 215
mixing circuits 210
signal deflection sensitivity
217
Pulsed valve time-base circuits
— X.ray tubes 230

scintillation

202

Radar propagation measurements
277

Radio recoiver moasurements 276

Recording oscilloscopes 196, 274

Relays 102, 107

Resistors, effects at high frequencies
121

Scaling circuits 239

Scintillation counters 219

— — curront pulse shape 220

— — output circuits 225

— — performance 223

— — phosphor decay time 221
— — transit-time effects 224
Sinusoidally varying currents 2, 9
Skin effect 22, 39

Spark counters 231

Spot size, of cathode ray tube 187
Step function 17, 175, 213
Superposition, principle of 1,5, 8

Thevenin’s theorem 1, 4, 9
Thyratron pulse generators
— — time-base circuits 203
Time-base circuits 198

107
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Time-base distortion in cathode ray
tubes 180
Time calibration circuits for oscillo-
scopes 206
— expansion circuit 271
— interval measurements with coin-
cidence circuits 264
— — — by integration techniquos
1

— sorters using delayed coincidence
circuits 269
Transformers 59
— coupled lines 96
— exponential lines 79, 113
— Gaussian line 64, 76, 90
— linearly tapered line 90
— lumped 61, 130
— other laws of impedance variation
91
— tapered lines 63
Transient recording oscilloscope cir-
cuit design 193
Transit-time effects in cathode ray
tubes 171, 177
— — — — photomultipliers 244
Transmission lines as circuit elements
input impedance 36
pulse shaping 34
voltage at input end 33, 37
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Transmission lines, arbitrary ter-
mination 22, 26
— -— coaxial cable data 41
— — currentreflection coefficient 24
— —— — transmission coefficient 24
-— — discontinuities 22
— — — capacitance equivalents 27
— — general properties of uniform
lines 15, 18
— — higher modes 25
— — losses, also see Attenuators 38
— — matching 31, 60, 106
— — pulse inverter 91, 111
— — standing-wave ratio 25
—- -— supports 29
— —— tapered, see Transformers
— — voltage reflection coefficient
23, 24
— — — transmission coefficient 24
— — also see Helical lines
Transmission-line tubes 167
Travelling-wave deflecting systems,
multiple plates 182
=~ — — — distributed constants
186
Trigger amplifiers for time-base cir-
cuits 205

Valve voltmeter, reflex peak 127
Variable circuit 14
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