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CHAPTER 1. INTRODUCTION

1.1 e _of eleotrical phenomena in the atmwos e

In order to provide a brief explesnation of the work whioh has
been underteken, the earth may be likened to the inner sphere of a
oconoentric shell condenser. The outer conductor is the ionosphere;
itself a comwplex structure of ion concentrations which exist in two,
somretires three layers. Although these layers have been identified
as being of most pronounced concentretion at heights above 100km.,
ionization takes place to such an extent even below this height, that,
in considering eleotrical effeots within the earth's atmosphere, the
region above an sltitude of about 60kms may be regarded as a perfect
oonductor. The dieleotirio between the two conductors is, of course,
the atwosphoere itself, and since this system is observed %o be
electrically active, with measurable fields and currents, some gener—
ator must be responsible for these phenomene. Moreover, we must
expect this generator to be in the terrestrial system itself, because
the ionosphere is such 8 good conductor thet the earth must be well
screened, electrostatically, from eny electrical disturbasnces such as
are known to take place, for instence, on the surface of the sun.
Cosmic rays, it is true, penetrate even the lowest regions of the
atmwosphere, not to mention the oceans, but the ionization which they
produce, although it governs the conductivity of the atmosphere,
canmnot be responsible for the driving force which circulates séme
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200A. from the ionosphere to the earth's orust. It is now known
beyond reasonable doubt that the main process contributing toward
the generation of eleotricity in the atwosphere is the development
of thunderstorws. In some way, the exact nature of which has not
yet been ascertained, the same process by which heavier cloud part-
icles, ultimately forwing precipitation, fall more rapidly against
the updraughts then the small cloud droplets, also gives rise to a
separation of electric charge in such s manner thet the top of the

thundercloud becowes positively charged; the base negatively.

1.2 The 'equivalent cirouit' of the atmosphere

To understand how the separation of charges in thunderstorms
is responsible for sowe of the more fundawental effects observed in
the atwosphere, an 'equivalent oircuit' of the system is useful. A
siwple form of this (Fig. 1) illustrates the principal features which
control the circulation of ocurrent in the atmospheres In the 'schematic
diasgram' of the conocentric shell condenser, it should be noted that
the outer conductor should be represented as being much closer to
the inner one than appesrs here; it ought to be 0.02 in. away on
the scale shown. In other words, the ionosphere is so close to the

earth (relstively spesking) that the wathematics of a parallel plate

ate to it. For convenienoce, all thunderstorms taking place simultan-
eously over the earth have been grouped together, and the rest of

the earth is supposed to be enjoying fine weather. The development
of positive polarity at the tops of the clouds, and negative at the

-2-
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baeses, causes a positive current to circulate through the atmosphere
above the olouds to the ionosphere, which then distributes the flow
to the fine-weather regions. Parts of the earth which are experienc-
ing fine weather will therefore receive a current of negetive charge,
whioh is then returned to the stormy regions, where it is transmitted
back to the cloud bases through the atmwosphere below theme Although
it must not be forgotten that this electricel system is also capaci-
tative, not merely resistive, it will be useful for the present argu-
went to consider oircumstances in which the former aspect can be
ignored, by supposing that changes in electrical activity occur over
periods which are long compared to the time constant of the atmosphere.
There are in fact some importent observaetions which have been made in
conditions which fall into this category, of which further mention
will be made. In practice it means that changes must teke place in
approxirately an hour or wore, to fulfil the condition. The equiva=-
lent oirouit then represents the clouds es & generator of electro-
motive force E , driving current i, through an internasl impedsnce Z
and the atmosphere ebove the clouds, herg represented by a resistance R,.
The ionosphere snd earth act as the low resistance 'leeds' carrying
the current to and from the fine-weather segions; the upper and
lower atmwospheres here being represented by'RJ and Rﬂ. ; respectively.
The current is returned to the negative pole of the generator through
the resistange R., although it must be stated that the atmospliere
below storms does not behave to any extent as an ohric element.

Similarly, the designetion of an internel impedance Z is rather

-3=




misleading, since the limitstion of the mechenical rate of sepsra-
tion of the charged particles must affect the current delivered to
the external circuit et least as much as the conductivity within the
cloud. However, according to the well-known theorem, the voltage
generator may be replaced by a current generator delivering a current
E/Z. to the external oircuit with an impedance,z in parallel. This
is definitely a wore suitable representation in view of the fact that
measuremrents have been made of the currents sbove thunderstorms
(Gish and Wait, 1950)s In terms of the equivalent circuit, these are
actually the contributions which, sumred for all storms taking plece
simultaneously, constitute the current which flows through R, into
the ionosphere, thet is, the current to the right of Z in Fig. 1(c).
Using the knowledge we have of these currents, we do not therefore
need to consider the actusl mechsnism of the storms unless we are
ntsrested in events teking plece within the ciouds themselves. Gish
and Wait, making measurements above storms in an aircraft, found that
the current is always poéitive upwards, 8 fact which supports the idea
underlying the equivalent circuit, and, integrating over the cloud
formation for each storm, obtained figures between zero snd 1.44.,
with an average of 0.5A. Brooks (1925) estimated that sbout 1800
storms, on the average, sre in progress at the sewe time so that these
vould provide a total current of S00A. On the basis of measurements
of the fine-weather conduction over lend and over the oceans, it ias
believed that the total fine weather ocurrent (; must be approximately

1800A. Thus it is seen that storms provide one half of the total
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current circulating in the system. IFurther, Brooks's ecstimate is a
very conservative one in so far as his figures do not take into
account more than one store per day in each locality, even when there
may have been a numwber of thew in that period. Also, it is an estab-
lished fact that the shower cloud develops the same polarity as the
thunder cloud, but to a lesser degree, so that if we take these, and
perhaps a large number of storms that are not accounted for by Brooks's
estime te, it is probable that the two cloud types betwesn them would
acoount for a very large fraction of the total ourrent.

Measurements of the conductivity at different altitudes lead
to the conclusion that the total columnar resistance between the earth
and the ionosphere is approximately 200chm. This means that the
ionosphere has a potential of 3.6 x 105V. above earth. It can also
be seen from the equivalent circuit that the potential st the top
of the fhunder cloud will be greater then this by an average voltage
of 0.5 x r; , where I}, represents the columnar resistance between
the top of the cloud and the ionosphere. Similarly, the base of the
cloud will be st a negstive potential with respect to the earth.

The consequence of a ocurrent of density ( per unit area flow-
ing through a fine-weather region of the atmosphere which has a
specifio conductivity A is that a vertical potentisl gradient F= Y\
is set up in the region. The potential gradient is wmuch easier to
weasure than the current, and if it can be assured that A is constant,
its value is proportional to the current. In this connection, atrik-

ing support of the idea that thunder clouds are the generators of
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the atmospheric ourrent has been afforded by the fact that wherever
weasurements have been made under conditions where there is no locel
pollution and A therefore remains constant, it has been found that a
diurnal meximur value of F occurs at 1900 hr. Greenwich Mean Timre.
Whipple (1929),ana1ysing the thunderstorm statistics of Broocks, found
that the earth's thunderstorm activity has a mwaximur also at 1900 hr.
G.M.Ts+ That these two observations are to be correlated is slso
suggested by another comnon property: not only do the maxima occur
at the same time, but they also have the same shape; they both show
a gradual increase towards the pesk followed by a moré rapid fall.
Such a cause and effect is obviously to be expected provided that the
variastion in thunderstorm activity takes place in a time whioh is not
shorter than the time constant of the atmosphere. Of course, the
observations do not prove that the thunderstorms are responsible for
the entire circulation of charge, but they do indicete thet their
contribution is significant.

It will be necesssry to oconsider more specifically some of the
electrical properties of the atwosphere in the next chapter. At
present it is sufficient to add that measurerents of the potential

gradient do not give a direct indication of the current density unleas

two conditions are fulfilled: the current must be carried entirely
by ions; that is, L is a true conduction ocurrent density, and secondly,
there must be no local pollution whioch would cause variations in the

specific conductivity,X.. Conditions where F is a measure of i are




to be found in fine weather when there is no smoke or dust, and above

cloud level in disturbed weather regions.

1.3 Descrintion of the apparatus

In this volume, the development of an electronic method of
measuring the current collected by a receiver in various weather
conditions, is described. This is equivalent to isolating a portion
of the earth's surface and wessuring the current flowing into it.
The principle underlying the method is very simple: the current is
allowed to flow through a known resistance and the voltage drop
across it is measured. However, the current is so small, spproxim=-
ately 10713 — 10~104., that a very high resistence mst be used %o
produce & measurable voltage, to which a conventional meter would
present such a low impedance that it would be efiectively shorted
out. A D.C. amwplifier which acts as sn impedance matching circuit
has been constructed and described by Kay (1950), end causes the same
voltage to be produced across a low impedance so that a galvanometer
can be used for recording. Between 1950 and 1953, this amplifier
was used to measure the currents brought to earth by precipitation,
a purpose for which it could be employed more or less directly, but
it became necessary to extend the use of the apparsatus to measurements
in wiich an awkward cowplication presents it
is used to measure conduction current, thst is a current carried by
ions alonz, it wust also be exposed to the lines of force depicting

the potential gradient. The 'bound' charge ¢ on the collector in

o



which these lines of foroe terminate does not affect the measurement
of the ourrent so long es the potential gradient remains constant,
but a change of potential gradient gives rise to a change of bound
charge and the ocurrent dq%it takes the samre path, through the input
resistor of the D.C. amplifier, as the conduotion current. Unfortun-
ately, the 'displécement current', as it is called, may be many times
larger than the current it is desired to measure. A recording taken
by Kay shows the large excursions of displacement ourrent completely
masking the oconduotion ocurrent, and the same effect has been found by
the present suthor. Although there are fairly simple ways of either
taking into account or else eliminating the effect of potential
gradient variations in the measurewent of conduotion ourrents, these
have so far only been appliocable to disoontinuous methods of recording.
Such methods do not lend themselves to observations of short pariod
changes, such asa it was hoped to weasure with the present apparatus.
At this junoture it will be useful to consider briefly two
items of terminology. The state of electriocal stress in the atmosphere
has already been referred to as the potential gradient. This term is
used, rather than 'field', because, although atmospheric electricians
commronly desoribe the normal fine-weather field as positive, it is
the gradient of potential which is positive; that is, if the upward
sense of the vertical is assigned to be positive. S8Since by strict
definition, the field is the negative gredient of potential, the fine-

weather field is really negative. However, because the burden of
mentally reversing the sign to conform with strict usage seers a rather
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unnecessary encurbrance, the term 'potential gradient' is a conven-
ient alternative to 'field', and at the same time reméves the
awbiguity (Chalrers, 1957)s Seoondly, sinoe in rain or snow, charge
is brought to earth by the precipitation as well as by conduction, a
term is needed to denote the total ourrent which an area of the
earth's surface receives under these conditions. Aoccordingly, the
sur of the conduction and preocipitation ourrent densities will be
desoribed as the 'air=-earth current'.

The relative effect of the displacement current depends on the
type of weather in which the apparatus is working. In fine weather,
the effect is least, but even then, the displacement current is
likely to reach, occasionally, values of & few times the conduction
current. In conditions where there is a cover of nimbo-stratus,
associated with continuous rain or snow, typical displscement currents
iay well be less than in fine weather, because the potential gradient
itself is frequently not es large. Sowetimes, however, perticularly
when the preoipitation is rain, the air earth ourrent corprises a
conduction current and precipitation current of opposite sign; if

hese components should happen to be approximately equal in magnitude,

the displacement current, relative to their sum, would still be large.
In showery or stormy weather, there is no predictable correlation
between potential ourrent variations and air-earth current, and because
excursions in potentiel graedient can be very violent, the displacement

ourrent may easily attain a value of ten times the maximum air~-earth

ocurrent expecteds It should be noted that, to make matters more

-9~
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difficult, the maximum values of displacement current do not necess-

arily occur at times of maximum air=-earth ourrent, because in this

type of weather, variations in the electrical phenomena may take place

in times of the order of a few seconds, much less than the %time constant
of the atmosphere, so that the condition upon which the discussion has
been based so far is not operative. A complete discussion of the thunder-
store would involve the capacitative as well as the resistive, impedance
of the atmrosphere.

The design of the apparatus has been based on a iethod of compen-
sating for the displaceﬁent ourrent, rather than eliminating it. The
air=ecarth ourrent, together with the unwanted component is received
by the collector as in the unmodified arrangewent, but at another
terminal in the amplifier a signal proportional to the displacement
ourrent alone is impressed in such a manner that the output is propor-
tional to the difference in the two aignals. The apparstus used to
provide.the compensating voltage is the field will described in Chapter
5, the output of which is fed to the D.C. amplifier through a differen=-
tiating oircuit. Its most important feature is the application of
overall negative feedback to secure improved gain stabilityand linearity
of response over a wide range of potentisl gredient. A simpler method
than this has in fact been used previously (Stockill and Chalrers, 1958),
in the case.when the current carried on precipitation particles is muoch
greater than the conduction ocurrent, as, for examwple, in the thunder-
storm, but it was open to certain other objections to which the present

compensation method is not liable, d§ 2.4)s Accordingly, although it




was expected that the equipment would be used mainly to investigate

the current in steady rainfall, it was desirable that it should also

be able to deal with the more disturbed phenorena of the shower cloud
if possible. The method has involved cbnsiderable rodification of

the original D.C. smplifier as well as the design of new apparatus.

The outoome is a systemr in which a few of the features which it was
hoped to incorporate have had to be abandoned. Although only a few
recordings have been teken with it, these show that satisfactory
results will be obtained in fine weather and steady rainfall. In very
disturbed conditions, however, the apparatus will probably not function
with great accuracy. It is to be expected that the response will be
wore nearly equal to the true air-earth current than without any attempts
at modification, because partial compensation of the displacement
current will be achieved, so that average values of current in such
conditions will be closer to the ftrue averages. ‘he equipment will not
give satisfactory recordings of short term variations however, partly
because its time constant is too long, approximately 20 sec., and also
because of spuridug short period fluotuations produged whenever there
is a violent change in potential gradient. These arise because although
the method of corpensation operates satisfactorily with the first
differential of the potential gradient, it copes with higher differen-
tials to only a limited extent. This is a property of the oircuit used,
as has also been verified theoretically. Thus-although a long, steady
change of potential gradient is compensated aoccurately after a certain

time has elapsed, there is a spurious transient when the period of
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change begins and ends. The transient is hardly appreciable even

at the onset of quite large displacement currents, but if the

potential gradient undergoes a sudden increase, corresponding to an
irpulsive displacement current, the resulting trensient is not neglig-
ible. There has been no time to investigate extensively the responses
to potential gradient changes of vaerying rapidity, but these may not

be satisfactory in compenssting for the most vigorous changes that take
place in thunderstorms. Unfortunately, as might be expeated, the
shorter the period of response of the system to changes in the electrical
quantities, the larger the transients that result from the higher
differentials of these varietions. Hence a compromise has been arrived
at between achieving a sufficiently short timwe of response and having
negligible transients. Even so, the apparatus has a sufficiently short
time constant to be probably of wider scope than the discontinuous
rethods of recording when the times betwsen resdings are of the order
of a few mwinutes.

With the experience geined, an alternative method has suggested
itself which may be free from some of the disadvantages attending the
present asysteme The alternetive design, which is described in Chapter 8,
would probably permit a considerable reduction in the time constant
of response, and at the same time, spurious responses to sudden changes
in potential gradient would beocome smallere

The equations and formulae in subsequent chapters are in ration-

alized M.K.S. units, unless otherwise stated.
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CHAPTER 2. INTENTIONS REGARDING THE USE OF THE AFPARATUS

2.1 Fine=weathexr phenomena

In fine weather a ourrent of approximately + 2 x 10~ 12 A/hz
flows vertically through the atwosphere, and at ground level, when
there is no pollution, the potential gradient is of the order of
+ 100 V/m. If there is pollution, the potentiasl gradient F will in
general be greater than this as a result of a decrease in the conduct-
ivity A\ , since F= L/}\ . This follows from a reduction in the
average wmobility of the ions in the air because sare of the small ions
become atteched to pollution particles. In C.G.S. units the mobility
of srall ions is approximately 1 om. secT? V71 while it may be 500
times less for the large ions. At heights above a few kilometres,
measurexrents have shown that the conductivity is what would be expected
if all the ionization were produced by coswmic rays, (Stergis, Coroniti,
Nazarek, Kotas, Seywour and Werme, 1955). The conductivity in fact
increases with height so that although the current is the same at all
levels, the potential gradient decreases withlincreasing heighte The
investigators just mentioned also found that the conductivity above
olouds wes the sawe as at the seme altitude in fine weather. This had
also been suggested earlier by the measurements of Gish end Wait (1950).
Since the coswic ray activity does not vary with time, it appears that
the impedsnces R, and Ri3 in the equivalent oirouit (Fig. 1) behave

as fixed resistances. In fact the phenomena in these two regions of

13w
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the atwosphere are very well accounted fore Nearer the earth, the
colurnar resistance up to the level of a few kiloretres will also be
constant unless there is pollution of the atmosphere. When the conduct~
ivity oan be assumed to be constant in time, it is evident thet the
potential gradient is proportional to the ourrenty If, however, measure-
mwents of potential gradient are made in inhabited areas, smwoke from
dorestic fires and industries will cause large variations in conductivity
near the ground, and the potential gradient will have no more signifi-
cance than of being an indicator of local disturbances, because any
fundamental variation of ourrent density due to a change in the thunder-
storm and shower 'supply' will be wasked by corpletely uncorrelated
changes of X‘. On the other hand, locel variations in conductivity

such as commonly occur near the ground, will hardly affect the current
density in a fine-weather region because the variation onl; concerns

a small fraction of the total columnar resistance, by far the greater
part of which remains constant. Thus the current density, unaffected

as it is by local disturbances, is a better indicator of the salient
electrical properties of the esrth and its atmosphere than the potential
gradients It is to be noted that this staterent is not tautologous

with the thesis that the total ciroulating ocurrent L; is of grest
significance as 8 weasure of the activity of the supply. If it is

true that the supply approximates to a constent current generétor,
(using the term in the conventional sense, not to mean that the gener-
ator delivers a fixed current for all time, but that the current it

does give, although it may change owing to the verying activity of the
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generator, is unaffected by the impedance across its terminals),

then even wholesale variations in conductivity throughout the atmwos-~
phere would not effect a change in the total circulating current,

which would still be of pearamount significance. But in order that the
current density at any place, as opposed to the total circulating
current, shall have a similar importance, it must be a constant frection
of the total current. Thus the lateral distribution of the total current
over the fine~weather regions of the earth must be consitent, end this
requires that the columnar resistence over the region where the current
density is being messured shall bear a constant ratio to the whole

impedance of the fine-weather regions.

202 General features of thunderstorms esnd showers

When thunderstorms or showers, both oharacterized by the attend-
ance of curulo-nimbus, prevail in & region, the simplicity of the ohmic
relation, F = L/) s between potential gradient and ourrent density,
is lost awidst a host of other factors which coms into operation. Three
additional current-carrying mechanisms are introduced besides the ions
which transmit the true conduotion current; indeed, during the time
that any of these other modes is opersting, the conduction current is
negligible by comparison. The most obvious and fariliar of these is
the lightning flesh, although this is of course not included in
phenomena to be ascribed to shower clouds. Of the discharges whiéh do
reach the ground, by far the larger proportion bring down negative
charge. The assessments of most suthorities, e.g. Wait (1950), give
the current density due to fine=weather conduction current, averaged
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over the whole surface of the earth, as sbout 100 C. km:2 yrol, wnile

" that due to lightning is - 20 C. km:2 yr:' Thus lightning electricity
constitutes about 20% of fhe returning circulating ocurrent from the
earth to the cloud 'generators’.

At the epproech of a thunderstorm or shower, potential gradients
of at least ten times those commeénly occurring in fine weather, may be
produced because of the high concentration of charge in the bases of
the clouds. Above & certein 'onset' value of the potential gredient,
the potential of the atmosphere at the level of the tcops of trees and
other tall objects, may-become so much different from the earth poten-
tial_of the objects themseives that intense local fields are crested
near sharp_angles and points on these objects, sufficient to form
avalsnches of ions. The multiplication that results fror the ioniza-
tion by collision appears as a current flowing into the objeot which
is of the order of {;LA., ruch greater then any conduction current
flowing into the same area. The oocurrence of this 'point discherge'
current leaves a space charge of opposite sign in the air above, which
under the action of the potential gradient, moves slowly up into the
cloud, although it will also be carried and dispersed horizontally by
the wind; or on the other hand, some or all of it way be returned to
the earth if precipitation falls through the space charge 'blanket!
(Simpson, 1949). Although point-discharge will ooccur for either sign
of potentisl gradient, the potentisl gradient is usually negstive when
it is large enough to produce the phenomenon, consequently the net

effect is to carry negative charge to the earth. It appears from
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assessments that hsve been made, based upon essumptions concerning

the nurber and separation of objects which oould cause point=discharge,
that &2 very large proportion of the total ocirculating current is
returned to the clouds by this process.

Eleotric charges are also observed to be carried to earth on
precipitation particles, the average charge on a particle in any
period of precipitation, together with the rate of fall, determining
@ current. Precipitation current is ordinerily weasured with conduotion
current in the ususl type of collector, and the sum of these is termed
here the ‘'air-earth' current, although the charge brought down by
conduction in a thunéerstorm or shover is probably negligible compared
with that brought down by precipitation. The net current carried by
precipitation is believed fo bring exocess of positive charge to the
earth and is therefore in the opposite direction to the return current
to the clouds. Wany results need to be obtained before any general
conclusions can be drawn about the electrical properties of the rainfall
in a particular area, because the currents are likely to vary markedly
over different periods occurring even in the same storm or shower.
Consequently any statement made about the contribution of precipitation
to thé total circulating current must be tentative. It is nevertheless
probably true to say that the current brought to earth in a stomm by
conduction is much less than that brought by precipitation. The value

of the precipitation current in these conditions is usuwally of the order




of 1010 A/'m.2 as against 10-12 A/'n:.2 for the fine-weather conduction
-8

current, but it may rise to 10-9 or 10 A/ﬁ? on occasionse

The potential gradients observed in thundery or showery condi-
tions may attain very large magnitudes of either sign. 1000 V/m. is
an expected value, but it may rise to 10,000 V/m. for short periodse
The potential gradient will depend on the amdunt and distance of any
space charge overhead, such as may result from point-discherge (Davis
and Standring, 1947; Whitlock and Chalmers, 1956), or on the spaoe
charge of falling precipitation itself, as well as on the distribution
of charges in the oloud bases. Results for potential gradient are
very difficult to interpret and do not lead readily to informetion
about the separation of charge vhich proceeds within the clouds them-
selves. In the case of the currents, which occur in the various forms
Jjust deascribed, the situation is more amenable to interpretation.
Teken moment by moment, the current within the cloud is probably not
the same as that which flows to earth. This is because the shower or
storr cloud has a dynamic neture characterized by violent verticel
air-currents, and during the early part of development, part of the
separation process goes to building up intense concentrations of charge.
Clearly, ﬁhile there is bﬁilding up of charge concentrations, there
cammot be continuity of ocurrent, and the ocurrent above and below the
cloud will be less than that within, the difference being the rate of
accurulation in the charge centres in the cloud. When the cloud is
in its degenerating stage however, the balance will be disturbed the

other way: The current within the cloud will be less then the currents

~18=




outside, on account of the net loss of charge from the poles of the
cloud when the mechanical process of separation has ceased. If an
average is taken of the total current below or above the cloud, this
will probably be oclose to the value of the generating current caused
by the mechanical separation of cherged particles within the cloud.
This will be the more true, the more quickly after the end of the
shower or storm that space charges find their way to the earth or the
ionosphere, and the more closely they remain within the boundaries

of the disturbed region during their journey.

It must be realized that precipitation and point-=discharge
currents are not in thewselves sources of the electricity in the
atmosphere. They are effects, not causes, and they must be regarded
as the agenis which carry the circulating current below shower and
thunder clouds, in the same way that the conduction current is the
agent in fine-weather regionse. Obviously, in estimsating the current
in disturbed regions, every mode of transport of this current must be

taken into aocount.

243 General features of continuous precipitation

The mechanical, thermal and electrical conditions in the type
of weather characterized by nimbo-stratus are undoubtcdly much simpler
than in the thunderstorm. This is because, once this cloud has
developed, it usually rewains in a state of dynamic equilibrium for a
considereble timwe, of the order of a few hours, in which no vertical

development of the extent of the cloud takes place, and it is probably
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safe to assume continuity of current on the grounds that there will

be no building up of charge ooncentrations, after the initial develop-
mwent. Further, the potential gradient in this kind of weather is of
the sare order as that in fine weather, and rarely increases to a

value likely to promote point-discharge. The only carriers will
therefore be the conduction and precipitation currents. 1In spite of
its apparent simplicity, very little has been known about this type of
cloud until fairly recently, largely on acoount of the smellness of the
potential gradient and current as compared with the electrical effects
of the shower or storm. Chalmers(1956) has made measurements on a
large nurber of individual periods of steady rain and snow and has
observed that in about 80% of these the potential gradient was negative.
In the case of rain, however, the current (air-earth current) brought
to earth in nearly all the periods was positive, while in snow it was
nearly alvays negaiive. The wsain point at issue is tc discover whether
the same process of charge separation could obtain in both the curulo-
nirbus and nimbo=-stratus types of cloud. One factor which militates
;gainst the probability that they are the same process is the very
large difference in the magnitudes of the effects. Thus the potential
gradients observed in continuous rain and snow were only of the order
of the fine-weather values, while the current densities, on the average,

-12 A/w? for rein and - 3.5 x 10~12 A/m? for snow.

were + 3.8 x 10
Incidentally, the fact that these currents are of the same order as the
conduction currents measured in fine weather suggests that, in contra-

distinoction to the conditions in storms and showers, the conduction
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ourrent in continuous rain might be a considerable fraction of thse
total air-carth current. The sign of the charge on continuous rain
is the same as that predominating in the shower end storm, and the
negative potential gradient indicstes that the base of the cloud is
negatively charged: another point of similarity t; the shower cloud.
If it is assuwed that in all the clouds investigated, precipitation
started as ice particles, it is easy to see that these particles,
acquiring a negative charge by some means as yet not ascertained, and
falling through the cloud, would ﬁrovide it with negative charge in
its lower layers, thus giving rise to a negative potential gradient,
and when the precipitation fell as snow, it would have the observed
negative charge. What is not clear is why the precipitation should
have a positive charge when it falls as continuous rain. In order to
elucidate this problem, measurements would have to be taken in the
clouds themselves to find out if the rain does in fact begin its l;fe
as negatively charged ice particles, and at what level the sign of the
charge is reversed, for example: whether it changes at the freezing
level in the clouds. At present there is not sufficient information
to enable an estimate to be made of the contribution to the total

" circulating current of charges on continuous rain and snowe. Generally
speaking, the contribution of all kinds of precipitation remains one
of the greatest uncertainties in the elucidation of the balance of

currentse.

24 Applications of the proposed apparatus to measurements in storms
and _showers.

Superficially, the solution to the problem of eliminating the
-24=



effect of displacement current in a continuously recording apparatus

is not difficult: it is to provide the collector with an earthed
cylindrical shield, which extends a distance above it of the order of
its own dismeter. This has been done by Stockill and Chalmers (1958).
The lines of fbrée depicting the potential gradient then nearly all

end on this shield and a change in their concentration does not affect
the collector itself. However, it is also evident that the conduotion
current will terminate on the shield rather than on the collector, which
will then weasure only precipitation current. This may be no disadvan-
tage when the wain interest is in thunderstorms, since it can be assumed
that the precipitetion current then makes a far larger contribution

than the conduction ourrent. There is, however, another inherent draw=-
back in this method, particularly in view of the results of Swith (1955),
who found that while small raindrops carried charges of sign opposite

to that of the potential gradient, large drops often carried the same
sign. It is therefore desirable to dispense with the soreening oylinder
because, if there is any wind, a smaller proportion of the smwall drops
than of the large ones, will fall into the collector if this is soreened,
and a misleading record of the ocurrent will be obtained. 1In addition,
of course, a false picture will also be given when there is rain and

a gusty wind, because wore of the rain will be colleoted when there is

a lull, than during a squall.

Given a method such as that which has been developed at Durham,

not subject to these objeoctions, it would be interesting to see if

the results obtained compared with those of Simpson (1949), who drew

the conclusion that there is an inverse relation between rain current




and potential gradient, not limited only to steady conditions, but

also exhibited when the field is changing, the rain current following
the changes in magnitude, but having the opposite sign, ('mirror-image
affect')s Simpson used a pertially shielded collector, so a fair
sarple of all the drops may not have been received by the collector,
end in fact the absence of the wirror-image effect has been noted by
other workers. The inverse relation between potential gradient snd
rain current was explained by Simpson to be the result of the capture,
by the drops, of the ions left in the atwosphere when point=discharge
takes place. It has previously been mentioned that an effect of point-
discharge is to leave a space charge in the air which will drift due

to wind, and will of course also wove in the potential gradient.
Elerentary congiderations shoy that the space charge has a sign
opposite to that of the potentiasl gradient. In this comnection, it

was believed that useful results wight be obtained frow an investiga-
tion of the relation between precipitation currents and point-discharge,
since apparatus has already been in use in Durhaw for mweasuring the
latter, (Kirkmen and Chalwers, 1957).

The use of a rapidly responding recorder in which compensation
for displacement current is efi'ected without resorting to an earthed
shield ought in any cese to be ideal for use in thundery and showery
weather, in which large and repid changes of potential gradient, and
undoubtedly of air-carth current, occur. Unfortunately the apparatus
as it now stands has neither a sufficiently rapid nor accurate response,

to give unambiguous recording when sudden changes of potential gradient
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ocour. However, it would be only in thunderstorms, as distinct
from showers, that the apparatus would fail to any serious extent;
the indicetions are that in the less violent conditions of showery

weather, satisfactory results should be obtained nearly alwayse.

245 Application measurerents in continuous rain and sno

It is by no means certain that when the cloud cover is nimbo-
stratus, the conduction current is only a swall fraction of the air-
earth current, as it probably is in showers and storms. The results
of Chalwers (1956) indicate rather, that the conduction ourrent
represents a large fraction, perhaps half of the total current, and
mworeover may be opposite in sign to the precipitetion current itself.
If the air-earth current density is to be measured therefore, it is
imperative to employ a method other than screening the collector, to
avoid recording the displacement current. Provided no point=-discharge
occurred during a period of continuous precipitation, it would be
correct to say, as has been described, that the current measured by
the colleotor, the current within the cloud and that above the cloud,
would all be the same. Measurements of the air-earth current at the
ground would therefore furnish more evidence to enable an attempt to
be made to explain how the charge separation might occur within the
cloud. This would probahly be much more feasible
ations for showers and storms, because it is supposed that the structure
of nimbo-stratus is mucﬁ simpler, and it would be easier to calculate.
the current generated by any proposed mechanisw of charge separation,
to see if this were in agreement with observetion. Nevertheless, a
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knowledge of the air-earth current below the cloud does not lead
directly to a figure for the amount of charge separated in the

cloud per unit time, because the net current within the cloud is

the difference between the current produced by the mechanical separa=-
tion of the charges of opposite signs, and a dissipating current in
the reverse direotion. This dissipating current arises by virtue

of the potential difference between the poles of the cloud layer, and
the conductivity within it. Measurements of potential gradient and
conductivity within the clouds would therefore eventually have to be
made for a cowplete study.

Apart frow the smallness of the continuous precipitation currents
requiring the use of more sensitive apparatus than for thunderstorms,
the elimination of the effects of displacement current is a major
problem. It has been found that the equipwent which has been developed
ought to bs very suitable for measurements in continuous rain and SNoW,
since it can easily deal with potentisl gradient changes that accompany
such weather. In addition, it is sufficiently reliable to be run for
several hours without attention, so that a representstive samrple of

the rain in a prolonged spell of such conditions could be weasured.

2.6 Application to measurements in fine weather

In measuring the conduction current in fine weather the use of
sowe device for eliminating displacement current efflects is essentisl,
unless a siwultaneous recording is made of the potential gradient, so

that a calculated correction can be wade (Simpson, 1910; Chalmers, 1956).
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While the present apparatus should certainly function well in this
type of weather, it is probably not a great improvement on other
types of apparatus using discontinuous recording to eliwinate the
effects of potential gradient varistion (Chapter 3). If, however,
the tire constant could be reduced, it might lead to interesting
results. A short period continuous recorder with compensation for
displacement current has never been used before in measuring conduc-
tion currents, and so it might be that in fact short period varis-
tions do oscur in the conduction ourrent, which have not hitherto

been observed.




CHAPTER 3, TiE COMPENSATION OF FIELD CHANGES

3.1 The magnitude of the displacement current effect

Fige 17 shows schematically the connection of the hemispherical
collector to one grid of the differentisl electromweter stage which
feeds into the D.C. arplifier. Assuming an 'effective' area A for
the collector, (in fact there is a difference in the effective areas
for conduction and displacement currents as discussed in § 4.2) a
current AiL due to an air-earth current density ( will be received,
and the voltage this produces scross the resistance R is measured
by the amplifier. The total displacement current IUQ is the rate of
change of bound charge 0 on the collector and this is related to the

potential gradient F by the simple equation:

1 = d9/4c = ae P/

where £.,, the permittivity of free space, has the value 8.8 x 10-12

farad/m.

A large value of air-earth current density, such as might
easily occur in a shower or thunderstorm, is 10~10 A/h?. The bound
charge density on the collector due to the potential gradient is

¢.-C/me and therefors thi
by a potential gradient change of 10 V/m. per sec. However, rates

of change of the order of 100 V/m. per sec. are not uncomron in

disturbed weather. To give added point to the cowparison, it will
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be remembered that in the condition under consideration, the poten-
tial gradient is not a function of the gir~-earth current only, and
that large potential gradients and large currents do not necessarily
occur simultaneously, so that the factor by which the displacement
current exceeds the air=-earth current might be consi&erably greater

than 10.

342 Previous wethods of avoiding displacement current effects

Most of the successful schemes vhich have been devised in the
past have overcome the displacement current obstaclé by employing a
discontinuous form of recording. Wilson (1906, 1916) used an elect-
rometer to measure the charge received by the collector in a specified
tire interval. At the begimming and end of an exposure the collector
wes screened by an earthed plate so that the bound charge did not
affect the reading. Although the &ethod is strictly discontinuous,
the duration of a cycle could in theory be reduced up to a point
determined by the maximum possible speed of operstion of the earthed
plate and the period of response of the mesasuring instrurent. Clearly,
if a D.C. amplifier were used instead of an eléctrometer, a very small
limit to the cycle would be imposed, but on the other hand, 2 very
rapid wovement of the earthed plate would result in a disturbance of
the air which would falsify the current wessurement. An additional
departure from the true current would probsbly result in the event of
precipitation, on account of the fracture of drops by the edge of

the plate.
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As the time of exposure of the collector is made longer, so
the total charge colleoted in the interval due to the aire-earth
ourrent inoreeses relatively to any probable difference in the bound
charge at the beginning and end of the exposure, and eventually the
need for screening the collector is obviated. Chalmers and Little
(1947) dispensed with the earthed plate, collecting the charge over
periods of 10 min. The logical extension of the method is, of course,
to use o continuous recorder with a long time constant; changes of
potential gradient in times short compared with the time constant will
not register, while longer period changes will be equivalent to only
small displacement currents. Kasemir (1951) employed this last method,
using an amplifier with a time constant of 3000 sec. Kasemir wes
interested in long term variations of the air-esrth ocurrent with tiwe
of day so the large time constant waes no disadvantage; as was indicated
in § 1.3, methods of the type described above will not record the
rapid changes in air-earth current such as undoubtedly accompany
disturbed weather.

Even when the exposure tiwe is of the order of a few minutes,
the change in bound charge during the period may not be negligible
comparcd with the charge received from the sir-ecarih current, unless
measures are taken to screen the collector intermitiently as described
above. For instance, if the potential gredient changed by 1000 V/m.
over a 10 win. exposure, the effect would be the same as if' a uniform
sir-sarth ourrent of 1.5 x 10~ A/in.2 had flowed throughout the

interval. This postulated change in potential gradient is of an order
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which it is reasonsble to expect in disturbed weather, in which the
air-earth current way have any value between # 10™12 ana 10710 A/h?,
so that even with this long exposure time, the potential gradient has
an appreciable effect. Chalmers (19562 has improved on this method

in & scheme whereby the charge is colleoted for periods of 4% mine
and then measured by an electronic device, while, concurrently, a
recording of the potential gradient is made, from which the appropriate
correction can be caloulated. Most of the tedium of applying the
corrections by otherwise pedestrian arithmetic is alleviated by having
both recordings teken on the same rotating druwm carrying photographic
paper, using two mirror gelvanometers. The sensitivities are adjusted
so that the correction can be transferred directly from the potential
gradient trace to that representing the air-earth current, with a
pair of dividers.

A wethod, which, though ingenious, has very severe limitations,

is described by Kasemir (1955) and ellows of continuous recording; it
ia considered in some detail by Israel (1955). The collecting plate
is connected to earth through a resistance R and capacitance C in
parallel. It cen be shown thet, if the product RC = Eﬁ/x , where A
is the conductivity of the air nesr the instrument, a meter in the
resistive branch will record the air=-earth current without there
being any effect due to the displacement of bound charge. This is
provided that the potential gradient is determined entirely by the
relation F = L/}\ ; 0 that, spart from the difficulty thet A is

not constant, the system would only behave accurately if there were
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no space charge to affect the potential gradient, and if there were
no precipitation current, which is not related to F by Ohm's law.

The method would doubtless give a more reliable recording than with
no compensation, under all conditions, but the degree of improvement
would at least be difficult to calculate. This mekes the method quite
unsuitable for the present purpose, where it was envisaged that wost
of the recordings would be made in disturbed weather.

Mention has already been made of a partial solution to the
problem effected by standing over the collector an earthed cylindrical
shield, and some reasons have been given why it is unsuitable for the
present purpose d§ 2.4)., In addition, any effects due to splashing
would be lost as a result of the action of s shields It is possible
that the splashing of drops at the ground contributes to the current
received at the earth's surface, by a mechanism which leaves the drop,
and subseguently the earth, with a certain charge, while an ion of the
opposite polarity is left in the air. In the presence of an earthed
soreen the ion would be gquickly lost from the air, and in eny case
the separation of charge by splashing right require an electric field
to initiate it, which, for other reasons, the screen is deliberately
put there to removes

The prototype of methods in which the displacement current is
compensated for, rather than eliminated, is due to Scrase (1933).
Using a quadrant electrometer as a measuring instrument, Scrase
connected one pair of quadrants to the airwearth\current collector, and

the other pair, not to earth, but through e condenser to a polonium
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collector which registered the potential gredient. The purpose of

the condenser was to differentiate the output from the polonium
collector, since the displacement current is proportional to the
differential of the potential gradient. Since the deflection of an
electroreter needle is proportional to the potential difference between
the sets of quadrants, it was possible in principle at least, to

adjust the condenser until the effect of the potential gradient varis-
tion was the same on both sets of quadrants, so that the deflection
would be proportional to the air-eafth current.alone. Scrase found,
however, thet the polonium collector wes too sluggish to follow the
potential gradient accurately, and this diffiiculty of adjusting
response times is the whole crux of the problem of cowpensating for

the displacerent current, in the present author's experience. Scrase
partly overcame the obstacle by connecting to the radiocactive collector
a grid, plsced at a distance above the air=sarth current receivér such
that in steady conditions its potential was the same as that of the
atwosphere at the same level. Then, even sllowing for the time lag of
the polonium collector, the displscement current effects on the two
sets of quadrants would be the same. However, when the potential
gradient was varying, the potential of the grid would not follow the
potential of the surrounding air accurately, so that the current
mweasured would not be the true air-earth current which would obtain

in naturel conditions. Goto (1951) describes a method using a
differential quadrant electrometer, in which an agrimeter type of

field registering device would be substituted for the poloniuw collector.

An agrimeter can be made to have a time constent of a few milliseconds,



as opposed to approximately 30 sec. for the polonium collector, but
it is probable that with the alteration, difficulties would arise
because of transients whioch would be introduced by the capacity of

the cables connecting the electrometer with the collector.

3.3 Compensation using the D.C. amplifiexr

The present method involves the use of a D.C. awrplifier with
an electrometer double tetrode (Ferranti DBM4A), having balanced
characteristics, as the input stage. With the mode of connection of
the electrometer valve shown in the basic circuit of Fig. 7, it will
be shown (§ 4.5) that the output voltage [, is proportional to (Vl-\/.)
to the same degree as the characteristics of the two halves of the
tube in the chosen operating region are similar. It is also true
that the presence of the feedback loop in Fig. 7 preserves the
nature of this in the form V.= a(Y,- V.’), where V, is the final
output measured by the galvanometer and V.I is the voltage across the
input resistor R .

In the light of the upper diagram in Fig. 17, which shows how
the signals from the current collector and the field mill registering
the potential grasdient are fed into the ampliﬂer, a more detailed

discussion of the general problems that arise in this type of compen-

o T mamand kavma
[~ 1

o

effects can be eliminated in the current collecting part of the cirouit,
the voltage across the input resistor R connected to grid G,(not the

samre as the voltage on G, itself) will be accurately V,' = RI(Y),
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whatever the form of [(t) . In order to obtain a voltage on G,
corresponding to the rate of change of potential gradient, the out=
put from the field mill wust be differentiated, and a capacitor-
resistor circuit D,S has been chosen to do this. A simple calcula=-
tion (Eq. 6.1) gives the condition for compensation of a steady
displacement current, i.e., a linear rate of change of potential

- gradient:

DS = Y (constant),

where Y is determined by the field mill sensitivity and R . It is
clear that this equation has determined slso the time constant of

the input to G, , and that V; , the voltege on that grid, will only
be accurately proportional to dF/olt for displacemrent ocurrents which
show variations only in times long compared with Y « In the event of
s step change in I(t) from I(t)= 0 when L <O , to T()= I,

when b > O, the voltage on G,is given by

v, = RI;('— Q-Vx) essse EQe3.1

-t
Thus, for such a displacement current a resultant output, V, = 'RI-;Q /¥

would be observed, which would only approach zero after an interval

time constant circuit on (, so that an exponential term will appesr
in V.’ which will cancel that in Eg. 3.1. The question now arises as

to whether it is possible to adjust the circuit Ffor steady displacement

currents and for equal time constants independently. At first it

=5k~




looked as if the introduction of a variable condenser X, across R
would be the solution. By making RX=Y , the exponential terms in

the equation for the net response,

W = RILU-e %)~ (1= %)]

would cancel out, as well asg the terms'RIgrepresenting the effects
of a uniform displacerent current of infinite duration. It is of
course evident that the partial failure of Scruse's apparatus vias
simply a failure to obtain equal %time constants for the inputs to
the two pairs of quadrants of his electrometers

However, even the assumption thet only one timre constant wakes
its appearance in the imput circuits to either grid, is a gross over-
sirplification, for the cable capacitance from the collector to the

|

electrometer valve has been neglected; also, it has been assured that
the field mill has an instantaneous response to fluctuations in poten-
tial gradient. In general therefore, the response on one of the grids
to a step function of displacement current, is more likely to be
represented by an equation

AT

V= RIL(|" :B|e ‘:Bz.e-—vn“':B3Q—/xJ...>

Obviously, it would be a hopelessly cowplex problem to try and match
every time constant appearing in the equation for one grid to a time
constant in the equation for the other. The logical procedure is to
sce what can be discovered about the relative effects of the time

constants appearing in one of the equations. As will be shown in
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Chapter 7, the coefficients B.,2... are functions of the Vs only,
and have fhe property that if one time constant, Y, , is made mwuch
larger than all the rest, then the coefficient B, approaches unity,
while all the others tend to zero; see, for example, Eq. 7.19. Thus
an approach would be made to Eg. 3.1,

Although this procedure sounds easy enough, it is not so in
practice, particularly if the largest Y is still to have an absolute
value of not more than a few seconds, because in general, the Yis
are not independent, even considering either grid separately. It is
evident that they cannot be so unless no two of them comprise the
same resistive or capacitative component. This means that there is a
severely limited number of variations that can be made on the circuit
elerents; and in the apparatus here described, there is the additional
limitation that, owing to the negative feedback, one of the time
constants zppears in the equation for either grid.

To make the idea more concrete, the problem is that there are

two equations representing the responses to the signals on the grids:
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and all that would remain to be done would be to make An.= Yo .
It is impossible to satisfy suoh conditions exactly in practice:
first, because all the A's are not independent, nor are all the Y's;
and secondly, one of the X's is identical with one of the Y's, but
without the corresponding A and B being equal. In the course of
optimizing the circuit parameters, cslculations were made to see what
would be the effect of making some of the &'s or Ys equal; since,
with the limitations imposed by the interdependence of these quantities,
it was likely to be easier to equalize them than make them very different.
Nothing was gained by this, however: the result is the introduction of
a term of the form C %( e't/‘" , where X is either of the equalized
tiwe constants.

The treatiwent of the problew as it applies specifiically to the

present equiprent, will be given in Chapter 7.

3.4 Stability requirements

Usually, when corrections have to be applied to experirental
data, the corrections are only a small percentage of the desired
quantities, so that they themwselves need not be known to great accuracy.
However, in the measurement of the air-earth current, the effect of
bound charge may be of several times greater account than the true
current, so that the accuracy of ithe coupensating voitage wust be wuch
higher than that to which the air-earth current is required to be known.
Suppose for instance that the displacement ourrent may rise to 1Q times

the air-earth current; then if it is necessary to know this current to

within 10%, the comwpensation must be accurste to within 1%. This
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immedistely implies that the gain of the field mill producing the
compensating voltage must be constant to within 1%. The requirements
as to the linearity of the compensating apperatus are not, however, so
283y to define. Since the displacement current is the differential of
the potential gradient, a spurious change of, say, O«1 V. in the output
of the field will when this was recording a field of 100 V/w. would have
the same effect as the same spurious change when the field was 1 V/m.
Thus a certain absolute accuracy, rather than a specified relative
accuracy, is required, but this has to be compared with the air-earth
current at the time, which, to all intents and purposes, is a completely
independent guantitye Probably the most that can be got out of the
argurent is an gir-earth current equivalent to the maximumr sbsolute
deviation in field mrill output expected, on the following lines. Suppose
the output of the field will corresponds with the value upon which the
adjustrents for compensation are based, to within an equivelent input of
4 0.5 V/m. and that the tire constant of the D.C. smplifier is 5 sec.
The maximuw error in the difference of the outputs at the beginning and
end of an interval L sec. corresponds to + 1 V/m. and this weans that

an error of + )@ V/m. per sec. represents the amount of failure of the
compensatioh. However, the apparatus does not register changes taking
place in much less than 5 sec. as progressively increasing displacement
currentsﬁ, and the longer C becowes, ithe less is the efisctive displece~-
rent current error anyvay, (§ 3.2) so that the waxirum error obtainable
is of the order 0.2 V/m. per sec. This would correspond to a displace-

ment current of 2 x 10-12 A/m2, which is about the average value of the
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air-earth current in fine weather. A similar oriterion applies to the
short term stability of' the output. Noise on the fisld mill output
will have negligible effect except at frequencies comparable with the
reciprocal of the time constant of the differentiating circuit.

The derands upon the stability and linearity of the comrpensa-
ting equipment are seen to be quite stringent, becoming less so as the
tire constant of the differentiating circuit or the D.C. amplifier
(assumed to have equal time constents) increases. A description of
the actual performance of the apparatus is given in Chapter 7.

®Phis requires a little further explanation. By the use of
the Laplace Transform, it can easily be shown that the amplitude of
the response of the differentiating circuit with time constant T, to
a sinusoidal potential gradient of angular frequency W , is equal to
. Kw/( |+ («)"I"_)_I/JL , where K is the response for unit rate of change
of potential gradient. In the limit, as ¢ increases, the rssponse has
an amplitude KV%~, which is the same as the response to a potential
gradient rate of change of y} V/w. per sec. If the time constant were
zero, the effective displacement current amplitude would rise with

increasing frequency, as can be seen also by differentiating F = E cos .



CHAPTER 4,  THE DIRECT CQUPLED AMPLIFIER

Lo The original form of the amplifiexr

Only 2 brief description of the originsl asmplifier of Kay is
given here, as a complete discussion appears in his thesis (1950).
The oowplete circuit diagram is given in Figs. 2 and 3« In the main
amplifier (Fig. 3), the coupling is straightforward from stage to
stage, and the last stage, being a cathode follower, presents a low
impedance output to operate a robust galvanometer. The output impe-
dance is further reduced by the negative feedback loop. The use of
the cathode=coupled double triode in the remaﬁ.nder of the circuit is
now a fariliar feature of D.C. awplifierse The circuit was first
used by Miller (1941) and its main properties are described by Williams
(1944.), who also gives the derivation of the expression for the gain
of such a stage. The output voltage E, for voltages V, and V, on

the grids (FPig. 2, besic circuit) is given by

-uRa(Vi-V,) + V.T;/K(If-,u.)
2+ Ra + r‘,.(r;(R&)/'R‘(H_/W)

E., =

where R. and R are the anode end comron cathode resistors respectively
and V, is the voltage applied to t_;he grid of the amplifying section

of the valve. The other symbols are conventional and all the voltages
are of course incremental. Under the conditions in which the circuit
is always used, R >> l/j , where <j is the transconductance from

control grid voltage to anode current, and the equation approximates
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showing that the stage behaves as a differential amplifier. It
should be noted that the equation imrplies that the charascteristics of
both triode sections are the samee The valves used were the type
65C7, although these are now obsolescents The two sections are in
the same envelope with a common»cathode and the heaters are connected
in series. In Kay's awplifier the second grid of each stage is held

. at earth so that

£ pBRM
° 2.+ R.

The gain of the stage is thus approximately the same as that of an
ordinary triode; The cathode=-coupled double triode however, has the
advantage over a single triode when direct coupling is involved, in
two respects. PFirst, since the anode of one stage is direct-coupled
to the grid of the next, it is necessary either to drop the anode
voltage aoross a stabilising valve or s battery, or else to arrange
that the cathodes of successive stages shall operate at progressively
higher potentials, about 100=150 V. per stage. The only way to do
this using simple triodes or pentodes is to have several supply

voltages. If a large cathode resistor T{c'were used to obtain the
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correct potential, the feedback across it when a signal was spplied
would reduce the gain to R“/’R‘. If however & constant current
element ocould be used in the cathode circuit, there would be no feed-
back. This is, in effect, what is achieved by using the cathode-
coupled double triode, one section acting as the constant ocurrent
device for the other. Any tendency for the current through the
cathode resistor to change, owing to the application of a signal to
either grid, results in a change in bias voltage of the other section,
in such a direction that the current is restored to its original
value. Thus any increase of current passing through, say, the amplify-
ing section (this current producing the output voltage across the
anode resistor) is oomrpensated bj a decresse in the current through
'the other section, the sur remaining constant.

The other advantage of the cathode~coupled double triode is
that the effects of changes in heater current are mriniriseds A varis-
tion in ocathode temperature slters the grid to cathode contact poten-
tial (Yarwood and Le Croisette, Feb., 1954), but since, owing to this-
cause, equal increments will be provided to both grids, the effect on
the output voltage, as sppesrs fror Eq. 4.1, will be zero.

The electrometer stage in its original formw was not all that

time. Kay selected two R.A. 954 acorn pentodes which had similsr
characteristios, and opersted them at low H.T. and hester currents so
that grid current would be reduced, thereby simulating an electrometer

valve. However, no matching was attempted for emission changes

2=



accompenying heater current variations, end there is an obvious draw=-
back here to the use of separate valves. The heaters were however
connected in series, and one bad & potentiometer connected across it
so that the emissions could be equalized in the first instence.
Additionel coupling between the valves was achieved by connecting
together the space charge grids: normally the control grids in this
type of vslve. The space charge grid is a common feature of the
electrometer valve; it is norwally held at a few volts positive with
respect to the cathode and prevents the swall number of positive ions
eritted by the cathode from contributing to the control grid current
(normally the screen grid in the 954 pentode)s The effect of connect-
ing the idle enode to a separate stebilizing valve (type VR.150) will
be discussed in 8 4.5. Although the mode of connection wes super-
ficially similar to that of the cathode-coupled double triode, the
condition that 12¢shou1d be large compared with yﬁ was not fultilled.
Kay's determination for either valve gave the transconductance as
EO/LA/V., which would mean that a cathode resistor of at least 200 K.,
instead of 10 K., would be requirede Thus the éleotrometer stage
could not be truly differential. However, since a signal appesred at
only one of the grids, this did not matter, and at least the earthing
of the other would provide, io sowe extént, corpensation against driit.
The 954 pentrodes were housed in light-tight boxes and thermally
insulated with asbestos. The input resistor to the electrometer valve,
and the valve itself, were housed in the samre compartwent and this was

evecuated to reduce ionic ocurrents external to the valve which might
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affect the grid, although the present author discontinued this
practice.

Total negative feedback results from connecting the output
from the main awplifier to the other end of the input resistor. It
is very easy to show that the behaviour of the complete system is given
by the following equation for the output Vh

 —GRL
Vo = 1+ G

where ( is the ourrent through the input resistor R, and G is the
loop gein of the amplifier, i.e. the gain without feedback. Since G
is large, the gein with feedback is very close to -1. Physically,
whaet happens is that when the current ( flows, the grid hardly chenges
in potential and the change in voltage —RiL appears at the ofher erd of
the resistc;r. The grid potential does in fact change by an amount
R /(l 4 G) , which is just sufficient to produce the output vol=-
tage when it is amplified by G . The faot that the grid potential,
and therefore that of the collector, does not vary much from earth
is obviously a desirable feature.
4e2 The collector

A

he ion of the collector, housed in a pit a few yards
outside the recording roow, is shown in Plate 1. It is a copper hemi=-
spherical bowl about 50 cm. ‘in diameter, surrounded by'an earthed
guard ring of sluminium, the overturned rimw of which, shielding but

not touching the edge of the collector, can be seen in the plate, -
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The guard ring prevents fields from being set up on the outside
surface of the collector. The whole asserbly is very easily diswan-
tled for cleaning. Arrangements are made for keeping werm the poly-
styrene insulator supporting the colleotor, to prevent condensation
on it. A complete description of the collector is given by Kay in
his thesis. The only improvement that has been made is thet when
the pit was extended to receive the field will, a cement floor was
laid in both cowpartments and the walls were lined with bricks,
cerented in position. The housing can therefore be kept in a clean
condition. Plate 1 shows also the access pit which allows of limited
maintenance 'in situ'.

An interesting detail concerning the collector is that the
effective areas for conduotion (or displacement) and precipitation
currents are different. Since the paths of precipitation particles
vill be affected hardly at all by the field distribution over the
hollow surface, the effective area for the current cerried on them is
simply equal to the area of the aperture, which is 1900 cm?. The
conduction current is carried along the lines of force, however, and
since these are obviously concentrated near the rim of the collector,

rost current will be collected at the apex formed by the lip of the

guard ring and the rim of the coliector. Ezactly hovw nus h

17 how wuch ©
marginal ourrent is collected by the guerd ring is imwpossible to
determine, and in any case it hes not been found possible to produce

a theoreticel account of the field distribution over the inner surface
of the hemisphere. However, on the basis of experiments in which a
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steadily increasing potential gradient of knovn megnitude was applied
to the collector d§ 6.3), the exposure factor for conduction ourrents
appears to be almost exactly 3. Hitherto, when measurements have been
made only of precipitation currents, this fact has been of no iwpor-
tance, but it will obviously need to be corrected when measurerents
are made of the total air-earth current. This could easily be achieved
by placing a false bottom in the collector alwost flush with fhe rime
This could be filled with a shallow layer of earth, more nearly simula-=
ting natural conditions, and if there are any electrical effects due
to the splashing of precipitation particles on the ground (Israel and
Lahmeyer, 1948; Smith, 1955), these would be more relisbly accounted
for with the apparatus so modified.
Le3 Ancillary equipment

Kay furnished the amplifier with specially constructed H.T.
and heater supplies and a range selecting unit incorporeting Schmitt
trigger circuits, which automstically changed the shunt scross the
recording galvenoweter if the current received by the collector became
too great. Slight modifications to the power supplies have been made
by the present author. Originelly the reference voltage for the He.T.
povier supply was set by a VR105 regulator, but after a rather short
irly low fregquency, having &
disastrous effect upon the amwplifier's performance. This defect of
the VR105 has been reported by Kirkpatrick (1947). Stockill snd
Chalmers (1958) replaced the regulating valve by an H.T. dry battery
of conventional type giving 120 §olts, but the mrethod of applying the
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reference voltage to the power supply necessitated the flow of a few
wicroamperes into the battery in such a direction as to charge it.
After a few days of continuous operation the voltage delivered used

to increase by as much as 5 to 10 volts. In this connection it is
worth noting that the temperature coefficient of voltage of a dry
battery may be much greater than for 2 gas discharge regulator: Harris
and Bishop (Sept., 1949) give the temperature c-oeff‘icient as

+ 100 mV/°C., for a 120 volt battery as against 5=-20 wV/°C for neon
regulators. The present author found a most satisfactory solution in
the use of a reference voltage valve, type 85A1l. The properties of
this valve have been reported by Benson (1952), who found it to retain
a remarkably constant running voltage, after a short period of initial
drifte In addition, the valve requires no shielding from light, and
it ha; a low temperature coefficient (= 2.5 mY/°C). It is believed
fror measurements described in § 445 that with this valve the stabil-
ized supplies of + 125 volts and = 105 volts are held constant to

one rillivolt over an hour or soe.

A clockwork drum csmera ocarrying a strip of photogreplic record-
ing paper in conjunction with a mirror galvanométer,'is used for record-
ing. Stockill added timing circuits actuated by Post 0ffice uniselec~
tors, which are triggered by the half mimute pulses from a clock.

The uniselectors switch on a fogging lamrp or switch off the galvanometer
lamps at regular intervals thus superimposing a time scale on the

records The camera can be run at the rate of one revolutioﬁ, equivalent
to approximstely 14 inches of record, in 1, 5, or 20 hours, after which

the paper must be changed. 7=



hel _A differential electrometer stage

Referring again to Fig. 2, showing the form of the electrometer
stage used by Stockill and Chalmers (1958) for the measurement of
precipitation currents, it was hoped that it might be possible to
free the grid G, and apply to it the compensating voltage without
any further alteration in the circuite An equation will now be
derived for the finel output from the main amplifier since the way the
feedback loop affects the response to a signel on &; is not self-
evident. It will be assumed that for voltages V, and Y, applied to
the grids (see Fig. 4), the output £, of the electrometer stage is

b

not truly differential but is given by the equation:

Ea = —M: \/l t+ N\/)_ XXX XX] Eq_o 4.2

This is a more generalized equation for the behaviour and also gives
a little more informetion when the result is obtained than if

E, = K(\(‘-VJ) had been assurede If ( is the current flowing
into the input resistor R , and G 'is the gain of the mwain amplifier

only, essentially a positive quantity,

V, = Ri+ E.G
Therefore, Eo = -(MRL + ME.G')+ NV,
and the output voltage is expressed by:-
£G = -Ne'(Ri- YY)
| + MG/
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With the usual feedback condition that MG’ > |

E.G/ o~ —<RL - VJN/M) eocoeos Eq. ll-c}

It is interesting to note that the ratio of the terms corresponding

to the two signaels is preserved in the output, allowing for the fact
that one input is a current input and the other a voltage input.
However, it is evident that while the pért of the output corresponding
to the current { is mwade independent of valve characteristics, the
output corresponding to V; is dependent on the ratio ”4\ , which is

a function of the electrometer stage characteristics. This is also
true if qu is norinally unity, although it would not have been evident
if this had been written down implicitly in Egqe. 4.2. It is more useful
to say that the stability of the electrometer stage determines how
closely the output can be maintained truly differential; The present
author tested Kay's amplifier by applying known voltages across R

and between (},1 and earth. Both terminals of the source supplying

the first voltage had to be 'floating', of course, to represent a
currént inpute It wes found that the output froe the mein amplifier
corresponding to a voltage across R was approxirately ten times as
great as that due to the same voltage on (}1 .. The reason for this

was that the cathode resistor was too low. Kay (1950) derives the
following expression for the output voltage E. from the electroweter

stage.
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. o Y |+ JPRS" &pR‘ _v_z__ ] sesee Eq_oh-ol-l-
Eo [(k+1)( V\ 1)+ L“PR:R; Vl + 4R‘

k is the reoiprocal of the anode characteristic resistance and P

and Cl are respectively the transconductances of the space charge

end control grids, assumed to be the sawe for each of the pair of
valvese The significance of the other symbols is shown in Fig. 4.

It can be seen that with R sufficiently great, the second and third
terms in the square bracket become negligible corpared with the first,
which represents a truly differential behaviour. The requirement is
that Rc shall be considerably greater than k orq « In fact k,'o

end q were each approximately 50 K. whereas R¢ was only 10 K.
Substitution of these nurbers into Eq. Le4 together with 200 K. for
Rs shows that £, K [‘I.li Y, - V;L] « Thus the behaviour
found in practice is expleined. Since it was obvious that the electro-
meter stege would hsve to be wodified at least for this reason, it
waa decided to investigate some of the characteristics of cathode-
coupled twin stages, particularly with regard to their stability
against changes of supply voltage.

L5 Stability considerations

Although there is substantial literature on the properties of
various D.C. awplifying stages, end in particular {iwo series of

articles were found to be of value (Yarwood and Le Croisette, 1951..';
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Harris and Bishop, 1949), no estimate seems ever to have been made of
the behaviour of the cathode=coupled double triode in response to
changes in line voltage. It is quite easy to obtain an expression
for this and it has a bearing on the way the supplies should be brought
to the two anodes. In the first vplace it is evident that to obtain

a truly differential output from the electrometer stage the character-
istics of each scotion rust be the same. Since only one section has
an anode load RL(Fig. 2), this suggests using a higher supply voltage
for this section than for the other in order to keep the quiescent
voltages at the anodes the samwe. An expression has been derived for
the output of the electrometer stage when the characteristics are

unbalanced:

L& L+ {porpl{ara (ke q) + o 22 + sV,
- L 2Ry { pepalf k.-ﬂ-‘l.}—P,RS]V,_

The symbols have the sawe meaning as in Eq. Lok, and the suffices

1 and 2 refer to the émplifying and non-amwplifying sections respectively.
If there is no difference between the characteristics for either valve
then the expression can be shown to be identical with Eqe 4e4. If
however there is a difference, and if R. is made very large, it is

found that

ks < l. ':Lt(k:."":ll) vl ’ix(kt*q:)vz][r’l"'Pl]
which is an output of the type discussed in B 4efs It will be noticed

that the P' s, the transconductauces of the space charge grids, do

not eppear except in a constant of proportion for signals on either
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grid, when the usual cathode follower condition for R.is applied.

That grid will therefore not be taken into account in the further
discusgsion: there is no rigorous justification for this omission, but
in fact the physics of the problems to be discussed can be understood
adequately using the theoretical results as a guide and not to furnish
precise answers. Actually the space oharge grid cirouit passes the
same order of current ss the anode cirouit.

The gquestion of the stability of the electrometer stage was
raised initislly when 'zero' treces, i.e. records of the output with
the collector disconnected from its grid and the other grid earthed
were obtained, showing lerge fluctuationse Two such records are shown
in Fig. 5. This diagram, and others which are sirilar, were prepared
by wounting the original records on card and photographing them. The
details in some are not very clear because of difficulties in obtain-
ing the right contrast in the reproduction. The time markings ere
easily seen; the broad vertical white lines on Record 25 are separated
by one hour, and between them, wuch fainter, are the five minute
interval marks. This is one of the wost erratic of the 'zero' traces.
In using the figure shovn on the record for the sensitivity: 1.9 mm/nV.,
it should be remerbered that the original record has twice the linear
dimengiona of this reproduction. The separation between the darker
lines parallel with the length of the grace is 2 cm. on the original.
These graduations were obtained by means of a graticule on the ¢ylind-
rical lens of the camera. To gauge the importance of the fluctuations,
2 cr. on the original record corresponds to the normel fine-weather
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value of the air=-earth gurrent- Apart from the slow drift observed,
Record 25 is interesting in that it shows in the last three hours
rapid fluctuations of large magnitude accompenied by a considerable
change in the general level of the outpute The jurps were observed
to correspond with sudden changes in the glow of the VR105 regulator
stabilizing the H.T. supply (§ Le3). Other transients on the sare
record were probably strays picked up from the relays in the timring
cirouit.

To discover whether the slower variations were caused by
changes in the supply, the line voltage and a suitably adjusted steady
voltage from a 120 volt dry battery were applied to the terminals of
a galvanoreter, and the variations recorded at high sensitivity
together with the zero trace. This is exemplified by Record 21, Fig.5.
It was felt that the battery might not provide a sufficiently constant
backing=off voltage for this purpoese, having regard tq its high temp-

rature coefficient, so an attempt was made to compare, in a similar
way, a fraction of the supply voltage with a standard cells This wet
with failure on account of the temperature coefficient of the resistors
used. Finally it was decided to celculate what ought to be the effeact
on the amplifier of variations in the supplye.

Returning to Fige 2, insst, the voltage for the anode A‘ of
the non-amplifying section is supposedly tapped off a resistor chain
at a fraction m of the supply voltage to bring the anodes to the same
potentiale There is imagined to be a change V& in the supply voltage;

hence a change mV, in the voltage applied to A, , and a ocorresponding
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output voltage E. frow the electrometer stages If the grids are
held at fixed potentials and fi and 3 are the anode resistance and
‘control grid transconductance, the equation for the current in the
awplifying section is:

I| = EO—R;‘L(L*I:.) - ﬂRc_(I.‘I;)

and for the othei- section:

) Iz - mVﬁ—RL(II+r;) — 3R‘(I|+IL)
T
Substituting Ee = Ya- RaI, into the first of these and elimina-

ting I, between them gives an expression for I, and hence for E, in

terres of Va ¢

£, = taln v Re(+q)2r+ mRa)]
LA 'Rq_ + Rg(‘/ﬂ_fﬁ)(ln + 'R“) secse HQelted

If the cathode follower condition R‘3 >» | holds, this approximates

to

Vl(Jr‘\ t mR“) XXX Eq_.l{-OG
2& + Rn\

e

This shows that when A, is connected directly to the supply, the full
change in supply voltage appears at the output of the electrometer
stage, but that some reduction is effected when m<|. In the original
form of Kay's amplifier, A;l vas supplied from a VR150 regulator
across the sta'biliséd supply. Since the supply to this valve is

itself stabilised, it would normally be reasonable to expect that
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variations of voltage across the regulator would be entirely
neéligible, as when such valves are used in cascade. This would be
equivalent to M=0 , and allowing also for the fact that ch 31
in the actual arrangement, by substituting the values directly into
Ege 4.5, E. would be ebout 0.3% of Vo . However it has been shown
that the VR105 regulator can develop instabilities even when the
applied voltage is constent (Kirkpatrick, 1947), and although the
VR150 is undoubt=dly better in this respect, it is of similar con-
struction to the VR105, and it might be more realistic to give m

a value between O end 1. If M = 1, the variations in E. would be
30% of those in the line.

However, examination of Record 21, Fig. 5, shows that anode
supply variations cannot be the only cause of zero drift. At the
left hand end of the record relatively smwall variations in the H.T.
voltage were acocompanied by a large excursion of the 'zero', while
in the central section, fluctuations in H.T. produced no sensible
zero drift. (The apparent discontinuity of the traces in the plate
is owing to the fact that the whole of the record is not presented,
but only the interesting parts of it). Attention was therefore
turned to the effect of variation of heater current. Harris and

dhn + n h
uils U o

B

achieved in this direction as that of a typical balanced amplifier
in which 0.2% change in heater voltage produced an output equivalent
to 1 oV. at the grid. An experirent on Kay's amplifier showed that

the same relative change in heater voltage was equivalent to 16 mV.
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at the grid. Obviously the stability against heater voltage was
seriously deficient and it was decided that the existing electrometer
stage must be replaced by a valve with a comron heater and cathode
for both sections.
Some revision of the circuit was evidently necessary, and as

a first step in deciding what alternative would be most effective,
calculetions were mwade of the arwount of HeT. variation that could be
tolerated. The smallest air-earth ourrent required to be measurable
was arbitrerily fixed st 10% of 2 x 10~12 A/h?, the fine-weather
value; this corresponds to an output of 1 wV. The result of a change

V. in line voltage affecting only the electrometer will first be
considered. Referring to Fig. 6, the change E, in the anode voltage
of the electrometer stage in the absence of feedback (i.e. with the
switch S connected to earth) is supposed to be aV¥. . On account
of the feedback, however, a voltage € will be impressed on the grid;
this will of course slso be the output voltage. If K, is the awpli-
fication of the electrometer stage, K, that of the rest of the ampli-
fier, the value of E. when S is connected to the feedback loop is
simply. E. = Q¥.—Ke . Since e= K,E.

| e = wukY
|+ KK,
It has already been shown that @ = Y3 and it can also be shown that
K| . Since K,>>), e = ¥%Ya « The condition on & is that it

shali be less than 1 mV. and therefpre the supﬁly voltage must be
congtent to within 3 mV.

Because the gain of the electrometer stage is approximastely
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unity, it was also important to consider the effect of line voltage
changes on the next stage, i.e. the first stage of the main amrplifier.
Supposing now the electroweter stage to be perfectly compensated for
supply varistions, and referring again to Fig. 6 let the zero drift
in the final output be € « This voltage is applied to the grid of
the electrometer stage so the input at the next stage is ~K.e. If
this stage and the next each have a gain/L , the output from the first
of them is E_,: K—"/_U.K.e , there being no compensation for H.T.
variations within this stage, because the non-amplifying anode is
connected directly to the supply. The output of the next stage is
divided by approximately 2, because of a resistor chain to which the

grid of the cathode follower is tapped, so:

e = - 'A/U.(V:L +/ILK'Q>

Therefore, =€ = _ L, —,—“i“-—-—“ ~ M
. 1 |+’.‘*‘K|/2 /‘A 1

With 2 liwit of 1 nV. for @ and w=25 , Va is lircited to 25 uV.
This takes no aoccount of the fact that the fixed grid of the stage in
question is tapped off a resistance across the supplye. The change in
potential of thig grid will produce a zero drift in the same sense as
the supply fluctuation causing it. The grid voltage will undergo
approximately half the change in line voltage, but since it is 25
times as effective as the anode, the line voltage would have to be
stable to 2 mV. unless the grid were kept at a constant level by
other meoans.

The stability of the supply wes eventuslly tested by opening
~-57=



the feedback loop, disconnecting the electrometer stage and strapping
together the grids of the first stage of the main awplifier so that
they would not be affected by the line variations. A record of the
zero was taken which showed no veriation greater than 250 mV. Since
the full gain of 320 was employed, the supply voltage variations
must not have been greater than 0.8 V. This showed that the H.T.
supply, which.had by then had its VR105 regulator supplanted by an

8541 (8 4.3), was functioning perfectly satisfactorily.

ko6 odificationg to the D.C. awplifier

The circuit finally adopted for the electroreter stage is
shown in Fige. 7, in which the valve emwployed is the Ferranti DEM4A
twin electroreter tetrode. One of a pair of such valves obtained
was chosen as having the most similar dynsmic characteristics for each
section, and the other curves, anode current against anode voltage,
and cathode current ageinst space charge grid voltage, were also
plotted so that accurate values of the necessary resistors could be
calculateds It will be observed that the connection is no longer
that of the cathode-coupled double triode, but that the stage is
corpletely balanced and the output two-sided. It is easy to show
that the output is differential sand that the gain is expressed by
the equation:

Eo = ;uﬂa(vldvl)
Ra + Ia ssese Eq_o 24.-7

In theory at least, changes in supply voltage have no effect on Eo
=58
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and there is also stability against variations in ewission, the more
so as both sections have a comron cathode and heaters As an extra
precaution both anodes are supplied from an extra stage of stabilising:
a VR150 across the supply, and one anode has a variable voltage which
besides enabling final attainment of balance, affords a mweasure of
zero output adjustment. The space charge grid voltage is also
adjustable. In practice this was first adjusted to its correct value
and then it was found that all the other voltages were within 0.25 V.
of the wvalues chosen on the curves as constituting the most favourable
operating point.
It should be observed that no spproximation, apart from the

assurption of linear characteristics, is involved in Eq. 4.7, which
is quite independent of the cathode resistor R « However, the
value of this is important for another reason (Yarwood and Le Croisette,
Feb., 1954). When equal signals Y are applied to the two grids,

E,=0 , but each anode falls equally by a voltage E, (PFig. 7),

where -w RV
E| =

The disadvantage of having a large £, is seen in considering the
subsequent stage, assumed to be a similar one; a signal E, now
s 2t ¢ h anode voltages fall and the cathode
voltage rises, perhaps to such an extent that the stage is driven
off the linear part of its anode characteristioc. For out-of-phase
signals, + V, - Y

_ uRV
Bim ® ?(R*’Ra)
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Although a large E, may still throw the two halves of the next stage
off the linear part of the charscteristic, this is less likely, in
that only the anode voltages of that stage will vary, but not the
cathode voltage, since the signals on the grids of this stage are

out. of phase.

Tho retic;  Eifor in-phase sigmels  _ _ (et Ra)

E, for out-of-phase signals n+ R+ .J'R((/w» I)

is celled the gain ratio and it should be kept as small as possible.
This is obviously to be achieved by increasing R. . No increase on
Kay's value of 10 K. would have been possible if the connection of
this resistor to earth had been mainteined, so it was decided to
connect it to the - 105 V. supply, enabling 120 K. to be employed.
The other important modification to the electrometer stage
was that the connection of the heater to tapping points on the power
supply wes dispensed with, mainly on the ground that the iatter would
hot deliver the required current without moving off the plateau of
its regulating curve, and two lead=-acid accurulators, connected in
series, were used instead. It is not generally known that the
voltage from lead-acid accumulators remains extraordinarily constant;
the temperature coefficient of the open cirouit voltage is stated to
be + 0.24 mV/ob., (Stendsrd Hendbook for Electrical Engineers, 1941).
The current through the filament is monitored by a milliammeter,.and

as soon as the current fells by more than g/LA below its correct value
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of 25Q/LA the accumuletors are changed. A dual set of terminals
comnected to the filament facilitates this without having to switch
off comrpletely. It is found that the accumulators have to be

changed every four to six days. When this is done an opportunity

is presented of checking the stability of the stage against heater
current variations. It was found that a zero drift equivalent to

1 wV. across the input resistor vwes produced by 1% variastion in heater
current. This corpares favourably ﬁith the figures referred to in

8 L.5, quoted by Harris and Bishop.

It can be seen from Fig. 7 that there is a large voltage drop
across the cathode resistor when the valve is hote If the H.T. and
heaters were switched on simulteneously, the full 150 volts given by
the VR150 regulator viould sppear across the valve until it warmed
up, thus shortening its life. The switch S was therefore incorpor-
ated, which connects hoth positive and negative supplies after time
for warming up has been allowed.

It will be epperent, later (Eq. 6.1), that effective compensa-
tion for dispiacement current depends on the constency of the ratio
of the resistors connected to the two grids. At the time it was
considered that long terw stability would be of pesramount importance,
although, the equipment now complete, it is the practice to test the
compensation from day to day. Victoreen resistors were considered
to be best in this respect, a 'shelf-life" stability of 3% being
quotede They are housed with the electroreter valve in a metal

¢ylindrical case. The valve is mounted horizontally and the cylinder
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is closed by a thick rubber disc which holds the valve base and helps
to reduce microphonics. The grids are led to top-cap connections and
leads from them are taken out of the cylinder through polystyrene
insulators which are held in the rubber. The insulators were care-
fully cleaned and polished, and were then tested by measuring the rate
of-loss of cha{ge from an air condenser commected to each lead in

turn and'charged. In this way it was found that the insulation of
the grid connections was better than 8 x 10~13 ohm.

Since the output of the electrometer stage was no longer single~-
sided, it was necessary to mske minor modifications to the mein
srplifier (Fig. 8). The grid of the first stage which formerly was
held at a fixed potential by a resistor chain across the supply has
been ‘disconnected and both grids ere now connected to the anodes of
the electrometer stage. This has meant transferring the cosrse and
fine zero adjustwent controls to the next stage; otherwise nothing
has been altered. The complete amplifier is similar to one described
by Peirson (1950). 1In his awplifier, howefer, one of the grids of
the electrometer stage was earthed, although this stage had a load
at each anode so that the connection to the first stage of the main
arplifier was push-pull.

Plate 2 shows a general view of the recording room; In the
lower right hand corner part of the chsssis of the main amplifier can
be seen. The cylindrical box immediately behind this contains the
electrorweter valve and grid resistors, and the leads from these pass

into the rectangular compsrtment beyond, which contains all the cirocuit
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corponents for the electrometer stages Next to this is the housing
where the cable from the collector is connected to a highly insulated
switch by weans of which the collector can be earthed or connected

to the aﬁplifier at will. The same container alsoc houses the vari-
able air condenser which shunts the air-earth current input resistor:
the purpose of this condenser is described in § 6+2. The box nearest
to the wall in the background of Plate 2 conteins the galvanoreter
shunts which are switohed over manuaslly. On the gslvanometer pillar
can be seen the meter indicating the electrometer heater current,

but the accurulators supplying this are below the level of the shelf
supporting the apparatuse The units on the extension to the shelf
et the left of the plate are to do with the field mill and test
equipment and will be described in due course. Norwally, all the

boxes are fitted with lids which complete the electrostatic shielding.

Le7 The performance of the awplifier

The modified amplifier has fulfilled all the requirementé
desired of it; in particular its long term stability and its differ=-
ential response to signals applied to both grids, are very satisfaotory.
In Fig. 19, Record 42 shows the zero output when an earthed plate was
placed immediately ovef the collector. The stability was very good
except for occasional small excursions which were equivalent in wagni-
tude to a typical fine-weather current. It is very likely that the
spurious signals were due to wind causing slight movement of the
collector, since when this was disconnected from the grid, the drift

in zero output was entirely negligible.
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The response %o voltages applied to the two grids was tested
in the manner indicated in 8 L.k, using 9 volt dry batteries and
decade potentiometers. First, the output frorm the arplifier corres-
ponding to a given voltage V' across the air-esarth ourrent input
resistor was measured; then the voltage it was necessary to apply to
the corpensating grid in order to restore zero output. The results
are plotted in Fig. 9. Striotly speaking the output for a positive
signal V' is negative but since in actuasl use the output is always
desipnated positive or negative according to whether the signal is
positive or negative, this convention has been adhered to in the
diagrame. Not much significance is to be attached to the amplifier
having an apparent gain greater than unity. The output vas not
reasured with a voltmeter, but in terms of the galvanometer scale,
and it is possible that the calibration of the galvanometer was not
very accurate at that time.

It can be seen that at points A and B the arplifier saturates.
Why it should do this at such low voltages is not clear; but the
arplifier is closely linear between these points. Calculation froe
the other curve in Fig. 9 shows that the ratio of the compensating
voltage VY, to the input V’, necessary to maintain zero output, is

accurately constant up to a point C, and has the value

== H

vl/v' = |.'
At point C the relation ceases to hold and no comrpensation can be

obtained. The reason for this is not difficult to find. When 2

voltage VJis applied across the air=-earth current resistor, the grid
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changes by only a factor of approximately k; of the signal voltage

(§ L.1), rost of the input appearing as a voltage change in the
feedback loop. Thus this grid will not move off its proper operat-
ing point. When the voltage \Q is applied to the other grid however,
this grid actually rises by this arount and the feedback is negative
only in so far as it raises the first grid to almost the seme level.
The output, proporéional to the difference between the grid voltages,
still corresponds to a gain of unity, but the operating points of
both sections of the wvalve haxe moved considerably nevertheless.

The effect is enhanced by the small anode~to-cathode potential and
because the anode resistors (182 K.) are not small corpared with the
cathode resistor (120 K.). When either grid potentiasl changes, the
tendency is for the cathode to follow the movement by the same amount.
The anode resistors, however, are large toc, and the anode potentials
change in the opposite sense by a fraction 18242 x 120)of the signal,
assuring the spece charge grid current does not change. Thus the
total change in the anode-to-cathode potential is approxirately 1%
tires the signal applied to the compensating gride For a quiescent
operating anode=-to-cathode potential of 7.5 V., a 4 V. signal is

the moat thet could be tolerated. In practice the failure of this
grid o function does not oscur wntil the signul is greater than 4 Ves
this suggests that the calculation ought to have taken into account
the space charge gride For negative signals saturation of the
amplifier at B begins before compensation fails. The + 4 V. lirit

at C means that there would be no compensation for potential gradient
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changes greater than + 100 V/m. per sec., but it was anticipated that

only rarely would variations of this magnitude occur.
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CHAPTER 5. THE FIELD MILL
5.1 The choice of a compensating eppsratus

The choice of a device for giving an output proportional to
the atmospheric potential gradient, whioh rests on the oriterion of
a reasoably rapid response, i.e. having a tirme constant less than
10.seo., elirinates all recorders except those of the 'agrimeter' or
'field will' type. In deciding between these two alternatives, it
was borne in mind that the agrimeter designed by Chalmwers and used in
the Research Department at Durham had been employed without success
in a pilot experiment to cowpensate for displacement ourrents (Chalmers,
1953; Kay, 1950). The reason quoted for the failure was that the out-.
put was not sufficiently steady, possibly owing to a defect in the
comrutating systems Although at the begimning of the present work
this was the main factor influencing the cholce in favour of the field
will, it seems probeble, in the light of what is to be discussed in
Chapter 7, that fluctuating gein in the agrimeter was only partly
responsible for Chalmers' experiment being ineffectusl, and the failure
may have been caused by the oapagity to earth of the air-earth ourrent
collector.

The behaviour and theory of the agrimeter are fully explained
by Chalrers (1953), elthough e mschine working in the same way vas
first constructed by Russeltvedt (1925). In both agrimeter and field

mill the fundawental principle is the same, - the screening and expos-
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ing of a collecting electrode so that the bound charge induced by the
potentia; gradient is wodulated. It is in the method of messuring

the bound cherge that the two types differ. In the agrimeter, the
colleoting electrode, while exposed, is earthed and then insulated,

so that a charge proportionel to the potential gradient is induced on
it, and then, in the soreened position, the charge is passed through a
galvanoreter. The complete oycle takes place very quickly, the drive
being from an electric motor, and the various contaots to earth and
to the meter are made via a comrutator or cam, and collecting brushes.
It is customary to ewploy wultiple elsctrodes, thereby increasing the
repetition frequency, and they may teke the form of horizontal vanes
on a vertical shaft, or conduoting strips mounted axially on a horiz~
ontal cylinder.

The agrimeter has two drawbacks, however. First, there is the
question as to whéther the intermittent mechanical contact which causes
the charge to pass fror the venes to the measuring equipmwent would be
reliable enough for the present purpose. A few workers, dedling with
the field mill type of apparatus, have preferred to use an eleotronic
phase=-sensitive detector instead of a commutator, but it is questionable
whether such a method could be used successfully to interrupt the very
small ourrents coming from the vanes of an agrireter. Secondly, if
it should be necessary to increase the output frow the agrimeter, there
would be the difficulty that D.C. amplification would have to be used.
In these respects the field will has the advantage over the agrimeter.
The modulation of the bound charge on the colleoting electrode is wade

to give rise to an alternating voltage across a suitable imrpedance.
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The problem still arises of rectifying this with a phase-sensitive
device, such as a comrutator, if the sign of the potential gradient
is required, but if necessary the output can be increased before
rectification by means of a comparatively simple A.C. amplifier, to
obviate the neced for delicate operations with minute currents..

A unique feature of the equipment about to be desoribed is
the incorporation of negative feedback over the whole system, instead

of its conventional application only to the amplifying stages.

5.2 General desipgn considerations

Recordings of the preoipitation ourrent with Kay's shielded
collector used to be wade continuously over periods of about 20 hours
together. Several such recordings have often been taken one after the
other when weather conditions have remained sufficiently disturbed to
prowrise interesting results: so that it seewed desirable for the mill
to be capable of running for periods of several days without any atten-
tion. On this account the machine has been made mach more robust tﬁan
is necessitated by its other functional requirements. The motor driving
the vane is a 1/6 h.p. mains operated induction motor, running at
3,000 repem., nominally. Originally the motor was housed inside the
will casing, the vane and comrutator being fixed direotly to the shaft,

— = = . 1 - " v
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discussed in B 57, the motor later had to be housed outside the mill,
and the drive transmitted by a small V-belt.
Protection from the weather wes another important oconsideération.

The materials directly exposed to the elements are mainly aluminium and
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brass, which do not corrode seriocusly, and the venes themselves are of
stainless steel, though there is a mrore important reason for the use
of this material (85.3 (¢)). Unfortunately, to obtain the necessary
strength, some of the interior components of the mill were made of
steel, but these have been heavily painted.

The insulators supporting the venes are made of polystyrene.
This material has water-repelling properties and so maintains its
excellent insulstion even in a damp atmosphere. Waddel (1948) used it
in the construction of a field mill for use on aircraft, and reports
that the insulation never failed during flights, even when passing
through clouds. Attention was paid mainly to protecting the insulators
from direct rain. Referring to Fig. 10, it can be seen that the insul-
ators supporting the collecting electrode are almost completely screened,
even frow driving rain, both by-the electrode itself, and also by the
aluriniur guard surrounding the entire plate systems The insulators
holding the upper vane are not so oritical and behave satisfactorily
as long as there is not a continuous film of water connecting that
vane with its supporting cross-piece. The shields placed over these
insulators (seen best in Plate 1) appear to be sufficient to prevent
this happening, even in a heavy downpour. To assist in shedding the
water collected during a rainy spell, the platform supporting the
electrode system is gently sloped down frow the centre. It was turned
from 'Weyroc' to keep the weight swall, but its upper surface is lined
with tin plate which is in turn coated with aluminiur paint. The

'Plessey' connectors used at the cable terwinations are waterproof.
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Apart from the desirability of having a very stable gain,
particulerly over short periods, the magnitude of this gain has also
to be seleoted with reference to maintaining other desirable character=-
istics in the corplete systems It was shown in 8§ 3¢3 that the time
constant of the D.C. amplifier wust be méde equal to the pfoduct Y of
the differentiating cirouit parameters. In Eq. 6.1 this product is
shown to be

Y = AR

where A is the area of the air-earth current collector, R is the input
resistor at the current weasuring side of the D.C. amplifier
(R =5 x 10'0ohm.), and V. is the output voltage of the mill for a
given potential gradient F . It is obviously necessary, in order to
keep Y small, that the mill systemr should have as high a sensitivity
as possible. The maximur value of \L/ﬁ would norwally be limited
by the requirement of operating the azasociasted A.C. arplifier with a
reasonable supply voltage but in the present work the limit is set by
a purely geomgtrical factor arising fromw the nature of the feedbaock
erployed, viz. the greatest convenient space between the upper vane of
the plate assembly and the collecting electrode. This is mentioned in
8 5.5. A first celoulation showed that Y2 5.5 sec., which was considered
satisfactory. Later, a revision in somre of the-parameters affecting Y R

will be explsined d§ 6e4). The experimental value is Y = 3¢k B0C.

5.3 Design details of the vene systemw

There is a choice of several methods of providing for the

alternate screening and exposing of the collecting electrode; a couwpre-
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hensive review of these is given by liapleson and Whitlock (1955).

The most popular configuration is undoubtedly the system of cosxial
vanes, and this takes its simplest form in the case of two vanes shaped
like & Maltese Cross, one of which acts as the collecting electrode,
and the other, being earthed, rotates above it. An importent adventage
of this construction is that it enables the insulators to be well
concealed beneath the collecting plate (see Fig. 10). There is mwore
purpose in this than merely to shelter them from the elewents, for
unless the insulators are adequatély screened electrically from the
rotating vane, a spurious output can be produced by the charges on
their surfaces in a manner described later in this section. Typical
examples of the vane type of electrode assembly were employed by
Harnwell and van Voorhis (1933); Imeder (1943); Waddel (1948); and also
bj Mapleson and Whitlock (1955). A numrber of such machines, based on
the design of Whitlock are at present in use in the Research Department
at Durham, and are conveniently portable. That described by Waddel

was also of light construction, being required for use in aircraft.

The design of Harnwell and van Voorhis is very interestings not only
was it probably the first exawple of the use of vanes in its electrode
gyster, but its wode of operation is described as a null method. It

is in fact a type of feedback device, but whereas for the performence
required of it, - it was designed to measure voltages generated by a
van de Graaff wmachine, - it undoubtedly served its purpose well, it
rust have been impossible to exténd its use beyond the measurement of
steady fields of one sign. This is because the return voltage was

derived from the mill output by means of a rectifier which was not
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phase-gensitive, and the feedback must therefore have been degenerative
for only one sign of potential gradient. The design of the present
field mill is quite similar to that of Hernwell and van Voorhis,
especially in the eleotrode design, but differs from it in that it
includes phase-gensitive rectification.

With vanes shaped es ordinery sectors of a circle, the output
wave~form with which the awplifier has to deal is trisngular. Some
workers have considered this a disadvantage and designed vanes shaped
to give sinusoidal outputs, but in the present design this elaboration
was considered unnecessary. The properties of the field mill will be
dealt with under five headings, as follows:

(a) ZTheory of operation

Referring to- Fig.10, the upper electrode is in the form
of @ vane; it was made by cutting away alternate portions of a disc
divided into eight equal sectors. A4n exactly similar vene bensath
it is bolted to a brass bush keyed to the rotating sheft, which is
earthed by means of a copper ring and graphite brushes. The collecting
electrode is an unbroken disc, except for the central hole, end is
rounted on four insulators to the platfore described in 8 5.2. All
three electrodes are of sfainless steel, the surface of vhich has been
ground to 8 mirror finish, and are 30 cm. in diemeter. For the moment
it should be assumred that the upper vene is earthed, although it is in
fact insulated from its supporting cross-piece; it is then casy to see
how the rotation of the middle vane screens and exposes the collector

s0 that the excursions in bound charge are proportional to the

-73_



atmospheric potential gradient. Neglecting edge effects, the magni-
tude of the variation mwust obviously be the same as in the mwore
conventional assembly of a vane-shaped collector with an earthed vane
rotating above it, and no third electrode. The collecting plate is
connected to the grid of a cathode follower through a network consist-
ing of 8 resistance R and capacitance ( in parallel; the purpose of
the cathode follower being the usual one of matching the high output
impedance of the collector and network to the long cable leading to
the emplifier. An equivalent circuit would show that C and the mean
capecitance of the collector to earth over one cycle are effectively
in parallel, but weasurements have shown thet the latter is small
corpared with C . 1In so far as the upper vane and rotor do not
screen the collector appreciably from the earth's field, Mapleson and
Whitlock (1955) have shown that the pesk value of the triangulsr wave

is given by:

-
Vo= gFRfm(n-r) L~ e * 1

' 4+ Q-T{-LP:Q XXX X Eq_o 5.1

where F is the potentiasl gradient, v, end 1, are the inner and outer

radii of the sectors of the vanes, and 'f is the frequency of the
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the factor in square brackets approximates to }4FFRC. and the out=-
put becomes independent of small changes in the frequenoy of operation.
Although to fulfil this condition wes not absolutely essential, both
an account of the intention to enclose the will within the feedback
loop and because the motor is an induction motor running at constant
speed (mains frequency), the maximum possible output is obtainsble
this way, so it was expedient to have Eq. 5.2 satisfied.
In choosing R and C the magnitude of C must be kept low to

maintain 8 high sensitivity, and the maximum value of R is limited
by the grid ourrent expected from the cathode follower (see (b) of
this section). A suitable arrangement has been found by msking

R=4 x 107 ohr and C = 1000uuF. The frequenoy f is not quite four
times the speed of the motor, i.e. it is just less than 200 c.p.s.
It is therefore found that )éfﬂg_ = 0.06, in satisfactory accord
with Eq. 5¢2. According to Eq. 5.1 the sensitivity would be 0.14&V per
V/w.; but experiment shows it to be ectually 0.04 uV per V/m. It is
not clear why in practice there is such a large reduction on the
theoretical estimate.

In 8 34, the general requirements for the stability of the

apparatus were considered and a slight extension of the discussion

will be convenient at this stage. With the

sensitivity stated above,
the input at the cathode follower cor;espondiné-to 8 potentiai graéien%
of 1 V/m. is less than the flicker noise of the first valve of the
amplifier, if the rather high value of 109ﬁ~V is assumed for the

equivalent grid voltage from this cause. But unless the noise were
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generated at a very low frequency, no output would be obtained past

the differentiating circuit leading to the compensating grid of the

D.C. amplifier, beceuse of its comparatively long time constent, expected
to be 5.5 sec. The high frequenay end of the noise spectrumr would

have no effect in any case, because the frequency of the signasl end

the rectifier is wuch lower than this and the D.C. level of the output
would not be affected, although of course the noise would still appear
at the mill output.

(b) The effect of grid current in the cathode follower

A steady spurious output from the field mill would not
vitiate its performance as a compenseting device, but this of course
depends on the constanocy of the effect producing it, and it is obviocusly
best to reduce the conssquences of all phenomena other then that which
it ia intended to measure. The appearsnce of a2 D.C. voltage between
the collecting electrode and the rotating vane will result in a signal
indistinguisheble from that produced by the atmospheric potential
gradient, for the rotation of the esrthed vane varies the capacity to
earth of the collector, end a corresponding A.C. voltage appears across R
and C . If the collector is at a potential V from earth and. the
variation in cepecity has a maximum of AC , the alternating voltage
will have s peak=-to-peak value AC.V/ C . One way in which the
voltage Y can srise is by the flow of grid current from the cathode
follower through the resistance R . 1In order to keep the potential
gradient equivalent to this output below 1 V/m., AC.v/C< 0.08 uV.

Ac has been measured to be 5/7AF., therefore v < 15 mV. Since

R=4x 107 ohm, the grid ocurrent must be kept below 4 x 10—10 A.
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The characteriatics of the cathode follower have been measured and the
grid current has been found to be less than 10-1QA., so that it can
be entirely neglected.
(¢) The effect of oontact potentisls

It has been found by various workers, e.g. Ineder (1943),
that even when grid current has been quite low enough not to give
trouble, large spurious outputs, up to the equivalent of even 100 V/m.
have been obtained using plates and vanes made of certain materisls.
The quasntum theory of metals shows that when two different metals are
connected electrically it is only the levels corresponding to the
mean energy of the conduction electrons, = the Fermi levels =~ which are
at the same potential. The surfaces are not at the same potential,

however, owing to the difference in the energies required to release

electrons from the surfaces. These differences in work function can
amount to seversl tenths of a volt. In the field milli, the collector
and rotor are connected together through the resistance R and the
earthing contact of the rotor. Neglecting any effects due to these,
it is quite evident that the consequence of such a difference in
potential is the same as that of grid ourrent, except that it way be
more difficult to rewove. Why large spurious effects should result
soretimes, even when the electrodes are of the same metal, e.ge
alurinium or brass, is not clear, but it can be presumed that wuch
may depend on the condition of the surface rather than on the actuel
materiale Chromium plating has seemed a certsin ocure. The present
mill, however, has a plate system of stainless steel, the surface of

which has been polished to a mirror finish. The calibration curve
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(Fig. 15), indicetes that contact potential is responsible for a
"zero" output equivelent to some =50 V/m., but perhaps it would be
more accurate to say that, so far, no other cause for it has been
discovered.
(d) The insulators
Insulators on measuring equipment of this sort are lisble
to give trouble because of the local fields arising from free charges
on their surfaces. If the field, directed towards the collecting
plate, is intercepted by the rotating vane, a spurious signal will be
the result as the bound charge on the collector due to this source is
modulated. In e mill of the vane type, the insulators are usually
well screened so that tew lines of force lie in the region where they
cen be cut by the rotor. If anything, the present design is an improve-
went, as the insulators in question are screened, not by a vane, but
by & complete disc.
(e) ZEerthing of the motor shaft
It has been found with this type of machine that earthing

the shaft carrying the vaene directly through the bearing is not
satisfactory, presumsbly because of the insulating effect of the lubri-
cating 0il (Lueder, 1943). In the original design, the rotating vane
being fixed directly-to the motor shaft, this would have been extremely
unsatisfactory because of electrowagnetic induction in the shaft by

the current in the stator coils: this was in fact observed to be the
case, the output being quite unintelligible, with the only earth being
that through the bearings. It wes found that the resistance of the

shaft to the casing when the motor was running was spproximately 100 ohmr.




Completely satisfactory esrthing has been achieved by a pair of
graphite brushes bearing on & copper slip ring fixed to the shaft.
Once the brushes were run in, the earthing resistaence was found to
be of the order of 0.1 ohme If the resistance is below a certsin value,
the exact size seems to be imraterial: for in order to locate the cause
of a fault on one occasion, 8 resistance of 3 ohm was inserted between
the brushes and earth, but this did not affect the output to any ﬁeasur-
able extent.
(£) Effect of air-esarth currents and precipitation

Mapleson and Whitlock (1955), have analysed the effect of
precipitation current on the output fror a field mill. The current,
flowing into the collecting plate, is interrupted by the movement of
the rotating vane and an alternating voltage is impressed on the grid
of the cathode follower. This is shown to be equivalent to a potential

gradient F_] , where

F o= j/ate

The current density j rarely exceeds 1072 A/w2, and the
consequent velue of F is less than 0.2 V/me Since the ocurrent into
the collector is unidirectional, the mean D.C. voltage of the collector
will also change from zero, and the varistion AC in the capacity of
tha collector t§~earth; as it moves through the expesure-sereening
cycle will modulate this in exactly the same menner as when there is
grid current in the cathode follower. This contribution of the precipi=-

tation current can easily be shown to be negligible, however.

Single drops affect the mill rather differently: each produces
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a pulse of rise and decay time RC 2 0.04 sec. The height of the
pulse can be shown to be equivalent to less then 1 V/m., but in any
case it would be greatly attenuated on passing'through the different-
iating circuit, the time constant of which is 100 times that of the

pulse.

5.4 The choice of a rectifying systew

Although a comparison of the merits and demerits of the wech-
anicel rectifier and the electronic phase-sensitive detector, are
certainly relevant to the design of the wore conventional type of field
mill, the writer's choice of a commtator and brushes was based chiefly
on simplicity of design, since it was hoped that any detracting features

of such a system vwould be automatically corrected by the feedback lodp

(§ 5.5). Although the objection can be raised that wechanical comruta-
tors may run into contact trouble at high speed, electronic rectifiers
used under the present circumstances would have some disadvantagese.

Two types of phase-gensitive detector were considered initially: one

is described by James, Nicholls and Phillips (1947), and has as its
operating principle the addition of the A.C. signal to a larger reference
voltage, which overrides the signal in determining whether the diode
detectors shall pess current or not. There are some rather conflicting
requirerenis [or the successful operetion of this circuit, however.
There is a wore satisfactory circuit (Schuster, 1951), in which the
signal takes its path through either of two triodes, which one being
determined by the reference voltage, of the same frequency as the signal,

which triggers each of them in turn. An irportant oonsideration, however,
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was that large output voltages, up to 80 volts D.C., would be required,
and that it might not be satisfactory to use electronic circuits to
deal with the corresponding R.M.S. input voltages, particularly with
only a modest supply voltage.

As far as the liriting speed of a mechanical commutator is
concerned, the peripheral velocity of a 2 in. diameter commutator
rotating at 3,000 r.p.me is a good deal less than the highest speed at
which conventional generating plant is operated (approximately 10;000
ft./win: Hayes, 1947), although the conditions are, of course, quite
dissirilar. It wes hoped that by careful wachining, a comrutator could
be made to work reliably at the required speed. The assembly is shown
in Fig. 11+ The comrutator is 2 in. in diameter and consists of .two cop~
per discs mounted on a 'Tufnol' boss. Only one of the discs is divided
into eight sectors, every alternate one being connected to the other
dise by the bolts holding the assewbly together. The other sectors
are completely insulated. With this arrangement it is practicable, in
the limited space available, to have the brushes in parallel pairs, two
leeding in, and two collecting the current, thus reducing the probability
of interwittent failure due to brush 'chatter'. The spaces between the
commtator segments were filled with an "Araldite" casting resin to
inorease the rigidity. The commutetor is keyed to the shaft, and since
the rotating vane is attached in the same way, the correct relative
position of these two mnits is always maintained after reassembling.

The brush holders, including those of the brushes earthing the shaft,
are mounted on four rild steel rods fixed to the lower shaft-bearing

housing. The holders are 2ll of the same robust construction, but the
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lower two, which bear upon the segwented portion of the commutator, are
independently mounted on a slotted ring bolted to the rods. These
brushes can therefore be moved round until they are in the position
where the output is commutated correctly (§ 5¢8)s Their position is
defined by a graduated scale marked on the ring. The brushes are a
commercial type used with gtandard motor-cycle accessories and are
rounted redially, except for the pair taking the current from the upper
half of the commtator: these, because of lack of space, sre arranged
to have a small lesding angle.

It has been found that the commutator assembly is almost comp~
letely trouble-=-freec. A rather strong spring pressure is nesded to
initiate the running-in, but once this adjustment has been mwade, a con-
siderable amount of wear can be tolerated before the brushes need to be

changed.

5.5 The application of negative fleedback

The usual course to adopt in the design of such instruments is
to follow the vane system itself with an A.C. arplifier of high loop
gain but with a considerable ampunt of nepative feedback. The resultant
overall gain provides a sufficient output voltage to operate a robust
meter, after it has been rectified. The vane system itself is inherently
linear, and by réstricting the negative feedback only to the awplifier,
good linearity and gain stability way still result. Becsuse the rectifier
remains outside the loop, howsver, the overall performance is no better
than that of the rectifier.

Hitherto the upper vane of the mill has been considered as held
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at earth potential; if it is connected instead to the output of the
commutator, it can be shown that provided this voltage is of the same

sign as the potential gradient, the output is independent of the character-
istics of both the amplifier and the commutator. Referring to Fig. 12,

a potential gradient F gives rise to an output Vw which is fed back to

the upper vane. If d is the distance between the collector and the

upper vane, a potential gradient “yél is set up, which produces a

bound charge on the collector. The rotating vane modulates this in the
samwe way as it does the hound charge of the atwospheric potential

gradient, but since one field is modulated out of phase with the other,

the signal from the cathode follower can be expressed by:

vV o= a(F - VLM)

where A is the sensitivity of the plate assemrbly and cathode follower
corbined. The amrplifier applies a further gain of b , and if the

rectifier has a form factor C , the D.C. output voltage is:

Voo = abc(F = Vujd)

or

N abc F
— Vm - l -+ abC/d eseco Ege 5.3

This is completely analogous to the well=known feedback equation

V,
V., = AV , and provided __(._Lb__L'/d. >>1, the result is:
| + AB

Vm o~ Fd- XX XX Eq_o 5.‘}-
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The obvious advantége is that a,b and C do not occur in the
equation for the output. If the feedback had been applied -only over
the A.C. amrplifier, the result corresponding to Eq. 5.3 would have been:
V= ach/(H ba> » Where @ would have been the fraction of the
amplifier output fed beck, and the approximstions Ve =~ GCAF  would
still have been dependent on the characteristics of the vane system
and rectifier.

There is a simple physical explanation of the behaviour of the
syster. Eq. 5.# shows that the output voltege reaches such a value
that the potential of the upper vane is the same as that of the atmos~-
phere in the plane of this vane. It is then as if the rotating vane
were moving between two unbroken circular conductors, when it could not
wodulate the bound charge on the lower one, the collector, even if the
upper one were at a different potential. In fact the signal on the
cathode follower, when considerably amplified, is Jjust sufficient to
raise the potential of the upper vane to the value necessary to produce
this nominal zero-signal situation.

The effective value of d was obtained in the laboratory by
applying & test field to the mill without the connection of the feed-
back loop. Simultaneously the upper vane was raised to a sufficient
potential to produce zero output from the cathode follower. It was
found in this way that dgﬂ =1+9 cm., whereas the actual distance is
2.4 cre The discrepancy presumably arises bec.ause the potential of |

the atmosphere at the level of the upper vane will not be as great as

one would expect fror the distance d , on account of the presence of
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the rotating vane, which is midway between the other two electrodes and
earthed. Consequently the voltage to be applied to this vane for the
zero-signael condition, will not be as great as the geometry predicts.
There is sore case for increasing the value of d further,
because as explained in § 5.2 this reduces the tiwe constant of the
systeme. However this alteration would require an even greater amplifi~
cation in the succeeding stages; the more so as the exposure factor of
- the collecting plate, and hence QO , would be-reduced as the upper vane
was raised. Thus in order %o keep the feedback factor &bC/d, constant,

b would have to be increassed more than proportionally to d,.

5.6 The cathode follower and A.C. amplifier

Because of the need to keesp the grid current low in the cathode
follower'stage, the valve, a pentodé EF37A, was run at reduced heater
and anode voltages. Mutual characteristics were plotted at different
values of these parameters, but it was found impossible to avoid working
near the bend towards cut-off, and yet wmaintain the properties of a
cathode follower. However, a comprorise was reached, and the unit
shown to behave in accurately linear fashion for grid swings up to
+1V. Fig. 13 shows how thé heater voltage is obtained by using
suitable resistors in the heater winding of the mains transforwer in

£ r 2 2 - s 2.
&
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hie anode supoly ©
the stabilized voltasge acrosa a regulating valve, VR105. This also
gives a measure of stability to the first pentode stage of the swrplifier,

which in addition has its anode supply voltage decoupled from the rest

of the circuit. The other stages are triodes, the final one being a
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triode-connected EF37A, normally a pentode. This was chosen rather

then a 6J5, the triode used in the second stage, because its chsracter-
istics, when the valve is connected as a triode, are better suited to
obtaining a large output voltage without distortion. Resistance=-capacity
coupling is used throughout and the design is conventional. The cathode
follower unit is slung on rubber bands within the mill casing, to reduce

microphonics.

5.7 Oscillations in_ the mill output

One of the major difi'iculties in opsrating a syster which
incorporates 8 large amount of gain and degenerative feedback, is to
design within the limits of phase=-shift and attenustion that can be
tolerated at either extreme of frequency before the feedback reverts
from negative to positive. A generalization is that if a systemw can
oscillate at any frequency, it will do so, even if this is not the
operating frequency.

Unfortunately, in addition to having to design for the D.C.
feedbeck loop governing the ordinary operation of the mill, it quickly
became apparent that there is an A.C. loop which functions as well
when the motor is stationary as when it is running. This is because the
upper vane and the collecting plate of the mill form a ocapacitative coup=

)

1l between he airplifier snd the input grid of the cathode
follower. This cepacity is only 1OQAVLI; but it forms a circuit of time
constent 5 ms., in conjunction with the 4.7 x 10! ohm. resistor at the
input of the cathode follower. The high gain of the amplifier made it
very difficult to eavoid relaxetion oscillations, which of course did
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not stop when the motor was running. The cormutator only interrupted
the oscillations; it did not stop them.

As indicated in 8 503, it waes experimentally determined that
A =4hx 1072 v. per V/m., where & represents the ratio between the
peask voltage of the triangular waveforw at the cathode follower output
and the potential gradient. Assuming that the form factor of the
(helf-wave) comrutator would be !4y , a gain of 10* across the

arplifier would give & feedback factor:

_  _/4x10%x 10" -
ubc/d, - ™ x 0089 =67

This is not very large compared with unity, but 104 is a gain
which can conveniently be obtained with a two-stage amplifier. Iig. 12
shows, however, that considering the whole systemw (with two-stage
amplifier), as a purely A.C. network, with the upper and lower electrodes
of the plate assembly aoting as a coupling condenser C.. as described
above, the phase of the output would be exactly the wrong one: the
system would be regenersatives It wes found to be so in practice.

The obvious remedy of adding an extra stage of amplification
and altering the phase of the commutetor by W was not, however, as
sirple a solution as it sounds. The rule governing the design of feed-
back loops is known as the Nyquist criterion of stability. A useful
sumrary of the criterion is given by West (1950), end it is pointed
out that for arplifiers with ordinary characteristics, the rule amounts
to arranging matters so that, when attenuation and phese-shift are
plotted against frequency, the attenuation curve is such that the loop

gain of the system will have fallen to unity before the phase-shift has
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reached W . In an axwplifier with two stages, or, more correctly, only
two resistance~-capacity (RC) couplings (81l the others being direct),
the criterion is almost automatically fulfilled except at extremely
high gains, because the maximum phase shift of an RC coupling is Tnél
so that the regenerative condition will not be reached, theoretically,
at any frequency. When more than two such couplings are used however,
and no compensating networks are included, the system is certain to
oscillate at sowe frequency if the gein at the operating frequency is
sufficiently high, because there will be sowe low frequency for which
the total phase shift exceeds TW , and it is only necessary for the
gain round the loop to be stili greater than unity for it to become
regenerative. -

With a three-stage arplifier after the cathode follower, there
are no fewer than five RC couplings, counting the vane systemr as one;
the textbooks indicate that the difficulty of avoiding oscillations
increases out of all proportion to the number of stages. An endeavour
was made to assess the problemr quantitatively. In the first place
(See Fig. 12), the vene system and cethode follower input, cowprising
Cm, C, and R, is not quite the same as a simple RC coupling,
because it also introduces a constant attenuation factor even at
frequencies for which there is no phase-shift. It is easy to show
that for an RC coupling the following relation holds between the

attenuating factor D end kﬁ , the phase-shift:

.
D = (l + ran"\p)'/ 2

so that there is no attenuation at the opersting freaquency for which

the network is designed. FYor the vane syster this equation becomes:
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D =

|
0 + C/Cm)( 1+ "an’¢)7‘~
This means that, with an amplifier of gain 104, the effective gain
for an A.C. signal even when )5 = 0 would be only. '0“/(“ C/Cm) .
Since the factor. (|+ Cé;)f! 10, it is only required to ensure that
the gain is reduced s thoussnd-fold by the time the total phase=-shift
becomes as great as T « The usual method of controlling the character-
istics when there are more than two stages, is to design one stage to

have as nerrow a frequency band as permissible (F.E. Termsn, 1950).

Eventually, es the lower end of the frequency scale is reached, this
stege will bear the whole burden of attenuating the output, only, as
the initial gain is higher, so will the departure from opsrating
frequency have to be the greater in order to do this. FHowever, the
phase shift in this stege can never be greater than'n[z « The
probler is then to design the rest of the amplifier with sufficiently
large components so that while the narrow~bsnd stage is ettenuating as
the frequency departs from normal, there is no falling-off in gaein in
the other stages, and consequently no phase-shift; or at most a combined
phase-shift not exceeding T/y . This problem is usually difficult,
because it means designing the other stages to have a flat response
many octaves outside the useful range of the arplifier. As the number
of stages increases, each rust contribute less towerds the total phase
shift, TV&_, which'is all that can be allowed while the narrow-bend
stage is reduoing the overall gain to unity.

Specimen calculations based on tolerable vslues of capacitors
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and resistors yielded the conclusion that the problem was not likely
to be solved this way, end experiment proved this to be soe The next
resort in more conventional work would have been to design phase=-
advance networks which have more favourable attenuation=-phase cheracter-
istios then the simple RC coupling (Valley and Wallmen, 1948; Bode, 1947).
However, in this case 8 much simpler solution wss discovered. Simply
by comnecting a large condenser E (Fig. 12), across the output, it was
found that this eliminated the oscilleticns. It obviously acts as a
short-circuit for any A.C. component which may tend to develop, while,
coring after the comrutator, it does not interfere with the D.C. operation
of the field mill, except to incresse the time constasnt to approximately
0+s1 secs It also confers an additional advantage in increasing the form
factor of the commutator, since the condenser holds its charge during
that part of the cycle when the commutator is non=-conductinge Theoreti-
cally the form factor should now be.ZGT, twice that assumed earlier in
this section.

Even when the relaxation oscillations had been eliminated, it
was found on close observation that there wes, superiwposed on the output
produced by an ertificially applied constant field, a small oscillation
corresponding to 1 V/m. in emplitude and with a frequency of approxi=-
rately 1 c.p.8. It was also noticeable that the oscillations were
synchronous with audible beats coming frorw the mill motor. On injecting
the mill output into the differentiating circuit the oscillation was

seen to produce large excursions in the output of the D.C. awplifier.

This wes not surprising, because it is the rate of chenge of the mill
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output which the differentiating circuit feeds to the D.C. amplifier,
and this may be large even though the oscillation amplitude is itself
swrall. Now, however, it is believed that the disproportionate effect
was due to other causes, described in Chapter 7. At the time it seemed
that the apparatus would not function properly unless the oscillations
were avoided.
The source of the trouble was very elusives It nust be adritted

that it has usually been considered undesirable to run a field mill on
a mains=driven motor, because of the hur generated in the cathode
follower or on the collecting plate itself's In the present case, it
had been considered that any ripple in the final output would be of
sufficiently high frequency not to register in the D.C. amplifier.
Thus it had seemed quite reasonable to take advantage of the construc-
tion of the motor and fix the rotating vane and ebmmutator directly to
the shaft projecting at esch end of the casing. Electromagnetic screen-
ing had been considered unnecessarye. Improvement of the electrostatic
screening, particularly round the ocathode follower, and avoidance of
earth loops (Zepler, 1945) were tried, unsuccessfully. Two further
expedients which were used are shown in Fige 14. The first, & parallel-T
network, was designed to f'ilter out ripple et mains frequency, but
slthough it succeeded in this, the low frequency variation in the recti=
fied output still remsined. A tuned grid transformer coupling between
the first end second steges of the main amplifier, designed to pass only
the signal frequency, albeit with a2 fairly low Q of about 6, was also

unsuccess ful.
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An_experiment was then performed to see what might be the
waveform of the current passing through the motor windings, by invest-
igating the E.M.F. induced in a coil placed near it. It was evident
that 50 c.p.s. pick-up was being modulated at about the same frequency
as the audible beats coring from the motor, and the oscillations observed
in the rill output. An induction motor revolves nominally a2t an integral
multiple of the supply frequency, but in practice, the torque which it
has to exert causes it to slip behind its nominal speed, the difference
in the present case being about 1 ce.p.s. It seems reasonable to expect
that the current cerried by the mwotor coils should slsco be modulated at
this frequency. If the rotating vane was influenced by radiation from
the motor, for instance, through the shaft, the 200 c.p.s. signal
frequency could conceivably be modulated also at 1 c.p.s. at the cathode
follower inpute. Clearly, if the low frequency was introduced at such
an early stage, no kind of filter network in the amwplifier would wake
any imwprovement.

Finally the motor was removed fror inside the mill casing and
a separate bearing housing constructed for the shaft, to which the drive
is taken by a V-belt. To prevent static electricity produced on the
belt from inducing a field on the mill plates, the belt has over it an
aluminium hood which is sttached to the will case but insulated from
the motor housinge. As an addi?ional precaution, the motor supply cable
has been encased in an iron conduit separately from the other cables.

This has resulted in a marked improvement in the steadiness of the output.
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5.8 General features and calibration of the field mwill

Vhile improvements in the mill design were in progress, arrange-
ments were made in the laborastory for applying potential gradients
artificially. The mill was surrounded by an earthed alurinium sheet
1 m. square, at the level of the rotating vane, and a parallel plate of
similar size slung from the walls over it, and of course insulated.
To this an adjustable voltage was applied. The distance between these
plates was kept below 50 cm., so that the surrounding walls would not
influence the potential gradient at the will appreciably. The comrutator
was correctly phased by applying a moderate voltage to the test plate
and observing the output of the amplifier on a cathode ray monitor, with
the feedback loop disconnecteds Figs. 15 and 16 are calibration curges
of the mill after this adjustment and with the feedback return operative.
With low potential gradients, up to 1200 V/m., it can be seen that the
points are closely lincar, but that the numerical value of the slope is
less for negative than for positive potential gradients by 2%. A
tentative explanation of this will be given. There is also an output
when the applied field is zero, equivalent to about =50 V/w. This,
presumably, is due to a contact potential between the collecting plate
end the rotating vene (8 5¢3, (¢))s Fige 16 shows the calibration curve
up to 6,000 V/m, with the points of Fig. 15 included for reference. The
most noticeable feature is the flattening off of the curves above
4,500 V/w. This is to be expected, because the amplifier characteristio
is linear only up to 70 V. r.m.s. after which it quickly becomes saturated.

The rectified and swoothed output corresponding to this is 46 V. The
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calibration curve shows that the feedback loop is performing its proper
function of extending the (approximately) linear region of the overall
syster beyond this voltage. The apparent change of slope of the curves
above the points included fromr Fig. 15, is of doubtful significance.

To begin with, the first two points on the dotted part of the curve of
positive potential gradient cannot possibly be a correct continuation
of lower region, because a straight line through themr intersects the
straight line which can be drawn accurately through the lower points,
and does not continue it smoothly. The discrepancy may be even greater
than this, because, if anything, the extension of the curve will be
concave downwerds which would make the fit worse. The reason may be
that the electrostatic voltmeter used for the high voltage measurements
(dotted curve), and the moving coil weter used for the lower voltages
of Fig. 15 were not correctly intercalibrated; owing to the small range
overlap it wes possible to mwake this intercalibration only at one point.
The deviation from the slope at lower voltages is in any case only 2%,
supposing it not to be due to a systematic error.

It is of interest to know the quantity_@bt/i in Eq. 5.3,
because the extent by which this exceeds unity is a measure of the
system's independence of changes in amplifier and commutator character-
istics. Its value was easily obtained by observing the rectifiied and
swoothed output for a known applied field, without having the feedback
loop connected. The output for a potential gradient of 97 V/mw. was
observed to be 33 V. so that ab( = 33/17 . Using the effective value

of d measured in the laboratory, des = 1.9 cm. (§ 5.5),

=l =
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Inserting the values of the plate system sensitivity,
w= 107" V. per V/m.; the main amplifier gain b = 2 x 104, and.the
theoreticsl form factor of the cemmutator ( =‘%4T s the feedback factor
should heve been 27. The reason for the lower value obtainéd in practice
lies in the commrutator not being a perfect half-wave rectifier; the
form factor was in fact observed to be only O.47. The cathode ray
ronitor shows that it passes more than the correct half of each cycle,
on account of the width of the brushes, so that (in s positive potential
gradient) the positive half of the waveform is partly cancelled by thet
arount of the negative half which the brush allows to psss. I% is
possible that such a small value of the feedback factor might give rise
to the non-linearity of the calibration curve in Fig. 16. It might also
account for the difference in the slopes for positive and negative
potential gradients shown in Fig. 15, although it would also have to be
assuced that the vane syster or the commrutator, or both, deal very
unsymretrically with positive and negative fields. A possible explanation
of Fige 15 is that the walls of the room exerted an influence on the
field applied to the mill in the laboratory.

The mill was later calibrated outside in the position in which
it is now used, for positive potential gradients only, by means of a
test plate erected over it (Plate 1)e It is found that an applied field
of 100 V/mw. produces an output of 1.64 V. The value of d,ﬁ obtained
frow the calibration is thus 1.64 om. notably different from the 1.9 cm
obtained in the laboratory. The discrepancy is perhaps to be attributed
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to the slightly different exposure of the mill in the two cases.

The mill in its working position is shown in Plate 1. In the
foreground are the motor housing and the hood protecting the plate
syster from fields induced by the driving belt. The mill chassis is
surrounded by an aluriniur cowling which protects it from the weather.
It is held in place by leather straps so that inspection can be readily
carried oute However, even minor repairs necessitate lifting out the
will altogether, as a rule. The mill and driving motor are both firmly
fixed in position by rag=-bolts embedded in the cement plinths on which
they stand. There is provision for sdjusting the position of the motor
slightly to take up slack in the V-belt. The nrill chassis and the
rotating vane are earthed directly to a copper plate sunikc beneath the
floor of the pit. This earth is carried indoors by means of the cable
sheaths, to the main amplifier, which is not separately connected to
the mains carth via its power supply. There is no connection either
between the eartih lead to the motor and the chassis of the mill, as it
was found that otherwise a large amount of meins ripole was induced in

the cathode follower outpute



CHAPTER 6. _ THE FIRST TESTS ON THE CQMPIETE SYSTEM

6.1 The differentiating cirguit

The parts of the cirouit whioh are relevant to this section
are illustrated in Fig. 17, which shows the electrometer stage of the
D.C. awplifier with grid G, receiving the input current from the
aollector, and G:,_ s the comp'ensating grid. The magnitudes of the
differentiating circuit parameters are very simply related to other
parameters in the circuit as followss~ Suppose a potential gradient
F V/me to be oreated linearly in e time £ « The total charge
transfer fror the collector to ground through the input resistor R is
£,FA , where A is the area of the collector in square metres.
Since this change takes place over the timre t , there will be, after
any transients have died away, a ocurrent. E.FA/t which generates
across R the voltage, V' = &RFA/E o Let the output frow the
field mill for the potential gradient_F be Ve «  This voltgge will
cause a total trensfer of charge DY.. to or frow the differentiating
condenser ) , which charge, since it occurs over the time t constitutes
a ourrent,_D_Yn/t ¢« This produces the corpensating voltage across. S

V, = DSV./t The condition upon. D and S is evidently:

Ds = CO%AR eecsee Eq. 6.1

(.Y

With values of & , F, Y., and R quoted elsewhere, and & value for A

of 0.2 m2, (the geometricel ares of the collector aperture), DS = 5.5 seoc.

Q7=
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The equation above was derived for the steady state, after transients
have disappeared. For the compensating side of the systemw this weans
after & time long compared with DS, because the steady state will

be approached along an expoﬁential_ V'( ! 'Q_%) « HMurther consider-
stion will be given to this aspect in B 6.2.

It is very important that the differentiating condenser should
have a high degree of insulation, so that the leakage ourrent through
it and S , caused by the application of the mill output, will not
produce a signal comparable with the air-earth current on the other
grides The relative magnitudes of the leakage and air-earth currents
will, of course, depend on the relation between the potential gradient
and the air-earth current, but it is only necessary to enquire what is
the smallest air-earth current associated with a given p;:tential
gradient. It will be talkken that this is governed by the siallest
observed conductivity of the atmosphere, 3 x 10"‘I8 ohm"1 om'1., although
this would not cover the case where a large conduction current and
precipitation ourrent of opposite sign practically cancelled each
other oute The smallest current for a potential gradient F V/we is
accordingly. Leia =3 x 10~16F A/mz., which would produce a voltage
across. R , V=3x 10"16FAR. If the differentiating condenser has
a leakage resistance R,_ , the output voliage- V.. due to the iield F
will produce a signalon & ; V. = SV_/(R‘+ S) or, assuming

Re>>S : Vu=SV./Re . V, is required to be less than v,

say. Y= V/|O ; therefore the condition is that

R Yim
S 3x107FAR
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Inserting the values for the various quantities, it is found that
R‘/\S% 5 x 101"; it is thus required that R, shall be of the order

5 x 101 ohm. The condenser used is of the air-spaced, variable type,
with poroelain insulators, and has a maxirum capacity of 1500/47uF. |
After cleaning, it-wes mounted in an alurinium box which also contains
a 12V. bulb to keep the whole assembly dry. The leakage resistance
was determined by mweasuring the time constant of the condenser with a
ballistic galvanoweter, charging up the condenser to a small voltage
and measuring the throw of the galvanometer after a known time. In
this way the resistance was found to be 3.6 x 1014 ohm, which is

regarded as fairly satisfactory.

6.2 Method of testing the equipment
It was indicated in 8 3.3 that Eq. 6.1 is not a sufficient

condition for accurate corpensetion because this equation neglects

the fact that the differentiating cirouit does not give an instantdneous
response to & rate of change of potential gradient, but an exponential
one with a time constant PS . It wes necessary to introduce a tiwe
constant on the collector input side of the eleotroreter stage (grid G, ),
which would match the time constant DS without of course affecting the
steat'iy state condition expressed in Eq. 6.1. At this stage in the work

Al o L
[

PP e ] =
v uvLc vl tL

it was believed i€ B
produce a time constant comparable with DS (approximstely 5 sec.), and

that the time oonstants of the circuits on either grid could be adjusted
independently. It can be seen that, with the above assumptions, the use

of a condenser X across the input resistor R (Fig. 17) is a simple

=09



solution to the problem. The steady state response of this part of the
cirouit will still be V=RI , independent of X , but V' will follow
changes in current with & time constant R)Q and the net response of

the whole circuit to a step function Il , assumring Eq. 6.1 is satisfied,’

will be
\ = RL[(1-€%) —(1-e%)] veees Eqo 603

By adjusting X , the time oconstant on the air-carth current side could
be made equal to DS , on the compensating side, and the corpensation
would then be perfect.

To effect this in practice, a method of applying a simple wave-
forr of potential gradient to the air-earth current collector and the
field mill has been devised. An aluminium plete 8' x 4', ocan be
erected over the apparatus, at 2 height of approximately 50 cmw. from
the ground; with its legs standing on insulators. A4 rotary wirewound
potentioreter is used to divide the fixed voltage from an H.T. battery
and the tapped-off voltage is applied to the plate. T he potentio&eter
is rotated by a synchronous clock motor through a suitable gear chsin.
Tﬁis unit is shown on the left of Plate 2. In this vway a saw-tooth
voltage is applied to the test plate and it was established that its
sloping edge is an accurately linear function of the tiwe. The response
of the field mill to the wavefrom is shown in Figs. 18, 20, 25 and 26.
In terms of displacement current an interpretation is simply obtained
by differentiatings. During the short 'deed' period before the steady

rise in voltage, while the wiper arm is woving across the stud connected

to the earthed terminal of the potentiometer, the displacement current
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is zero. At the onset of the steady rise, the displacement current
undergoes a step function to e value which is maintained during the
linear part of the waveform. When the wiper arm reaches the end of
its traverse, the applied voltage rerwains st & steady mexirum for a
short time while the contact moves over the second stud, and there is
a step funotion of displacement oﬁrrent back to zero againe Subsequ-~-
ently the voltage on the plate suddenly returns from its maxirum
value to zero and there is an impulsive negative displacement current,
i.e. 8 very large negative ourrent scting over a very short time.

The cycle then begins again. If vas not expected that the compensa-
tion would be good enough to meintain a zero output during the impulse
Just described, but it was hoped that the step functions corresponding
to the beginning and end of the steady rise in voltage would be compen-
sated satisfactorily.

It was proposed first to satisfy the condition for a stecady
digplacerent current by ﬁaiting for the transient response to the step
function at the beginning of the cycle to die awey, and then adjusting
the differentiating condenser D so that there was zero output from
the D.C. earplifier during the rewainder of the period of steady dis-
placement current. So that there would be plenty of time during the
cycle to ascertain whether the compensation wes acourate, the traverse
of the potentiometer was arranged to last mwuch longer than the expected
tire constent of the system (5.5 seo.). The linear increase of potential
wes aocowplished in 106 secs After the compensation for the steady

state had been achieved, the condenser X shunting the collector inmput

g”nt at the beginning of the

resistor would be adjusted until thebirar
) -
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cycle was reduced to zeroe This of course would not affect the comp-
ensation for the steady displescement current, and the adjustment would
then be complete.

There is a complicétion in that owing to the conductivity of
the atrosphere, an ionic current would flow into the ocollector when the
test plate was not at earthe Therefore it would be strictly incorrect
to adjust the differentiating condenser so that the output of the
D.C. amplifier was zero. However, if the period of the saw-tooth
waveform of the applied potential were short enough, the displacement
current would be large cormpared with the @onduction ourrent, and the
error introduced by neglecting the latter when the adjustments were

made would be negligible. This is further discussed in § 6.3

6.3 The potential gradient waveform applied to the collector alone.

As a preliminary, the varying potential gradient produced by
the motor-driven potentiometer was applied to either seotion of the
reasuring equipmrent in turn. In the first series of experiments the
differentiating eircuit wes disconnected from the field rill and the
corpensating grid of the electrometer stage held at earthe Thus the
effect of the displacement ourrent acting only on the air-earth
current collecting side of the circuit, could be observed. The behaviour
under thesé oirocumstances is shown in Record 38 (e), Fig. 18, where the
field mill output and the response of the D.C. amplifier are recorded
together. During the linear part of the sawtooth waveform, the voltage
applied to the test plate inoreased from zero to 72 V. in 106 sec.

The distance between the plate and the ground was 46 cwe The displacement
=102=
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current effect on the D.C. awplifier is clearly seen, and the record
is an experimental derwonstration of how a uniforwly changing potentiél
gradient corresponds to a uniform displscerent current. The transient
between each period of steedy deflection is easily explained in the
terms set forth in B 6.2. The time constent of the current collecting
side of the equipment was set to epproximetely 5 sec. for Record 38(a)
by adjusting the condenser X . However, it was established that the
final steady value of the output in any c¢ycle was not dependent on X ’
which only affected the time taken to arrive at this value.

An interesting by-product of this experiment was that it
enabled an estirate to be made of the effective area of the collector.
From the known rate of increase of potential gradient applied to the
collector, the displacement current density could be calculated. This
worked out to be 1.31 x 10"11 A/bz. On the other hand, fror the output
of the D.C. arpiifier and its known sensitivity, the total current
flowing into the collector was 1.24 x 1012 A. as indiceted in Fige 18.
Fror these two quantities, the effective area of the collector is obtained
as 945 cmz., vhereas its geomwetrical aperture is espproximately 1900 om2.
The importance of this has been discussed in 8 4.2,

A measurement of the response of the system to a constant
applied voltage on the test plate was mede, with the compensating grid
still st earth potential, and the result is shown in Record 43, Fig. 19.
The first § in. or so at the left of the trace shows the outputs of
the field mill and the D.C. arplifier with no applied voltage and the

rerainder demonstrates the application of a steady potential gradient of

157 V/m. (the ssme as the meximum of the sewtooth waveform). The
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amplifier output has changed by an equivalent of 1.2 x 10'13A. input
current. This is presumebly the amount of conduction current driven
aoross the gap by the potential gradient. It has already been stated
that the displacement current induced by the sawtooth waveform is
1.2 x 10'12A., so that by adjusting the differentiating condenser to
give zero output in the tests proposed in 8 6.2, the error in compensa-
tion wust be 10% of the displacement current. However, this was regarded
as heing not unsatisfactory in the initial programme.

The other records in Fig. 19 are quite instructive; all three
were taken on the ssmwe day. Between Record 42 and eithqr of Records 43
and 44, there is a marked difference in the steadiness of the D.C.
arplifier outpute Record 42 was taken with an earthed metal plate
placed over the collector snd very close to it, so presumably the small
fluctuations in the other two records were caused by spsce charge being
blown into the collector. While the difference between Records 43 and
4) oould have been caused by changes in the electronic equipment itself,
it seems a reasonable supposition that the increase in fluctuations in
Record 43 might have been due to the effect of the potential gradient,

in addition to the wind, driving space charge into the collector.

6.4 The potential gradient waveform spplied to the field mill salone

In a further set of experiments, the hemispherical collector
wes screened by an earthed plate close over it with the test plate
still in position, and the field mill was reconnected to the different-

iating circuit so that the behaviour of the arplifier with the compensa-~

ting signal only, could be observed, The performance when the sawtooth
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waveform of potential was applied to the test plate is shown in

Record 4O, Fig. 18, with various settings of the differentiating con-
denser. As far as can be judged from the record, the shape of %he
curves of emplifier output, for sore setting of the differentiating
condenser between 319»7~B‘and 465/7KF, is the negative of that observed
with the potentisl gradient applied only to the collector. By plotting
the compensating current against the setiing of the condenser, it was
established that the condénser rust be adjusted to 369qu in order to
corpensate the displacement current observed in Record 38 (a). The

time constant of the differentiating circuit (S = 9.5 x 1o9ohm) would

therefore be 3.4 sec., which permits a prediction to be mwade of the

required setting of the condenser X , shunting the input resistor on
the current collecting side. The experimental value, Y= 3e¢4 sec. can
be compared with that deduced in § 5.2 frow Eq. 6.1t ¥ = 5.5 sec. This
was based on the values v-/F = 0.0195 V per V/m., and A = 0.19 w2,
However, in 8 6.3 it was seen that the effective value of A is 0.0945 m2,
while, in the situation in which the mill is actually used,V§¢ = 0.0164V
per V/m., as explained in 8 5.8. Making the correction, it is found
that Y = 3.3 8sec., in fair agreement with the experirental value.
Although in general the results obtained when the effect of
the varying potential gradient was transmitted through the differentiat-
ing circuit were satisfactory, a disturbing feature was that sudden
fairly large deflections were observed in the amplifier output when
this should have been steady. Careful examination of the field mill
output revealed no spurious effects large enough to cause such deflec-
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tionss The fluctuations in the will output were never greater than

an equivalent input of 0.01 V/m., and generally they were only half of
this; if the theory of the apparatus which had been developed so far
were correct, the effect on the amwplifier output should have been
negligible. It waes discovered later that fluctuations in mill output
ocould indeed have been responsible for these effects, but only because,
for rapid changes at the compensating grid of the electrometer stage,
the feedback loop is inoperative, and the full loop gain of 320 is

applied %o the signale. This is fully discussed in B 7.4 et 8eqe.

6.5 Failure of the first atterpt to achieve comrpensation

The differentiating condenser D and the shunt condenser X

(Pig. 17), were adjusted to the approximate values deduced in 8 6oly,
and both grids of the electrometer stage were subjeoted to the sawtooth
potential gradient through their respective circuits. The results of
this first attempt at compensation are shown in Records 45, 46 and 47,
Fige 20. In preparing this figure, all the records had vertical
sections cut from tﬁe relevant parts, and these were mounted on white
card and photographed. However, the relative dispositions of the traces
are preserved as in the original records, so that the D.C. awplifier
zero level given in Sections 2 and 3 of each record is the level at
which the output should have remained during the potential gradient
cycles, if the compensation were perfecte It must be mentioned that
the change in 'zero' level between Sections 1 and 2 of each record is
also real, but the cause of this was never discovered. For some

unknown reason, whether or not the collector was connected to the electro-
=106~




reter stage, even when it was receiving no current, made a considerable
difference to the 'zero'. However, in practice, this was only 2 minor
inconvenience, and a reproducible zero could be obtained, with the
collector conneoted, by placing the earthed test plate over ite This
is the zero shown in Sections 2 and 3 of all the records in Fig. 20.

The records differ only in the value of the condenser X ,
shunting the input resistor, and the capacitance increases as the set-
ting in degrees increases: the condenser wes not calibrated. The
differentiating condenssr was set at approximately 369HT“F throughout.
From Sections 4 and 5 of Records 45 and 46, it can be seen that some
measure of comrpensation was achieved for steady displscement currents,
but not in any degree for the sudden changes at the beginning and end
of each cycle.

The most remarkable feature is shown in Sections 5 of the
records, where the low sensitivity setting of the galvanometer enables
the transients to be seén clearly. These showed a2 large deflection in
the positive direction, which decreased as the shunt condenser increased.
Now when the second grid of the electrometer stage was held at earth
so that there was no corpensating signal, the deflection was negative
at the sudden fall of potential gradient to zero, and the magnitude
deGreésSed as the shunt condenser increased, as sxpscieds From the siwple
picture outlined in 8 6.2, the transient should be the algebraic sum
of two independent time constant effects. Since the time constant of
the differentiating circuit was not altered in any of the records in
Fig. 20 the contribution from this side should have remained constant,
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and therefore, the resultant positive deflection should have increased
as the shunt condenser was increased, instead of which the reverse
happened.

It was therefore concluded that the theory of independent tire
constants described in 8 6.2 is not correct. Part of the transient
caused by the compensating signal must contain a tire constant which
is affected by varying the shunt condenser; this is equivalent to the
'crossing over'! of & parameter, as explained in 8 343+ An important
clue as to where the commection might be was afforded by a result
shown on closer inspection of Fig. 20. In Section 2 of each record
is the expected result, that exposure of the collector to the test
plate, when this has no voltage on it, and with the field will discon=-
nected, did not affect the output of the D.C. amrplifier. In Seoction 1,
apart from the change in zero level, it is also seen that when the mill
was connected via the differentisting circuit to the compensating grid,
the output remained very steady provided the collector was disconnected
fror the first grid of the electrometer stage. However, as Section 3
shows, connecting the collector caused the output to become much less
stable, even though the collector was not receiving any signal from
the test plates The instability decrcased as the shunt condenser was
made larger; but the important conclusion remasins, that the capacity
of the collector and its cable, hitherto neglected, has a disturbing
effect on the behaviour of the circuit.

It ws quickly established experimentally that it would be
irpossible to obtain results in the smellest degree satisfactory with
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the existing arrangement. A4s it was not obvious in what respeot the
circuit would have %o be altered, except the impracticsl one of reduc-
tion of the capacity of the collector and its cable, a complete
theoretical study of the system was undertaken. This is described in

the following chapter.
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CHAPTER 7. ANALYSIS OF THE CIRCUIT BEHAVIQUR

71 The equivalent circuit of the apparsius.

In order to visualise the way in which the amplifier and field
mill may be descriﬁed mathematicelly, the circuit parameters are
rearranged into the equivalent circuit of Fige 17« The inset in the
centre of this figure is a smoothing circuit eventually needed to follow
the field mill output; this has not entered into the description so
far and will be ignored for the present.

Beginning at the left of the equivalent circuit, the input
ourrent Iﬂﬁ , assumred to be a displacewent ourrent, flows through
the input resistor R on the air-esrth ourrent grid G—, of the D.C.
arplifier, producing 2 voltage V, on that grid. The other end of R
is counnected to the feedback loop which is the same point as the final
output from the cathode follower, this output being Y. . V, arises,
of course, not only frow the displacement current into the collector,
but also from the output V.. of the field will, the differential of
which, through DS is applied as a voltege Vi on the other grid, G, .
Because of the capacity to earth of the collecting hemisphere and its
cable, the flow of current through R is delayeds The effect is allowed
for by showing the lurped capacity in the network as C. X is the
varieble shunt condenser described in 8 6.2. The centre section of
the equivalent circuit represents the final cathode follower. Here

the electrometer stage and the main emplifier have been considered not
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to introduce any phase change, and their effect is implicit in the
voltage_ G-_( V, - V.) ascribed to the cethode follower grid C"s: G
being the overall gain between input and cathode follower. The cathode
follower is equivalent to a generator and the expression for the volt-
age generated indicetes that it is the amplification factor multiplied
by the difference between the grid voltage and the cathode feedback
voltage. The anode resistance of the catbhode follower is represented
by fa , and Y is the parallel combination of the cathode resistance
and the resistance of the recording galvanometer. Y is closely equal
to the cathode resistance alone, however, because the galvanometer
resistance is much greater than this.

When the output is caused by an input on only one of the two
grids, V. will be replaced by VA or VB » corresponding to whether the

signel is on & alone, or G, « Thus, V% = Va4 Vp

Te2 The laplace transfomm

A detailed discussion of the Laplace transfore would be out
of place here, but it is worth pointing out the wain advantages of
this mathematicel device as applied to circuit theorye. All the funda-
wentals required in this discussion are dealt with by Jaeger (1949).

It mey be supposed that a differential equation in'1 as a
function of £ must be solved, where '

Ig * Bc%t"‘ T Yy + 2= A veesee Eqs 4.

"

The purpose of the trensform is to enable the operators ——:L s etce,

at
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to be replaced by algebraic symbols of the type 5' u(p) , where -lj-
is called the transform of the solution for U and W is a function ofP,
a parareter introduced by the nature .of the transform. The equation is

thus altered to the form

[Awc(p) + Bu )+ - Yu-ﬁk)}j « w(pz = 1)+ g
where ¢ is a function of the boundary conditions and ?(P) is the
transforw of ‘f(\:) . fj_is obtained as a function of P , by solving
the now algebraic equation, and :, determined by performing the inverse
of the trensfore process on l\.’ .
The Laplace transform j.s defined by the equation;
f = |e™Hwac

o
The particular relevenoe to network theory of the kind in question here

is twofold. [First, given zero initial conditions, the transformation
is equivalent to writing Kirchoff's laws using, instcad of the actual
currents and voltages, their trensforms U and V; and writing dowm the
effects of a resistance R, a capacity C and en inductance L. as the
irpedances R, K,Q and pL respectively. It is evident that there is
a8 close analogy here to the use of the symbol J'w instead of the
operator d/dt to find the particular integral in a problem involving
alternating voltages of angular frequency W . Secondly, the transforms
of square and impulsive functions of impressed currents and voltages,
(such s will appear in "'(t) on the right hand side of Eqe 7.1 in the

present problem) are particularly siwple functions of P N
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T3 Types of input and solution

The main features of the sawtooth waveform of potential gradient
used to test the apparatus may be described by two functions, for
which references should be made to the insets in Figs. 21 and 22.

Type A; Fig. 21

First it is supposed that the potential gradient has been zevro
from £ = - to b =0, and then begins to rise et a rate F V/m. per
sec.
The traunsform of F(t) =Fct s E(.P) = F;/P"
Corresponding to this, the displacement current I(t) will remain at
zero until € =0 and will then undergo a step change to é constant
value [; = F. &
The transform of I(t) is T(k) = [;/}o

Iype B: Fig. 22

Next a step function of potential gradient is considered, such

that F =0 fror > -0 to €= O, and then rises instantaneously
(ideally) to the value Fi o The displacement current then rises
impulsively to a very large value and falls to zero again at the instant
€ = 0. Essentially the nature of the impulsive function is indetermin-

ate, but for convenience it may be suppeosed that the potential gradient

ck
<

- F - -
[']

i a - mt. .
Liloc | ® L . LicoLl

1) = T8(t);  where 8()= 0, E<0 ; 8(6)= Y%, 0ckeg; §(B)-o0, €<t

I, is again related to K, by I, = RE, . The trensforms of this

function of potential gradient and the corresponding displacement
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displacement current are:

Fip) = Rp) 5 IG) =L
It is found that the transform of the solution for the output

voltage, inevery case, can be split into partial fractions and expressed

in the form

vV = F B, & ., € .., L L, _D
Ve F,_[A-*- P t P*A. + P"f\l + P"/\n t (P‘*)\)ll

where any of the constants A, B, C,.... , D msy be zero. The

solution of the problem, the inverse tranaform of V, , is

Vo= RLASW B ecd e Ce™ L pre)

The terms in the bracket correspond respectively to those in the

bracket of the expression for \Q » The last term srises when two

cirouits heving the ssme time constant are connected in series,

and )\ will be equal to one of the An's.

7ok Preliminary calculation to show the main festures of the circuig
behaviour

In this section the currents in the network are solved and the
output voltage obtained with the simplif'ying assumption that the time
constant of the differentisting circuit is zero. This enables one
to see very clearly in what fundamental respect the circuit misbehaves.
The ssme irregularity is of course implicit in the equations when the
differentiating time constant is teken into account, but the complexity
is grestly increased by including it end somewhat masks the conclusion

to be drawn.
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Except in one or two cases which will serve as examples of the
rethod, results will be quoted without the calculations leading up to
them, ss these are simple though tedious. Caloulations are made of:

(a) The general equation for the output ¥, of the D.C.
amrplifier for any displacement current affecting only
the colleator.

(b) The general equation for Vp , the output of the awplifier,
when any voltage V,(t) is applied to the corpensating
grid; (oollector screened off).

() T he resultant output V. when sirultaneous step functions
of current and voltege are applied to G; and G,_ respect-
ively.

(a) The resultant output Vo when simultaneous impulsive funo-
tions of current and voltage are applied to G, and Gy

Articles (o) and (b) will obviously be of direct application to any
problem concerning the amplifier; (c) and (d) are equivalent to assum-
ing that the corpensating signal applied by the rill is treated by an

ideal circuit which differentiates it without introducing e time constant.

(a) General equation for Va , displacerent ourrent [(tl affeoting

only the collector

The transforms of Kirchoff's equetions for the closedloopa in

which the currents L,, L, , flow (Fig. 17) are:

' - — —
AR o R N (O

sesess Eq_o 7-2




"‘/L[V‘G + Y(T,-t,)] = -RT, + Y(Tﬂ_tz) eseees BGsTe3

Since. -\Z = (T(P) - T.)/PC and /U-/r,_ = 3 , the transoconductance

of the cethode follower, Eq. 7.3 may be rewritten:

(v - G/pc,)'q - (Y +|/'])t= = - I(p) G/PC coeses EQu7uk

Equations 7.2 and 7.4 are solved for 1, and 1U,, meking the justifisble
assurptions that Y>> '/j s the normal oathode follower condition, and

G>>1; (G2 320, by experiment). Then the traensform of the solution

is
Vo = Y(1-T) = - 1)
[X+ /G][P + m] ceeses EQe7.5
(v) General equation for Vo , voltage Vi(t) on G, only.

The equations for the two loops are of the same form as
equations 7.2 and 7.3 except that there is now a voltage on G and

I(t) = 0. The solution is

X+C/C-r

% - p|Es] [T ]

nf
=1 l\\

-=: I-) ‘- ) .....—. Ea.7.6

(e) Particular osse when step functions of current end voltage are
applied

Inputs of the form described in 8 7.3 are substituted into

Equations 7.5 and 7.6: T(p) = Ia/P ) _V:(P) = V;/p.
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Thus -\-/:\ “Le
P+ % [P+ rorep)

_RI_.‘[J—— — ' ‘ ] eseeve Eqe7.7

P P+ v

The inverse transform of V, is

=t
Vi = —KI.‘[I —e R(X+C/c-)] eeeess Eq.7.8

It will be noticed that this is the equation that wes discussed in
previous chapters, where it was assumed that C = 0, and that the shunt
condenser X would cause the current flow into R to be delayed with a

time constant RX.

Eq. 7.6 yields the solution

XaC -t
V.B = V-\['— (' - x+c/G)e- R(X+C/G')] sesoee Eq.7-9

Since it is assumed that the compensation is effective for uniform

displscemént currents, V;= RI, eand the resultent output is

fx+c -t
Vo = Vat+Vg =[x+ € R+ vesese EQ.7.10

It will be remembered that in Chapters 2 and 6 it was not expected that
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the time constent of the air-esrth current collector would appear in
the equation for Vs . It only does so on éocount of C, as cen be
seen by putting C= 0 in Eq. 7.9 when it is found that Vo= Vi .

Considering Eq. 7.10 in more deteil, if an ideel differentiating
circuit had been available, there would hsve been no need for the shunt
condenser X (see 8 6.2)., with X = 0 in Eq. 7.10, the resultent output
is

-t
V, = Ge R/e cesees Eqe7.11

Thus instead of perfect compensation there viould be a very large,
though rapid transient, with a pesk value corresponding to the full loop
gain of the amplifier acting on the displacement current. It is also
to be remarked that the transient of Eq. 7.10 is in the direction of
the Vg component of V, and decreases as X increases. The experimental

observation of this property was comrented on in B 6.5 as being quite

unexpected.
(a) Particular cese when impulsive functions of current and voltage
are applied
TP =I; and Vi(p)= V: are substituted into Equations 7.5
and 7.6.
= 1 £
Thus W = E(?/Z_]e RO ) cevees EQ.7.12

-t

+C C —_
and Vg = {%‘_?/—][S(L) me R(x+ (/(,)} evevse Eg_-?. 13

Therefore Vo

[x+ %I[R(XJ'C)S(Q (x C/_H)e‘m—%)],,,,. EQ.7.14
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In an hypothetical experiment with an ideal differentiating circuit,
X =0 and
-t
V, = GIL[RS(t)— %67@51 eeereEQa7.15
It will agein be noticed that with C = 0, Eq. 7.13 gives Vy=V; (),
which is the result assumed in Chapter 6.

Frow Equations 7.11 and 7.15 it is evident, ‘from the G-~multiplied
terr, that in some way the feedback loop is inoperative for sudden
changes on the compensating grid, and further, that this is caused by
the input cable capacitance C , since when C = 0 the expressions for Vg
revert to the forms previously expected. In the description of the way
in which a signel on G, produced an output, it wes remsrked in § 4.7
that a kind of feedback operated which made the gein unity for signals
on that grid as well as for those soross R . This is becagse a voitage

V, on G, causes the output voltage to appear on C.' and this voltage
adjusts itself, on account of the differential behaviour of the electro=-
meter stage, so. thet a null signal is applied between the grids.
Considering, however, an instantaneous voltage applied to &,, a siriler
ohange; will ocour in the potential of the feedback loop, but the trans-
rission of this to G, will be delayed because the cable capacitance
drains current from R P preventing an instentaneous rise in -"the voltage
on G,. For a short time, depending on the time constant RC/(., , the
voltage on G; corresponding to V, remsins much swaller then V,, so that

approximately the entire loop gein, G , is applied to this signal, as
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is directly evident frow Eq. 7.11. Transients of the same order of
ragnitude as the displacement current hed been envisaged in setting up
the apparatus, but hardly transients 300 times as large.

7.5 Detailed calculation of the circuit behavigur

The main conclusions of S T4 apply also to the equations in
this seotion, although the introduction of two more time constants
makes them considerably more complicated. One of these is Y =5D,
the tire constant of the differentiating circuit, which has so far been
ignored. The other is the time constant of the field mill circuit.

Now this timwe constant, as it has been described so far, is approximately
0¢1 sec., much smaller than any of the time constants in the rest of

the equipment. However, it was thought that a solution to the problem
of avpiding large transients might be to use the smoothing circuit

shown in the inset, Fige. 17. This would be inserted between the field
rill amplifier and the input to the differentiating circuit, snd would
introduce a comparatively large time constant T = R'C’, so that the
input to the differentiating condenser, for s step function F-L of poten=-

tial gradient, would be

v, = kg(1-€%) cevone Bq.7.16

whefe K= VM/F , the sensitivity of the field mill circuit alone.
will be called the time constant of the field nrill.
To perforr the calculations, the displacement current function
on grid &, must be used with the corresponding potential gradient function

applied to the field mill, as discussed in 8 7.3. The results expressed
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by Equations 7.8 and 7.12 are unchanged by the introduction of the time
oonstant T, so one only need reconsider the contribution of V, to the
resultant oﬁtput.

The sequence of calculations is as follows. It can eesily be
shown that the relation between the transform of the voltage V,applied
to the compensating grid, asnd the transforr of a generalized pofential
gradient function F(t) is

V, = KF(p) ——2F

T(P*?':XP*?'S) ceees EQ.7.17

It is then only necessary to wultiply this expression by the right hand
side of Eq. 7.6, to obtain the complete transfer function of the compensa-

tion side:~-

= _ e Lx+]lp + D)
V= KF(p) ——F .
T[P*ﬂ[l‘”éﬂ[x“%]h"* _R(_"‘FG)} ceses EQe7.18

To simplify the expressions the following symbols are used for the
time constants: X = R(X“’(—); /@E R(x"’c/(r) ; Y=SD . It nust be
remrerbered that X and /3 are not iﬁdependently variable.

The calculations give the following results for the potential

gradient. Amctions of 8§ 7.3

Type A = Rarp change of potential gradient

Eq. 7.18 yields

V. = KF _ T(T—a) £ _ Y(y-«) & _ (—o() '-L]
’ ‘Y[‘. T—XXT—pe ZY-TRHsSeY (- -Y)e'a
seeee EQu7.19
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To obtain Y,, the sur Vy+ Vs is formed, the appropriate expression
for Vi being Eq. 7.8. Since the apperatus is supposed to be compensated

for a steady displacemwent ourrent, ¥ is adjusted so that

KRY = RI, cecses Eq. 7.20

Still considering Va only, there are two particular cases of

interest here:

(1) T =0,8= Y, the conditions in the experiments described
in 8 6.5. It must be observed that the solution cannot be
obtained by substituting directly into Eq. 7.19, because
zero terms arise in numerator and denominator of a term on

sirplification. The substitution must be made in Eq.7.18.

- -£
Then Vp = KEY[I —ev +(“f-'):fe *] e Eqe7.21
With Eq.7.8 this gives
t -L

Toking ¥os 3.42 sec. snd C = 700uuF (Key,1950), the
result is a transient four times as large in magnitude as
the steady effect of the samwe displacement current, uncowrpen-
sated.s It is also interesting to add the condition C= 0 to
Eq. 7.22. Then & =@ =¥ , and % = O

(11). 'r=/é >>Y '
Then
Vp ¥ KEY[I - € - Pt tes ves EQu7.23

if /6 is wade sufficiently large by increasing_,x__,_ﬁ. —> X  and
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A K.EX.[J - e:%] . With Eq. 7.8 this gives o™ O . Thus by
making the mill time constent and /O s equal, and both so large that
,p_>7 Y anda X>3C , fair compensation will result for suddenly applied
rarrp changes of potential gradient.

Type B - Step function of potential gradient

The result of putting F(P)=K _  into Eq. 7.18 is
= o S SR G P T-X k&
% = KRY[ Ay - TS T e eT]
oo-ocEO_‘_o7021+

Vo may be obtained by edding Eq. 7.12 and using Eq. 7.20.
Particular cases are considered:

(i) T =0, _/A=_K,___t,_he conditions of § 6.5.

-t _ -
VB = KF-‘Y[;;;Q Y + YY‘;‘: A %e—%] B - 0.0..EQ.7-25

If the condition C = O is imposed it is easy to show that M=V, +V; =0

(i1) =

o oooEQ_o7o26

If X is so much greater than C_ that T=A8>>Y and A—> X then
H

Yo does not tend to zero identicelly (as with the Type A potential
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gradient function) but shows a short lived transient of small magni-

tude s

S/

& —Y-'%‘ ey

aa-ocEq_o 7.27

The results of somwe of these calculations are demonstrated
graphically in PFigs. 21 to 24, where the resultant output Y, is
plotted against time for different combinations of the circuit parameters.
It is agssumed that the compensation is satisfactory for uniform displace=-
ment currents, once the transient has died sway, so Y2 0O as L+ ,
The abscissa is a 'reduced' time, t{@ , Since /0 = R(x"'c/(‘:) is
the grestest time constant involved in the equations and is therefore
parscount in controlling the rate of rise and decay of tbe transients.
The unit of ordinete is RI; = KF Y and is therefore of the same
ragnitude as, but of opposite sign to the steady output which would
have resulted if the displacement current had been completely uncorpens-
ated. The'measured values of the parameters required for the caloulations
are C= 709ako, Y= 344 sec.

Figs. 21 and 22 ere relevant to the state of the spparatus in
the experiments desoribed in Chepter 6, with step and impulsive functions
of displacemwent current, respectively. Of each set of curves, the
condition f&é{ = 1 is the one which was aimed for in the first{ attempts
at compensation. It can be seen from Fig. 21 that the transient is
four times as large as the actual displacement current for this condition,

and the behaviour of the curves with.increasing_/e expleains the unexpected
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observation of § 6.5, that the trensient is in the direction of the
corpensating signel and decreases as the shunt condenser X is increased.
Figs. 23 and 24 show the effect of comnecting a smoothing circuit, of
time constant T'=/G , after the field will. For a given value of,b/)( ’
the transient is considerably reduced in this way, and continues to
decrease asld is mwade larger, although the time taken for the transient
to die away is also lengthened. The reduction of the transient on
introducing the smoothing circuit is particularly warked in Fié. 24,
where the ocurves are drawn for an impulsive displacement current.
However, the initial displacement at € = O is the contribution from the
air-earth current collector acting alone, because of the delay produced
by the swoothing circuit in the transmwission of the signal from the rill
to the differentiating circuit, and is given by writing £ = 0 in

Eqg. 7.12.

7.6 Modifications to the apparatus

It is evident from all the above equations that if the capacity
of the collector snd its cable could be reduced, better compensation for
sudden changes in potential gradient would result. A4s it was not practi-
cable to lay a lead of very low capacitance to the collector, the exped-
ient was tried, to good effect, of connecting the cable sheath to the
feedback loop instead of to earth. A similar connection wes used by
Brewer (1953) to reduce the effective input capacitance of an electro-
reter valve voltmeter.

Since the ceble sheath does not constitute the whole of the
capacitance (:, there is still a residual equivalent to the capacity
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of the collecting electrode itself, approximately 269f7kF' The cable
capacitance now eppears across the input resistor F{, and contributes
to X « In fact, the cable capacitance was considered quite large
enough to obviate the need for the variable condenser which had been
used there, and the time constant ,0 is now fixed at 23 sec. As it
was not practicable to reduce C further by comnecting the screen round
the collector to the feedback loop, and also because, with the cable
capacitance across R , there wes ﬁo longer any question.of equaliging

p and X’, a sroothing circuit, consisting of a ATLF condenser with a
varisble resistor was connected between the field nill and the different-
iating condenser. The integrating circuit is shown in its screening
box in Plate 2.

The behaviour of the D.C. amplifier when the sawtooth potential

gradient weveform was applied to the test plate, is illustrated by
Fig. 25. For some reason, which there was no opportunity to investigate,
the wodifications described resulted in throwing out of adjustment fthe
corpensation alrecady achieved for uniforr displacement currents of long
duration. The record considered to show the optimur perforwance of
the system is reproduced in Fig. 26, where the parameters are now

Y= 4.9 sec., /3 = 23 sec., T = 14 secs The rate of change of potentisl
)cle is equivalent to L times a fine weather air=-esarth
current of 2 x 10”12 A/w?, while on the scale of the figure, the D.C.
arplifier output for such a current would be 3 mms It can be seen that
a fair degree of compensation has been attained, especially when it is

realized that the transients are due almost entirely to the sudden fall
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of potential gradient at the end of each ¢ycle, a condition not

likely to be mwet with in atmospheric electrical phenomena.
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CHAPTER 8. CONCLUSION

8.1 Summary of the behaviour end use of the equipment

Although there was the opportunity to take only about a
dozen records in natural conditions, before the termination of this
research, these records and subsequent measurements msde with the
apparatus by Ramsay, at Durhsm, have demonstrated that the wethod of
corpensation is satisfaotory in dealing with both the fairly steady
conditions of continuous rain, and the more disturbed phenomens of
showers. The apparatus has two disadvantages, neither of which is
very serious. First, there is the rather long response time gonstant
of 20 sec., which is wuch greater than was anticipated at the commence-
rent of the work, and certainly much greater than one expects to
achieve with conventional electronic equipmwent. However, this still
corpares favourably with appsratus whioh measures the current discontin-
uously by integrating the charge collected over a few winutes (8 3.2).
Secondly, there is a limit to the rate of change of potential gradient
for whioh acourate compensation can be achieved, and in the most
violent fluctuations in storws, there must be some doubt as to the
meaning of the results. This is certeinly true when the potential
gradient is numerically greater thaﬁ 4500 V/m., not because of cepaci-
tance effects, but beceuse the field mill amplifier saturates beyond
this level.

Referring to Fig. 9, the positive total current entering the
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collector, at which the amplifier saturetes, is 1.4 x 10-1QA.,

corresponding to a very large air-earth current, only one order of magni-
tude less than the largest current expected in showers and storms. Also
on account of saturation, this tiwe for signels on the other grid, the
corpensation is effective up to a displacement current density of
8 x 10'1QA/h2., which is equivalent to a rate of change of potential
gradient of 100 V/m. per seoc. It is thought that there will be comparat-
ively few oocurrences of such large rates of change. For negative air-
earth and displacement surrents, the amplifier does not saturate until
even greater wagnitudes are attained.

The equiprent is stable end reliasble, and the field mill needs
only infrequent attention. The brﬁshes require changing after about
a month of continuous day-tice operation. The procedure which was
devigsed for taking a record includes a daily check on the corpensation.
This adjustment applies only to the differentiating condenser, singe
the time constant of the smoothing ocircuit following the field rill
need be only coarsely set for good results. To make the adjustment,
the test plate is set up over the apparatus and earthed, and the
amplifier controls are set so that there is no deflection when the galv-

anoreter is switohed in and out of the circuit. The sawtooth potential

et

2~ B dlan wmTadn and
w v VLG piLa uC,y diiv

(3
[¢]

h

14

o

hen a » 8
at the beginning of a cyole has died away, the steady deflection from
the zero is noted, and corrected to zero by adjusting the differentiat-

ing condenser. Usually only three cycles, each of three minutes' dura-~
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tion, are required to achieve satisfactory corpensation. The test
plate is then removed, end the apparatus is ready for use. At the end
of a run, the test plate is replaced over the apparatus and earthed,
and the 'zero' checked against the position of the spot when the galvan=-
oreter is switched off. The amplifier is now so stable that the change
in 'zero' over a whole day is usually only of the order of an equivalent
input of 5 x 10~13 A/
8.2 Results

The most interesting records that were taken after the epparatus
had been developed to the required extent are shown in Figs. 27 and 28.

In Fig. 27 are reproduced two records that we;e made, one after
the other, except for the delay necessary to chsnge the recording
paper, in a four hour period of continuous driving rain, with an easterly
winde In a series of measurements in similar oonditions, with e
discontinuous method of recording, Chzlmers (1956) found thzt most often
the potential gradient'is negative while the air-earth current is
positives Fig. 27 demonstrates an occasion when the current was of the
reverse sign, at least for three hours out of the four. Although little
can be gained towards a generalization from an isolated exarple, it is
interesting to consider how these particular observations could be
explained. With the small potential gradient observed, it is almost
certsin that point-discharge must be ruled out as a contributor to the
current arriving at the earth. Chalmers explains the more usual
phenomenon of negative potential gradient and positive ourrent in
continuous rain on the basis of two charge separations. The first of
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these would occur in the cloud at temperstures below the freezing-
point of water and give the solid precipitation particles a negative
charge, positive charges remaining behind in the ocloud. This first
separation explains the predominance of negative. current in continuous
snows To explain the positive charge on continuous rain, Chalwers
supposes a second separation process to occur either on relting, or
near the ground. In the particular case of Fig. 27, it would be
necessary to assume that this second process of charge separation did
not occur in the conditions obtaining at the time. The variations of
potential gradient and current at 1030 hr. and 1300 hr. suggest that
the ocurrent variestion followed the potential gradient with a delay of
about 10 wine T his indicates that the precipitation probably obtained
its charge at a2 high level, the time taken to fall accounting for the
delay. Remewbering that a positive charge would be left behind in

the cloud, it would slso have to be supposed that the rain, in falling,
was sufficiently highly charged for the space charge effect produced
to reverse the potential gradient observed at the ground.

It is possible, particularly since the current was hardly
greater in magnitude than the normel fine-weather conduction current,
to go a little way towards explaining the result by assuming that the
ion-capture process of Wilson (1929) was occurring. The wechanism of
this is that a falling drop, polarised in the potential gradient,
collects a surplus of stmospheric ions-of opposife sign to the induced
charge on its lower face. Chalmers (1956) shows that if this were the
" sole cause of the oﬁarge on precipitetion in this kind of wieather, the
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total current must be of the same sign as the oconduction current, end
not of such great magnitude. The difficulty encountered with Wilson's
theory, as usual, is to explain how the potential gradient arises in
the first place, without postulating some kind of charge separation
which would inevitably give the precipitation a charge before it lef%
the cloud.

Fig. 28 shows the potential gradient and current in three
hours of showery weather. At the begimming of the record, cumulon-
imbus was developing, and the onset of precipitation can be clearly
seen with a large precipitation current and a reduction of the poten-
tial gradient. It is remarkable that the potential gradient remained
so0 low while %there was such a large air-earth current. It is suggested
that the effect of the charge at the cloud base, presumably negative,
was masked by the space charge of the falling precipitation. Many
workers have remarked upon the frequent occurrence of an inverse
relation between the signs of the potential gradient and the precipita-
tion ourrent, but this is not in evidence here. It must of course be
rememrbered that it is the total current, not just that carried by
precipitation, which waes measured in Fig. 28; nevertheless the contribu-

tion of precipitation in such weather conditions is probably far in

exocesz of the conduction current.

e PRt A S 8

most of the record for the potential gradient and current to vary in
opposite directions.
A large current pulse at 1230 hr., presumably due to precipita=-

tion, wes unaccompenied by any significant chenge in potential gradient,
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and might again have indicated the passage of a raining cloud, the
charged base however; having had its effect at the ground cancelled,
by the space charge of the falling rain. At the end of the record is
a rerarkable pattern of both potential gradient and current which is
quite different from the general behaviour of the eleotrical phenomena
in the remainder of the record.

Unfortunately, the proper understanding of such effects requires
detailed observation of the wesather at the time, and these records
were only prelirinary studies, for the purpose of discovering whether
the compensation worked satisfactorily. They indicate that in two
widely different types of weather, socurate recordings of the air-sarth
current can be made, free from disturbances due to the displacement of

bound charge.

8.3 Suggested modification
It is evident from Chapter 7, that the capacity to earth of

the air=earth ourrent collector prevents satisfactory comrpensation
being attained except by introducing large time constants into the
cirouit.

In an alternstive suggestion for feeding in the compensating
signael, deliberste use could be made of this cepacity to match the
inherent tire cunstent of the field will and its amplifier. The
proposed circuit diagram, and its eqpivalent-circuit, are shown in
Fig. 23. The symbols ere similar to those in Fig. 17, end are explained

fully in Chapter 7. The second grid of the eleotrometer valve would
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be earthed, so that no use would be made of the differential charactere
istics of this stage. A resistor R’ » of much lower vaslue then the

input resistozj R , would be placed in series between R and the collector,
and the compenseting signal, via the differentisting condenser, D ’

fed to a point on R’, tapping off s resistance R such that R.C =T,
the time oonstant of the field mill. Using the Laplace transform in

a similar menner to that desoribed in Chapter 7, it ocan be shown, in
theory at least, that transient as well as uniform displacement

currents could be accurately compensated. It would be necessary for

the differentisting condenser to be wuch swaller than C, in order

that it would not appreciably divert the displacement current from its
path through R. C, the grid ospscity of the electrometer valve, has
been entered in Fig. 29, but provided GX>>C’, a condition amply
fulfilled, it ocan be neglected from considerstion. G-is the loop gein
(approximately 320) of the D.C. amplifier. Although a small value of D
would be required, this would not necesserily entail inoreasing the
field mill senaitivity in proportiong it can easily be shown that the
value of D needed to give compensation for uniform displacement currents
would be reduced from that required in the existing apparetus in the

ratio S/ R, even with the same field mill sensitivitye. Here, __;S is the

ing circuit of the equipment as it stands

)
This reduotion, however, is only by a factor of five, and so

it would probably be desirable to double the will sensitivity in order

to permit of an even smaller value of D+ Furthermore, it would of
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course be necessary to reverse the sign of the mill output for a given
change of potential gradient. It is evident that this would mean a
considerable modificetion of the field mill, for, on account of the
overall feedback incorporated in it, the problem could not be solved
by changing the commutator phases A way round the difficulty, involved
but yet retaining the desirable advantages of feedback in the rill,
would be to follow the mill with an inverter amplifiery similar,
perhaps, to the D.C. amplifier. However, both the required chasnge of
phese, and an increased sensitivity would be made mruch more easily
possible by relinquishing the present system of feedback, and reverting
to the more conventional method in which this is applied only in the
swplifier (see 8 5.5). This, of course, would mean that the final
output would be largely dependent on the charaoteristic of the commu-
tator; but it is probable thet the departure from linesrity would not
be serious.

The method of testing the equipment would be very similar to
thet described in 8 8.5, the resistor'R’reqpiring probably only a
coarse setting, while D would be adjusted slightly from day to daye
If this form of the circuit could be made to work, it would result in
e minimum perwissible response time of about 1 sec., thus employing
the high speeds of response obtainsble from the D.C. amplifier and the

field mill to much better advantage.
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