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CHAPTER 1. INTRODUCTION 

1.1 Resume of e l e o t r i o a l phenomena i n the atmosphere 

In order to provide a b r i e f explanation of the work whioh has 

been undertaken, the earth.may be likened to the inner sphere of a 

oonoentric s h e l l condenser* The outer conductor i s the ionosphere; 

i t s e l f a complex structure of ion concentrations which e x i s t i n two. 

sometimes three l a y e r s . Although these layers have been i d e n t i f i e d 

as being of most pronounced concentration at heights above 100km., 

ionization takes place to such an extent even below t h i s height, that, 

i n considering e l e o t r i c a l effects within the earth's atmosphere, the 

region above an altitude of about 60km. may be regarded as a perfect 

conductor. The dieleotrio between the two conductors i s , of course, 

the atmosphere i t s e l f , and since this system i s observed to be 

e l e c t r i c a l l y active, with measurable f i e l d s and currents, some gener­

ator must be responsible for these phenomena. Moreover, we must 

expect this generator to be in the t e r r e s t r i a l system i t s e l f , because 

the ionosphere i s such a good conductor that the earth must be well 

screened, e l e c t r o s t a t i c a l l y , from any e l e c t r i c a l disturbances such as 

are known to take place, for instance, on the surface of the sun. 

Cosmic rays, i t i s true, penetrate even the lowest regions of the 

atmosphere, not to mention the oceans, but the ionization which they 

produce, although i t governs the conductivity of the atmosphere, 

cannot be responsible for the driving force which c i r c u l a t e s some 

r-1 -,, 
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20QA. from the ionosphere to the earth's orust. I t i s now known 

beyond reasonable doubt that the main process oontributing toward 

the generation of e l e o t r i c i t y i n the atmosphere i s the development 

of thunderstorms* I n some way, the exact nature of which has not 

yet been ascertained, the same process by which heavier cloud part­

i c l e s , ultimately forming precipitation, f a l l more rapidly against 

the updraughts than the small cloud droplets, also gives r i s e to a 

separation of e l e c t r i c charge i n such a manner that the top of the 

thundercloud beoomes posi t i v e l y charged; the base negatively. 

1.2 The 'equivalent o i r o u i t ' of the atmosphere 

To understand how the separation of charges in thunderstorms 

i s responsible for some of the more fundamental effects observed i n 

the atmosphere, an 'equivalent c i r c u i t ' of the system i s useful* A 

simple form of this ( F i g . 1) i l l u s t r a t e s the p r i n c i p a l features which 

control the c i r c u l a t i o n of current i n the atmosphere. I n the 'schematic 

diagram' of the ooncentric s h e l l condenser, i t should be noted that 

the outer conductor should be represented as being much cl o s e r to 

the inner one than appears here; i t ought to be 0*02 i n . away on 

the scale shown. In other words, the ionosphere i s so close to the 

earth ( r e l a t i v e l y speaking) that the mathematics of a p a r a l l e l plate 

t M «*iU*i #»U -4-1* ~ ^ A ~~ •d'o ~ i-« ~ — _ - ~ ~ — : i- — — I 
u u u u u i i S a t i i u u l u i x u i i H I S c v i g o c i i e u t e o ± c UULOO X L ! £ , j.a ^ l u . uo a ^ i p i v j L ' r i -

ate to i t . For convenience, a l l thunderstorms taking place simultan­

eously over the earth have been grouped together, and the res t of 

the earth i s supposed to be enjoying fine weather. The development 

of positive polarity a t the tops of the clouds, and negative a t the 
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bases, causes a positive current to oirculate through the atmosphere 

above the clouds to the ionosphere, which then d i s t r i b u t e s the flow 

to the fine-weather regions. Parts of the earth which are experienc­

ing fine weather w i l l therefore receive a current of negative charge, 

whioh i s then returned to the stormy regions, where i t i s transmitted 

back to the cloud bases through the atmosphere below them. Although 

i t must not be forgotten that this e l e c t r i o a l system i s also oapaci-

tative, not merely r e s i s t i v e , i t w i l l be useful for the present argu­

ment to consider circumstances in which the former aspect can be 

ignored, by supposing that changes i n e l e c t r i c a l a c t i v i t y occur over 

periods which are long compared to the time constant of the atmosphere. 

There are in fact some important observations v/hich have been made i n 

conditions viiich f a l l into this category, of whioh further mention 

w i l l be trade. I n practice i t means that changes must take place i n 

approximately an hour or more, to f u l f i l the condition. The equiva­

lent o i r o u i t then represents the clouds as a generator of e l e c t r o ­

motive force E , driving current L T through an i n t e r n a l impedance 2 

and the atmosphere above the clouds, here represented by a resistance 

The ionosphere and earth a c t as the low resistance 'leads' carrying 

the current to and from the fine-weather regions; the upper and 

lower atmospheres here being represented by 1?3 and } respectively. 

The current i s returned to the negative pole of the generator through 

the resistance K ( , although i t must be stated that the atmosphere 

below storms does not behave to any extent as an ohmic element. 

S i m i l a r l y , the designation of an i n t e r n a l impedance Z. i s rather 



misleading, since the l i m i t a t i o n of the mechanical rate of separa­

tion of the charged p a r t i c l e s must af f e c t the current delivered to 

the external c i r c u i t at l e a s t as much as the conductivity within the 

cloud. However, aocording to the well-known theorem, the volt8ge 

generator may be replaced by a current generator delivering a current 

£ / z . to the external c i r c u i t with an impedance Z i n p a r a l l e l . This 

i s d e f i n i t e l y a more suitable representation i n view of the fact that 

measurements have been made of the currents above thunderstorms 

(Gish and Wait, 1950)• I n terms of the equivalent c i r c u i t , these are 

actually the contributions which, summed for a l l storms taking place 

simultaneously, constitute the current which flows through R*. into 

the ionosphere, that i s , the current to the right of Z i n Pig. 1(c). 

Using the knowledge we have of these currents, we do not therefore 

need to oonsider the actual mechanism of the storms unless we are 

interested in events taking place within the clouds themselves. Gish 

and Wait, making measurements above storms i n an a i r c r a f t , found that 

the current i s always positive upwards, a fact which supports the idea 

underlying the equivalent c i r c u i t , and, integrating over the cloud 

formation for eaoh storm, obtained figures between zero and 1.4&., 

with an average of 0.5-A. Brooks (1925) estimated that about 1800 

storms, on the average, are in progress at the same time so that these 

would provide a t o t a l current of 900A. On the basis of measurements 

of the fine-weather conduction over land and over the ooeans, i t i s 

believed that the t o t a l fine weather current L T must be approximately 

1800A. Thus i t i s seen that storms provide one half of the t o t a l 
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current c i r c u l a t i n g i n the system. Further, Brooks's estimate i s a 

very conservative one in so far as his figures do not take into 

account more than one storm per day i n each l o c a l i t y , even when there 

may have been a number of them in that period. Also, i t i s an estab­

li s h e d f a c t that the shower cloud develops the same polarity as the 

thunder oloud, but to a l e s s e r degree, so that i f we take these, and 

perhaps a large number of storms that are not accounted for by Brooks's 

estimate, i t i s probable that the two cloud types between them would 

account for a very large fraction of the t o t a l current. 

Measurements of the conductivity a t different a l t i t u d e s lead 

to the conclusion that the t o t a l columnar resistance between the earth 

and the ionosphere i s approximately 200ohm. This means that the 

ionosphere has a potential of 3*6 * 10^V. above earth. I t can a l s o 

be seen from the equivalent c i r c u i t that the potential at the top 

of the thunder oloud w i l l be greater then t h i s by an average voltage 

of 0«5 x r 2 , where represents the columnar resistance between 

the top of the cloud and the ionosphere. S i m i l a r l y , the base of the 

cloud w i l l be at a negative potential with respeot to the earth. 

The consequence of a current of density C per unit area flow­

ing through a fine-weather region of the atmosphere which has a 

s p e c i f i c conductivity X i s that a v e r t i c a l potential gradient 

i s set up i n the region. The potential gradient i s much easier to 

measure than the current, and i f i t can be assumed that A i s constant, 

i t s value i s proportional to the current. I n t h i s connection, s t r i k ­

ing support of the idea that thunder clouds are the generators of 
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the atmospheric current has been afforded by the fact that wherever 

measurements have been made under conditions where there i s no l o c a l 

pollution and X therefore remains constant, i t has been found that a 

diurnal maximum value of F occurs at 1900 hr. Greenwich Mean Time. 

Whipple (1929), analysing the thunderstorm s t a t i s t i c s of Brooks, found 

that the earth's thunderstorm a c t i v i t y has a maximum also at 1900 hr. 

G.M.T. That these two observations are to be correlated i s also 

suggested by another comcon 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 peak followed by a more rapid f a l l * 

Such a cause and effect i s obviously to be expected provided that the 

variation in thunderstorm a c t i v i t y takes place in a time which i s not 

shorter than the time constant of the atmosphere. Of course, the 

observations do not prove that the thunderstorms are responsible for 

the entire c i r c u l a t i o n of charge, but they do indicate that t h e i r 

contribution i s s i g n i f i c a n t . 

I t w i l l be necessary to consider more s p e c i f i c a l l y some of the 

e l e o t r i c a l properties of the atmosphere i n the next chapter. At 

present i t i s s u f f i c i e n t to add that measurements of the potential 

gradient do not give a direc t indication of the current density unless 

two conditions are f u l f i l l e d : the current must be carried e n t i r e l y 

by ions; that i s , L i s a true conduction current density, and secondly, 

there must be no l o c a l pollution viiich. would cause variations i n the 

s p e c i f i c conductivity, X . Conditions where F i s a measure of i- are 
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to be found i n f i n e weather when there i s no smoke or dust, and above 

cloud l e v e l i n d i s t u r b e d weather re g i o n s . 

1.3 D e s c r i p t i o n of the apparatus 

I n t h i s volume, the development o f an e l e c t r o n i c method o f 

measuring the c u r r e n t c o l l e c t e d by a r e c e i v e r i n v a r i o u s weather 

c o n d i t i o n s , i s d e s c r i b e d . T h i s i s e q u i v a l e n t to i s o l a t i n g a p o r t i o n 

o f the e a r t h ' s s u r f a c e and measuring the c u r r e n t flowing i n t o i t . 

The p r i n c i p l e u n d e r l y i n g the method i s very s i m p l e : the c u r r e n t i s 

allowed to flow through a known r e s i s t a n c e and the v o l t a g e drop 

a c r o s s i t i s measured. However, the c u r r e n t i s so s m a l l , approxim­

a t e l y 10~^ — 10~^A., t h a t a very high r e s i s t a n c e must be used to 

produoe a measurable v o l t a g e , to which a c o n v e n t i o n a l meter would 

p r e s e n t such a low impedance t h a t i t would be e f f e c t i v e l y s h o r t e d 

out. A D.G. a m p l i f i e r which a c t s a s an impedance matching c i r c u i t 

has been c o n s t r u c t e d and d e s c r i b e d by Kay (1950), and causes the same 

voltage to be produced a c r o s s a low impedance so t h a t a galvanometer 

can be used f o r r e c o r d i n g . Between 1950 and 1953> t h i s a m p l i f i e r 

was used to measure the c u r r e n t s brought to e a r t h by p r e c i p i t a t i o n , 

a purpose f o r which i t could be employed more or l e s s d i r e c t l y , but 

i t became nec e s s a r y to extend the use of the apparatus to measurements 

i n which a i i av&ward cuffiplicatioi'i pr-esents i t s e l f . V/hen such a c o l l e c t o r 

i s used to measure conduction c u r r e n t , t h a t i s a c u r r e n t c a r r i e d by 

ions alone, i t must a l s o be exposed to the l i n e s of f o r c e d e p i c t i n g 

the p o t e n t i a l g r a d i e n t . The 'bound' charge (f on the c o l l e c t o r i n 
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which these l i n e s of foroe terminate does not affe c t the measurement 

of the current so long as the p o t e n t i a l gradient remains oonstant, 

but a change of potential gradient gives r i s e to a ohange of bound 

charge and the current dsrj&X takes the same path, through the input 

r e s i s t o r of the D.C. amplifier, as the conduction current* Unfortun-

atety, the 'displacement current', as i t i s c a l l e d , may be many times 

larger than the current i t i s desired to measure. A recording taken 

by Kay shows the large excursions of displacement ourrent completely 

masking the oonduotion current, and the same effect has been found by 

the present author. Although there are f a i r l y simple ways of either 

taking into aocount or else eliminating the effect of p o t e n t i a l 

gradient variations i n the measurement of conduction currents, these 

have so f a r only been applicable to discontinuous methods of recording. 

Suoh methods do not lend themselves to observations of short period 

changes, such as i t was hoped to measure with the present apparatus* 

At this juncture i t w i l l be useful to oonsider b r i e f l y two 

items of terminology. The state of e l e c t r i c a l s t r e s s i n the atmosphere 

lias already been referred to as the potential gradient* This term i s 

used, rather than ' f i e l d ' , because, although atmospheric eleotrioians 

commonly describe the normal fine-weather f i e l d as positive, i t i s 

the gradient of potential which i s positive; that i s , i f the upward 

sense of the v e r t i c a l i s assigned to be positive* Since by s t r i c t 

d e f i n i t i o n , the field, i s the negative gradient of potential, the f i n e -

weather f i e l d i s r e a l l y negative* However, because the burden of 

mentally reversing the sign to conform with s t r i c t usage seems a rather 
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unnecessary encumbrance, the term 'potential gradient' i s a conven­

ient alternative to ' f i e l d ' , and at the same time removes the 

ambiguity (Chalmers, 1957)* Secondly, sinoe i n r a i n or snow, charge 

i s brought to earth by the precipitation as well as by conduction, a 

term i s needed to denote the t o t a l current which an area of the 

earth's surface receives under these conditions* Accordingly, the 

sum of the conduction and precipitation current densities w i l l be 

described as the 'air-earth current's 

The r e l a t i v e e ffect of the displacement current depends on the 

type of weather in which the apparatus i s working. I n fine weather, 

the effect i s l e a s t , but even then, the displacement current i s 

l i k e l y to reach, occasionally, values of a few times the conduction 

current. I n conditions where there i s a cover of nimbo-stratus, 

associated with continuous rain or snow, t y p i c a l displacement currents 

may well be l e s s than i n fine weather, because the potential gradient 

i t s e l f i s frequently not as large. Sometimes, however, p a r t i c u l a r l y 

when the precipitation i s r a i n , the a i r earth ourrent comprises a 

conduction ourrent and precipitation current of opposite sign; i f 

these components should happen to be approximately equal i n magnitude, 

the displacement ourrent, r e l a t i v e to t h e i r sum, would s t i l l be large. 

In showery or stormy weather, there i s no predictable correlation 

between potential ourrent variations and a i r - e a r t h ourrent, and because 

excursions i n potential gradient can be very violent, the displacement 

ourrent may e a s i l y a t t a i n a value of ten times the maximum a i r - e a r t h 

ourrent expeoted. I t should be noted that, to make matters more 



d i f f i c u l t , the maximum values of displacement current do not neoess-

a r i l y oocur at times of maximum a i r - e a r t h current , because i n th i s 

type of weather, var ia t ions i n the e l e c t r i c a l phenomena may take plaoe 

i n times of the order of a few seconds, much l e s s than the time oonstant 

of the atmosphere, so that the condition upon which the discussion has 

been based so f a r i s not operative. A complete discussion of the thunder­

storm would involve the capaci tat ive as wel l as the r e s i s t i v e , impedance 

of the atmosphere* 

The design of the apparatus has been based on a method of compen­

sat ing for the displacement current , rather than el iminating i t * The 

a i r - e a r t h ourrent, together with the unwanted component i s received 

by the c o l l e c t o r as i n the unmodified arrangement, but a t another 

terminal in the a m p l i f i e r a s i g n a l proportional to the displacement 

current alone i s impressed in suoh a manner that the output i s propor­

t i o n a l to the di f ference in the two s ignals* The apparatus used to 

provide the compensating voltage i s the f i e l d m i l l described i n Chapter 

5 , the output of which i s fed to the D . C . a m p l i f i e r through a d i f f e r e n ­

t i a t i n g o i r c u i t . I t s most important feature i s the appl icat ion of 

o v e r a l l negative feedback to secure improved gain s t a b i l i t y a n d l i n e a r i t y 

of response over a wide range of po tent ia l gradient . A simpler method 

than t h i s has i n fac t been used previously ( S t o c k i l l and Chalmers, 1 9 5 8 ) , 

in the case when the ourrent oarr ied on prec ip i ta t ion p a r t i c l e s i s muoh 

greater than the conduction ourrent, a s , for example, in the thunder­

storm, but i t was open to c e r t a i n other objections to which the present 

compensation method i s not l i a b l e , (§ 2 . i f ) . Accordingly, although i t 
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was expected that the equipment would be used mainly to invest igate 

the current i n steady r a i n f a l l , i t was desirable that i t should a l so 

be able to d e a l with the core disturbed phenomena of the 3hower cloud 

i f poss ib l e . The method has involved considerable modification of 

the o r i g i n a l D . C . a m p l i f i e r as wel l as the design of new apparatus* 

The outcome i s a system i n which a few of the features which i t was 

hoped to incorporate have had to be abandoned* Although only a few 

recordings have been taken with i t , these show that sa t i s fac tory 

r e s u l t s w i l l be obtained i n f ine weather and steady r a i n f a l l . I n very 

disturbed condit ions , however, the apparatus w i l l probably not function 

with great accuracy. I t i s to be expected that the response w i l l be 

more nearly equal to the true a i r - e a r t h current than without any attempts 

at modif icat ion, because p a r t i a l compensation of the displacement 

current w i l l be achieved, so that average values of current in such 

conditions w i l l be oloser to the true averages. The equipment w i l l not 

give s a t i s f a c t o r y recordings of short term var iat ions however, par t ly 

because i t s time constant i s too long, approximately 2 0 s e c , and a l so 

because of spurious short period f luc tuat ions produoed whenever there 

i s a v io lent change i n po tent ia l gradient* These a r i s e beoauae although 

the method of compensation operates s a t i s f a c t o r i l y with the f i r s t 

d i f f e r e n t i a l of the potent ia l gradient , i t copes with higher d i f f e r e n ­

t i a l s to only a l imi ted extent. This i s a property of the o iroui t . used, 

as has a l so been v e r i f i e d theoret ica l ly* Thus although a long, steady 

ohange of p o t e n t i a l gradient i s compensated accurately a f t e r a c e r t a i n 

time has elapsed, there i s a spurious trans ient when the period of 
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dhange begins and ends* The trans ient i s hardly appreciable even 

at the onset of quite large displacement currents , but i f the 

potent ia l gradient undergoes a sudden increase , corresponding to an 

impulsive displacement current , the r e s u l t i n g trans ient i s not neg l ig ­

ible* There has been no time to invest igate extensively the responses 

to potent ia l gradient changes of varying r a p i d i t y , but these may not 

be s a t i s f a c t o r y i n compensating 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 e l e c t r i o a l 

quant i t ies , the l arger the trans ients that r e s u l t from the higher 

d i f f e r e n t i a l s of these var iat ions* Hence a compromise has been a r r i v e d 

at between achieving a s u f f i c i e n t l y short time of response and having 

negl igible t r a n s i e n t s . Even so, the apparatus has a s u f f i c i e n t l y short 

time constant to be probably of wider scope than the discontinuous 

methods of recording when the times between readings are of the order 

of a few minutes. 

With the experience gained, an a l t ernat ive method has suggested 

i t s e l f which may be free from some of the disadvantages attending the 

present system* The a l t e r n a t i v e design, which i s described i n Chapter 8 , 

would probably permit a considerable reduotion i n the time constant 

of response, and at ths same time, spurious responses to sudden changes 

i n po ten t ia l gradient would become smaller* 

The equations and formulae in subsequent chapters are i n r a t i o n ­

a l i z e d M.K.S . u n i t s , unless otherwise s ta t ed . 
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CHAPTER 2 . INTENTIOPE REGARDING- THE USE OF THE APPARATUS 

2 . 1 Fine-weather phenomena 

I n f ine weather a ourrent of approximately + 2 x 1 0 ~ 1 ^ A/m^ 

flows v e r t i c a l l y through the atmosphere, and at ground l e v e l , when 

there i s no p o l l u t i o n , the po ten t ia l gradient i s of the order of 

+ 1 0 0 V / E . I f there i s po l lu t ion , the potent ia l gradient F w i l l i n 

general be greater than t h i s as a r e s u l t of a decrease i n the conduct­

i v i t y X , s ince F = C/^ . Th i s follows from a reduction i n the 

average mobility of the ions i n the a i r beoause some of the smal l ions 

become attached to po l lu t ion p a r t i c l e s . I n C.G-.S. un i t s the mobility 
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of small ions i s approximately 1 cm. s e c V 7 while i t may be 500 

tiv.es l e s s for the large ions . At heights above a few ki lometres , 

measurements have shown that the conductivity i s what would be expected 

i f a l l the ion izat ion were produoed by oosmic r a y s , ( S t e r g i s , G o r o n i t i , 

Nazarek, Kotas, Seymour and Werme, 1955)* The conductivity i n fac t 

increases with height so that although the ourrent i s the same at a l l 

l e v e l s , the po ten t ia l gradient decreases with increas ing height. The 

invest igators j u s t mentioned a l so found that the conductivity above 

clouds was the same as at the same a l t i tude i n f ine weather. T h i s had 

a l s o been suggested e a r l i e r by the measurements of G-ish and Wait ( 1 9 5 0 ) * 

Since the cosmic ray a o t i v i t y does not vary with time, i t appears that 

the impedances R z and R3 i n the equivalent c i r c u i t ( F i g . 1 ) behave 

as f i xed r e s i s t a n c e s . I n fact the phenomena i n these two regions of 
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the atmosphere are very we l l accounted for* Nearer the ear th , the 

columnar res is tance up to the l e v e l o f a few kilometres w i l l a l so be 

constant unless there i s po l lut ion of the atmosphere* When the conduct­

i v i t y oan be assumed to be constant i n time, i t i s evident that the 

potent ia l gradient i s proportional to the ourrent, I f , however, measure­

ments of po tent ia l gradient are made i n inhabited areas , smoke from 

domestic f i r e s and indus tr i e s w i l l cause large var ia t ions i n conductivity 

near the ground, and the potent ia l gradient w i l l have no more s i g n i f i ­

cance than of being an ind ica tor of l o c a l disturbances, because any 

fundamental var ia t ion of ourrent density due to a change i n the thunder­

storm and shower 'supply' w i l l be masked by completely uncorrelated 

changes of X • On the other hand, l o c a l var ia t ions in conductivity 

such as commonly occur near the ground, w i l l hardly a f f e c t the current 

density i n a fine-weather region because the v a r i a t i o n only concerns 

a smal l f rac t ion of the t o t a l columnar res i s tance , by f a r the greater 

part of whioh remains constant. Thus the current density, unaffected 

as i t i s by l o c a l disturbances, i s a better indicator of the s a l i e n t 

e l e c t r i c a l properties of the earth and i t s atmosphere than the po ten t ia l 

gradient* I t i s to be noted that t h i s statement i s not tautologous 

with the thes i s that the t o t a l c i r c u l a t i n g ourrent i T i s of great 

s ign i f i cance as a measure of the a c t i v i t y of the supply. I f i t i s 

true that the supply approximates to a constant ourrent generator, 

(using the term in the conventional sense, not to mean that the gener­

ator de l ivers a f i xed current for a l l time, but that the current i t 

does give, although i t may change owing to the varying a c t i v i t y of the 
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generator, i s unaffected by the impedance across i t s t ermina l s ) , 

then even wholesale v a r i a t i o n s i n conductivity throughout the atmos­

phere would not e f f ec t a change in the t o t a l c i r c u l a t i n g current , 

which would s t i l l be of paramount s i g n i f i c a n c e . But i n order that the 

current density at any p lace , as opposed to the t o t a l c i r c u l a t i n g 

current , s h a l l have a s i m i l a r importance, i t must be a constant f rac t ion 

of the t o t a l current . Thus the l a t e r a l d i s t r ibut ion of the t o t a l current 

over the fine-weather regions of the earth must be constant, end t h i s 

requires that the columnar res is tance over the region where the current 

density i s being measured s h a l l bear a constant r a t i o to the whole 

impedance of the fine-weather regions. 

2 . 2 General features of thunderstorms and showers 

When thunderstorms or showers, both character ized by the at tend­

ance of cumulo-nimbus, p r e v a i l i n a region, the s i m p l i c i t y of the ohmic 

r e l a t i o n , F - , between po ten t ia l gradient 8nd ourrent dens i ty , 

i s l o s t amid3t a host of other factors which come into operation. Three 

addi t ional current -carry ing mechanisms are introduced besides the ions 

which transmit the true conduction current; indeed, during the time 

that any of these other modes i s operating, the conduction ourrent i s 

negl ig ible by comparison. The most obvious and f a m i l i a r of these i s 

the l ightn ing f l a s h , although th i s i s o f course not included in 

phenomena to be ascr ibed to shower c louds . Of the discharges which do 

reach the ground, by f a r the larger proportion bring down negative 

charge. The assessments of most a u t h o r i t i e s , e .g . Wait ( 1 9 5 0 ) » give 

the current density due to f ine-weather conduction c u r r e n t , averaged 
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over the whole surface of the earth , as about 1 0 0 C . km. yr7 , while 

that due to l ightn ing i s - 2 0 C . km. y r . Thus l ightn ing e l e c t r i c i t y 

const i tutes about 2 0 $ of the returning c i r c u l a t i n g ourrent from the 

earth to the cloud 'generators ' . 

At the approach of a thunderstorm or shower, potent ia l gradients 

of at l e a s t ten times those commonly occurring in f ine weather, may be 

produced because of the high concentration of charge i n the bases of 

the c louds. Above a c e r t a i n 'onset' value of the po ten t ia l gradient, 

the potent ia l of the atmosphere at the l e v e l of the tops of trees and 

other t a l l objects , may become so much d i f f e r e n t from the earth poten­

t i a l of the objects themselves that intense l o c a l f i e l d s are created 

near sharp angles and points on these objects , s u f f i c i e n t to form 

avalanohes of ions . The mul t ip l i ca t ion that r e s u l t s from the i o n i z a ­

tion by c o l l i s i o n appears as a current flowing into the object which 

i s of the order of I u.A«, much greater than any conduction current 

flowing into the same a r e a . The occurrence of t h i s 'point discharge' 

current leaves a space charge of opposite s ign in the a i r above, which 

under the act ion of the potent ia l gradient, moves slowly up into the 

oloud, although i t w i l l a l so be c a r r i e d and dispersed hor izonta l ly by 

the wind; or on the other hand, some or a l l of i t may be returned to 

the earth i f p r e c i p i t a t i o n f a l l s through the space charge 'blanket' 

(Simpson, 1 9 4 9 ) • Although point-discharge w i l l occur for e i ther s ign 

of po tent ia l gradient, the potent ia l gradient i s usua l ly negative when 

i t i s large enough to produce the phenomenon, consequently the net 

e f f e c t i s to carry negative charge to the earth . I t appears from 
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assessments that have been made, based upon assumptions concerning 

the number and separation of objects which oould cause point-discharge, 

that a very large proportion of the t o t a l c i r c u l a t i n g current i s 

returned to the clouds by th is process* 

E l e o t r i c charges are a lso observed to be c a r r i e d to earth on 

prec ip i ta t ion p a r t i c l e s , the average, charge on a p a r t i c l e i n any 

period of p r e c i p i t a t i o n , together with the rate of f a l l , determining 

a ourrent. P r e c i p i t a t i o n current i s o r d i n a r i l y measured with conduction 

current i n the usual type of c o l l e c t o r , and the sum of these i s termed 

here the ' a i r - e a r t h ' current , although the charge brought down by 

conduction i n a thunderstorm or shov/er i s probably negl igible compared 

with that brought down by p r e c i p i t a t i o n . The net current c a r r i e d by 

prec ip i ta t ion i s believed to bring exoess of pos i t ive charge to the 

earth and i s therefore in the opposite d irect ion to the return current 

to the clouds, m&iiy r e su l t s need to be obtained before any general 

conclusions can be drawn about the e l e c t r i c a l propert ies of the r a i n f a l l 

in a p a r t i c u l a r area , because the currents are l i k e l y to vary markedly 

over d i f f e r e n t periods occurring even i n the same storm or shower. 

Consequently any statement made about the contribution of p r e c i p i t a t i o n 

to the t o t a l c i r c u l a t i n g current must be t enta t ive . I t i s nevertheless 

probably true to say that the current brought to earth i n a storm by 

conduction i s much l e s s than that brought by p r e c i p i t a t i o n . The value 

of the prec ip i ta t ion current in these conditions i s usual ly of the order 
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™10 2 ~ * £ 2 of 10~ A/m. as against 10 A / I E . for the fine-weather conciliation 

—9 ^8 2 

current , hut i t may r i s e to 10~ or 10 A/m. on occasions* 

The potent ia l gradients observed i n thundery or showery condi­

t ions may a t t a i n very large magnitudes of e i ther s ign . 1000 V/m. i s 

an expected value, but i t may r i s e to 10,000 V/m. for short per iods . 

The potent ia l gradient w i l l depend on the amount and distance of any 

space charge overhead, such as may r e s u l t from point-discharge (Davis 

and Standring, 1947; V/hitlock and Chalmers, 1956), or on the spaoe 

charge of f a l l i n g prec ip i ta t ion i t s e l f , as we l l as on the d i s t r ibut ion 

of charges in the oloud bases. Results for potent ia l gradient are 

very d i f f i c u l t to in terpret and do not lead readi ly to information 

about the separation of charge which proceeds within the clouds them­

s e l v e s . In the case of the currents , which occur i n the various forms 

j u s t described, the s i t u a t i o n i s more amenable to in terpre ta t ion . 

Taken moment by moment, the current within the cloud i s probably not 

the same as that which flows to ear th . This i s because the shower or 

storm oloud has a dynamic nature character ized by v io lent v e r t i c a l 

a i r - c u r r e n t s , and during the early part of development, part of the 

separation process goes to bui ld ing up intense concentrations of oharge. 

C l e a r l y , while there i s bui ld ing up of charge concentrations, there 

cannot be continuity of current , and the ourrent above and below the 

cloud w i l l be l e s s than that wi th in , the di f ference being the rate of 

accumulation in the charge centres in the cloud. When the cloud i s 

in i t s degenerating stage however, the balance w i l l be disturbed the 

other way: The current within the cloud w i l l be l e s s than the currents 
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outside, on account of the net loss of charge from the poles of the 

cloud when the mechanical process of separation has ceased. I f an 

average i s talc en of the t o t a l current below or above the cloud, t h i s 

w i l l probably be close to the value of the generating current caused 

by the mechanical separation of charged p a r t i c l e s within the cloud. 

This w i l l be the more true , the more quickly a f t e r the end of the 

shower or storm that space charges f ind t h e i r way to the earth or the 

ionosphere, and the more c lose ly they remain within the boundaries 

of the disturbed region during t h e i r journey. 

I t must be r e a l i z e d that prec ip i ta t ion and point-discharge 

currents are not i n themselves sources of the e l e c t r i c i t y in the 

atmosphere. They are e f f e c t s , not causes, and they must be regarded 

as the agents which carry the c i r c u l a t i n g current below shower and 

thunder clouds, in the same way that the conduction current i s the 

agent in fine-weather regions* Obviously, i n estimating the current 

in disturbed regions, every mode of transport of th i s current must be 

taken into account. 

2*3 General features of continuous prec ip i ta t ion 

The mechanical, thermal and e l e c t r i c a l conditions in the type 

of weather character ized by nimbo-stratus are undoubtedly much simpler 

than in the thunderstorm. Thi s i s because, once th is cloud has 

developed, i t usual ly remains i n a state of dynamic equil ibrium for a 

considerable time, of the order of a few hours, in which no v e r t i c a l 

development of the extent of the cloud takes p lace , and i t i s probably 
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safe to assume continuity of current on the grounds that there w i l l 

be no bui lding up of charge concentrations, a f t e r the i n i t i a l develop­

ment, l u r t h e r , the po te n t ia l gradient in this kind of weather i s of 

the same order as that in f ine weather, and rare ly increases to a 

value l i k e l y to promote point-discharge. The only c a r r i e r s w i l l 

therefore be the conduction and prec ip i ta t ion current s . I n sp i te of 

i t s apparent s i m p l i c i t y , very l i t t l e has been known about th i s type of 

cloud u n t i l f a i r l y recent ly , largely on acoount of the smallness of the 

potent ia l gradient and current as compared with the e l e c t r i c a l e f f ec t s 

of the shower or storm. Chalmers(1956) has made measurements on a 

large number of ind iv idua l periods of steady ra in and snow and has 

observed that in about 80>3 of these the potent ia l gradient was negative. 

I n the case of r a i n , however, the aurrent ( a i r - e a r t h current) brought 

to earth in nearly a l l the periods was p o s i t i v e , while in snow i t was 

nearly always negative. The main point at issue i s to discover whether 

the same process of charge separation could obtain in both the cumulo­

nimbus and nimbo-stratus types of cloud. One fac tor whioh m i l i t a t e s 

against the probabi l i ty that they are the same process i s the very 

large di f ference i n the magnitudes of the e f f e c t s . Thus the potent ia l 

gradients observed i n continuous ra in and snow were only of the order 

of the fine-weather values , while the current d e n s i t i e s , on the average, 

were + 3.8 x 1 0 ~ 1 2 A /m 2 for ra in and - 3.5 x 1 0 ~ 1 2 A/m 2 f or snow. 

I n c i d e n t a l l y , the f a c t that these currents are of the same order as the 

conduction currents measured i n f ine weather suggests that , i n contra ­

d i s t i n c t i o n to the conditions in storms and showers, the conduction 
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ourrent i n continuous ra in might be a considerable f rac t ion of the 

t o t a l a i r - e a r t h current* The s ign of the oharge on continuous ra in 

i s the same as that predominating in the shower and storm, and the 

negative po tent ia l gradient indicates that the base of the cloud i s 

negatively charged: another point of s i m i l a r i t y to the shower oloud* 

I f i t i s assumed that i n a l l the clouds inves t igated , p r e c i p i t a t i o n 

s tar ted as ice p a r t i c l e s , i t i s easy to see that these p a r t i c l e s , 

acquiring a negative charge by some means as yet not ascerta ined, and 

f a l l i n g through the cloud, would provide i t with negative charge i n 

i t s lower l a y e r s , thus g iv ing r i s e to a negative potent ia l gradient, 

and when the prec ip i ta t ion f e l l as snow, i t would have the observed 

negative oharge. Y/hat i s not c l e a r i s why the p r e c i p i t a t i o n should 

have a pos i t ive charge when i t f a l l s as continuous r a i n . I n order to 

elucidate th i s problem, measurements would have to be taken in the 

clouds themselves to f ind out i f the r a i n does in fact begin i t s l i f e 

as negatively charged ice p a r t i c l e s , and at what l e v e l the sign of the 

charge i s reversed, for example: whether i t changes at the freez ing 

l e v e l i n the clouds. At present there i s not s u f f i c i e n t information 

to enable an estimate to be made of the contribution to the t o t a l 

c i r c u l a t i n g current of charges on continuous r a i n and snow. Generally 

speaking, the contribution of a l l kinds of prec ip i ta t ion remains one 

of the greatest uncerta int ies in the e lucidat ion of the balance of 

currents* 

2.2f Appl icat ions of the proposed apparatus to measurements i n storms 

and showers. 

S u p e r f i c i a l l y , the solut ion to the problem of e l iminating the 
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effeot of displacement current in a continuously reoording apparatus 

i s not d i f f i c u l t : i t i s to provide the ool lector with an earthed 

c y l i n d r i c a l s h i e l d , which extends a distance above i t of the order of 

i t s own diameter* This has been done by S t o c k i l l and Chalmers (1958). 

The l i n e s of force depicting the po tent ia l gradient then nearly a l l 

end on this s h i e l d and a change i n t h e i r concentration does not a f feot 

the c o l l e c t o r i t s e l f . However, i t i s a l so evident that the conduction 

current w i l l terminate on the s h i e l d rather than on the c o l l e c t o r , which 

w i l l then measure only p r e c i p i t a t i o n current . This may be no disadvan­

tage when the main i n t e r e s t i s i n thunderstorms, s ince i t can be assumed 

that the p r e c i p i t a t i o n current then makes a f a r larger contribution 

than the conduction ourrent. There i s , however, another inherent draw­

back i n th i s method, p a r t i c u l a r l y i n view of the r e s u l t s of Smith (1955), 

who found that while smal l raindrops c a r r i e d charges of sign opposite 

to that of the potent ia l gradient, large drops often c a r r i e d the same 

s i g n . I t i s therefore des irable to dispense with the screening cy l inder 

because, i f there i s any wind, a smal ler proportion of the smal l drops 

than of the large ones, w i l l f a l l into the c o l l e c t o r i f th i s i s soreened, 

and a misleading record of the current w i l l be obtained. I n addi t ion , 

of course, a f a l s e picture w i l l a l so be given when there i s r a i n and 

a gusty wind, because more of the r a i n w i l l be co l l ec ted when there i s 

a l u l l , than during a s q u a l l . 

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

not subject to these object ions , i t would be in teres t ing to see i f 

the r e s u l t s obtained compared with those of Simpson (1949), who drew 

the conclusion that there i s an inverse r e l a t i o n between r a i n current 
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and potent ia l gradient, not l imi ted only to steady condit ions, but 

a lso exhibited when the f i e l d i s ohanging, the r a i n ourrent fol lowing 

the changes i n magnitude, but having the opposite s ign , ('mirror-image 

e f f e c t ' ) . Simpson used a p a r t i a l l y shielded c o l l e c t o r , so a f a i r 

sample of a l l the drops may not have been received by the c o l l e c t o r , 

and i n fact the absence of the mirror-image e f f e c t has been noted by 

other workers. The inverse re la t ion between potent ia l gradient and 

ra in current was explained by Simpson to be the r e s u l t of the capture, 

by the drops, o f the ions l e f t i n the atmosphere when point-discharge 

takes plaoe. I t has previously been mentioned that an e f f e c t of po in t -

discharge i s to leave a space charge i n the a i r which w i l l d r i f t due 

to wind, and w i l l of course a lso move i n the potent ia l gradient . 

Elementary considerations show that the space charge has a s ign 

opposite to that of the potent ia l gradient . In th is connection, i t 

was bel ieved that u s e f u l r e su l t s might be obtained from an inves t i ga ­

tion of the re la t ion between prec ip i ta t ion currents and point-discharge, 

s ince apparatus has already been in use in Durham for measuring the 

l a t t e r , (Kirkman and Chalmers, 1957). 

The use of a rapidly responding recorder in which compensation 

for displacement current i s e f fected without resort ing to an earthed 

s h i e l d ought in any case to be i d e a l for use in thundery and showery 

weather, i n which large and rapid changes of po tent ia l gradient, and 

undoubtedly of a i r - e a r t h current , occur. Unfortunately the apparatus 

as i t now stands has neither a s u f f i c i e n t l y rapid nor accurate response, 

to give unambiguous recording when sudden changes of potent ia l gradient 
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ocour. However, i t would be only i n thunderstorms, as d i s t i n c t 

from showers, that the apparatus would f a i l to any serious extent; 

the indicat ions are that in the l e s s v io lent conditions of showery 

weather, s a t i s f a c t o r y re su l t s should be obtained nearly always* 

2*5 Appl icat ion to measurements i n continuous r a i n and snow 

I t i s by no means c e r t a i n that when the cloud cover i s nimbo-

s t r a t u s , the conduction ourrent i s only a smal l f r a c t i o n of the a i r -

earth ourrent, as i t probably i s i n showers and storms. The resu l t s 

of Chalmers (1956) indicate rather , that the conduction ourrent 

represents a large f r a c t i o n , perhaps h a l f of the t o t a l current , and 

moreover may be opposite in sign to the p r e c i p i t a t i o n current i t s e l f . 

I f the a i r - e a r t h current density i s to be measured therefore, i t i s 

imperative to employ a method other than screening the c o l l e c t o r , to 

avoid recording the displacement current . Provided no point-discharge 

occurred during a period of continuous p r e c i p i t a t i o n , i t would be 

correct to say , as has been described, that the current measured by 

the c o l l e c t o r , the current within the cloud and that above the cloud, 

would a l l be the same. Measurements of the a i r - e a r t h current at the 

ground would therefore furn i sh more evidence to enable an attempt to 

be made to explain how the charge separation might occur within the 

cloud. This would probably be much more feas ib le than s i m i l a r c a l c u l ­

ations for showers and storms, because i t i s supposed that the s tructure 

of nimbo-stratus i s much simpler, and i t would be eas i er to ca l cu la te 

the ourrent generated by any proposed mechanism of charge separation, 

to see i f th i s were in agreement with observation. Nevertheless, a 
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knowledge of the a i r - e a r t h current below the cloud does not lead 

d i r e c t l y to a f igure for the amount of charge separated i n the 

cloud per unit time, because the net current within the cloud i s 

the differenoe between the current produoed by the mechanical separa­

t ion of the charges of opposite s igns , and a d i s s ipa t ing current i n 

the reverse d ireot ion . This d i s s ipa t ing current a r i s e s by v ir tue 

of the po tent ia l d i f ference between the poles of the cloud l a y e r , and 

the conductivity within i t . Measurements of po tent ia l gradient and 

conductivity within the clouds would therefore eventually have to be 

made for a complete study. 

Apart from the smallness of the continuous prec ip i ta t ion ourrents 

requir ing the use of more s ens i t i ve apparatus than for thunderstorms, 

the el imination of the e f f ec t s of displacement current i s a major 

problem. I t has been found that the equipment whioh has been developed 

ought to be very su i table for measurements in continuous ra i i i and snow, 

s ince i t can e a s i l y deal with p o t e n t i a l gradient changes that accompany 

such weather. I n addit ion, i t i s s u f f i c i e n t l y r e l i a b l e to be run for 

s e v e r a l hours without at tent ion , so that a representative sample of 

the ra in in a prolonged s p e l l of such conditions could be measured* 

2*6 Appl icat ion to measurements i n f ine weather 

I n measuring the conduction current in f ine weather the use of 

some device for el iminating displacement ourrent e f fec t s i s e s s e n t i a l , 

unless a simultaneous recording i s made of the po tent ia l gradient, so 

that a ca lcu la ted correct ion can be made (Simpson, 1910; Chalmers, 1956). 
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While the present apparatus should ce r t a in ly funct ion w e l l i n t h i s 

type of weather, i t i s probably not a great improvement on other 

types of apparatus using discontinuous recording to eliminate the 

e f f ec t s of p o t e n t i a l gradient va r i a t i on (Chapter 3)» I f» however, 

the time constant could be reduced, i t might lead to in te res t ing 

resu l t s . A short period continuous recorder wi th compensation f o r 

displacement current has never been used before i n measuring conduc­

t i o n currents, and so i t might be that i n f ac t short period v a r i a ­

t ions do oocur i n the conduction ourrent, which have not h i the r to 

been observed. 



CHAPTER 5. THE COMPENSATION OF FIELD CHAN&E3 

3*1 The magnitude of_the displacement current e f f e c t 

F i g . 17 shows schematically the connection of the hemispherical 

co l l e c to r to one g r i d of the d i f f e r e n t i a l electrometer stage which 

feeds i n to the D.C. a m p l i f i e r . Assuming an ' e f f e c t i v e ' area A f o r 

the co l l ec to r , ( i n f ac t there i s a dif ference i n the e f f e c t i v e areas 

f o r conduction and displacement currents as discussed i n § A-.2) a 

current A l due to an a i r - ea r t h current density i w i l l be received, 

and the voltage th i s produoes across the resistance "R i s measured 

by the a m p l i f i e r . The t o t a l displacement ourrent I( t ) i s the rate o f 

change o f bound charge 0~ on the co l l ec to r and t h i s i s re la ted to the 

p o t e n t i a l gradient P by the simple equation: 

I = <Vdt « A £ 0

a F / d t 

-12 

where , the p e r m i t t i v i t y of f ree space, has the value 8.8 x 10 

farad/m. 

A large value of a i r - e a r t h current density, such as might 

easily occur i n a shower or thunderstorm, i s 10" A/m . The bound 
charge density on the co l l ec to r due to the p o t e n t i a l gradient i s 

p 
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by a p o t e n t i a l gradient change of 10 V/m. per sec. However, rates 

of change of the order o f 100 V/m. per sec. are not uncommon i n 

disturbed weather. To give added point to the comparison, i t w i l l 
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be remembered that i n the condit ion under consideration, the poten­

t i a l gradient i s not a funct ion of the a i r - e a r t h current only, and 

that large p o t e n t i a l gradients and large currents do not necessarily 

occur simultaneously, so that the fac tor by which the displacement 

current exceeds the a i r - ea r th current might be considerably greater 

than 10. 

3*2 Previous methods o f avoiding displacement current e f f ec t s 

Most of the successful schemes which have been devised i n the 

past have overcome the displacement current obstacle by employing a 

discontinuous form of recording. ¥/ilson (1906, 1916) used an e l e c t ­

rometer to measure the charge received by the co l l ec to r i n a spec i f ied 

time i n t e r v a l . At the beginning and end of an exposure the co l l ec to r 

was screened by an earthed plate so that the bound charge did not 

a f f e c t the reading. Although the method i s s t r i c t l y discontinuous, 

the duration o f a cycle could i n theory be reduced up to a point 

determined by the maximum possible speed of operation of the earthed 

plate and the per iod of response of the measuring instrument. C lea r ly , 

i f a D.C. a m p l i f i e r were used instead of an electrometer, a very small 

l i m i t to the cycle would be imposed, but on the other hand, a very 

rapid movement of the earthed plate would resul t i n a disturbance o f 

the a i r which would f a l s i f y the current measurement. An add i t iona l 

departure from the true current would probably re su l t i n the event of 

p r e c i p i t a t i o n , on account o f the f rac ture o f drops by the edge o f 

the p l a t e . 
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As the time of exposure of the co l l ec to r i s made longer, so 

the t o t a l charge col leoted i n the i n t e r v a l due to the a i r - ea r th 

ourrent inoreases r e l a t i v e l y to any probable d i f ference i n the bound 

charge at the beginning and end of the exposure, and eventually the 

need f o r screening the co l lec tor i s obviated. Chalmers and L i t t l e 

(1947) dispensed w i t h the earthed p l a t e , c o l l e c t i n g the charge over 

periods of 10 min. The l o g i c a l extension of the method i s , of course, 

to use a continuous recorder with a long time constant; changes o f 

po t en t i a l gradient i n times short compared wi th the time constant w i l l 

not regis ter , while longer period changes w i l l be equivalent to only 

small displacement currents . Kasemir (195*1) employed th i s l e s t method, 

using an a m p l i f i e r w i t h a time constant of 3000 sec. Kasemir was 

interested i n long term variat ions o f the a i r - e a r t h ourrent wi th time 

of day so the large time constant was no disadvantage; as was indicated 

i n 0 1 «3j methods o f the type described above w i l l not record the 

rapid changes i n a i r - e a r t h current such as undoubtedly accompany 

disturbed weather. 

Even when the exposure time i s of the order of a few minutes, 

the change i n bound charge during the period may not be negl ig ib le 

compared wi th the charge received from the a i r - e 8 r t h current, unless 

measures are taken to screen the co l l ec to r i n t e r m i t t e n t l y as described 

above. I b r instance, i f the p o t e n t i a l gradient changed by 1000 V/m. 

over a 10 min. exposure, the e f f e c t would be the same as i f a uniform 

a i r - ea r t h ourrent of 1.5 x 10"1"' A/m.^ had flowed throughout the 

i n t e r v a l . This postulated change i n p o t e n t i a l gradient i s o f en order 

-29-



which i t i s reasonable to expect i n disturbed weather, i n which the 
—12 —10 2 

a i r - ea r th current may have any value between + 10 and 10 A/ in . , 

so that even wi th th i s long exposure time, the po t en t i a l gradient has 

an appreciable e f f e c t . Chalmers (195&) has improved on t h i s method 

i n a scheme whereby the charge i s col leoted f o r periods o f rcin* 

and then measured by an eleotronio device, while, concurrently, a 

recording of the po t en t i a l gradient i s made, from which the appropriate 

correct ion can be calculated. Most of the tedium of applying the 

corrections by otherwise pedestrian ar i thmetic i s a l l ev i a t ed by having 

both recordings taken on the same ro t a t i ng drum carrying photographic 

paper, using two mirror galvanometers. The s e n s i t i v i t i e s are adjusted 

so that the correct ion can be t ransferred d i r e c t l y from the po t en t i a l 

gradient trace to that representing the a i r - ea r th current , w i t h a 

pa i r of d iv ide r s . 

A method, which, though ingenious, has very severe l i m i t a t i o n s , 

i s described by Kasemir (1955) and allows of continuous recording; i t 

i s considered i n some d e t a i l by I s r ae l (1955)* The c o l l e c t i n g plate 

i s connected to earth through a resistance R and capacitance C i n 

p a r a l l e l . I t can be shown that , i f the produot RC = ^°/X » where X 

i s the conduct ivi ty of the a i r near the instrument, a meter i n the 

r e s i s t i ve branch w i l l record the a i r - ea r t h current without there 

being any e f f e c t due to the displacement of bound charge. This i a 

provided that the po t en t i a l gradient i s determined en t i r e ly by the 

r e l a t i on F = J s o tha t , apart from the d i f f i c u l t y that \ i s 

not constant, the system would only behave accurately i f there were 
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no space charge to a f f e c t the p o t e n t i a l gradient, and i f there were 

no p r ec ip i t a t i on current , which is not related to F by Ohm's law. 

The method would doubtless give a more r e l i ab le recording than v/ith 

no compensation, under a l l condit ions, but the degree o f improvement 

would at least be d i f f i c u l t to ca lcula te . This makes the method quite 

unsuitable f o r the present purpose, where i t was envisaged that most 

o f the recordings would be made i n disturbed weather* 

Mention has already been made of a p a r t i a l so lu t ion to the 

problem effected by standing over the co l l ec to r an earthed c y l i n d r i c a l 

sh ie ld , and some reasons have been given why i t is unsuitable f o r the 

present purpose (§ 2 .4 ) . In add i t ion , any e f fec t s due to splashing 

would be l o s t as a resul t o f the act ion o f a shield* I t i s 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 subsequently the earth, wi th a cer ta in charge, while an ion o f the 

opposite p o l a r i t y i s l e f t i n the a i r . I n the presence of an earthed 

screen the ion would be quickly l o s t from the a i r , and i n any case 

the separation of charge by splashing might require an e l e c t r i c f i e l d 

to i n i t i a t e i t , which, f o r other reasons, the screen i s de l ibera te ly 

put there to remove. 

The prototype of methods i n which the displacement current i s 

compensated f o r , rather than el iminated, i s due to Scrase (1933)• 

Using a quadrant electrometer as a measuring instrument, Scrase 

connected one pa i r of quadrants to the air-rearth current co l l ec to r , and 

the other pa i r , not to earth, but through a condenser to a polonium 
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co l l ec to r whioh registered the po t en t i a l gradient. The purpose o f 

the condenser was to d i f f e r e n t i a t e the output from the polonium 

co l l ec to r , sinoe the displacement current i s propor t ional to the 

d i f f e r e n t i a l of the po t en t i a l gradient. Since the de f l ec t ion o f an 

electrometer needle i s propor t ional to the p o t e n t i a l d i f ference between 

the sets of quadrants, i t was possible i n p r i n c i p l e at leas t , to 

adjust the condenser u n t i l the e f f e c t o f the po t en t i a l gradient v a r i a ­

t i o n was the same on both sets o f quadrants, so that the de f l ec t ion 

would be propor t ional to the a i r - ea r t h current alone. Scrase found, 

however, that the polonium co l l ec to r was too sluggish to fo l l ow the 

po t en t i a l gradient accurately, and th i s d i f f i c u l t y o f ad jus t ing 

response times i s the whole crux o f the problem of compensating f o r 

the displacement current, i n the present author 's experience. Scrase 

p a r t l y overcame the obstacle by connecting to the radioactive co l l ec to r 

a g r i d , placed at a distance above the a i r - ea r t h current receiver such 

that i n steady conditions i t s po t en t i a l was the same as that o f the 

atmosphere at the same l e v e l . Then, even al lowing f o r the time l ag o f 

the polonium co l l ec to r , the displacement current e f f e c t s on the two 

sets of quadrants would be the same. However, when the p o t e n t i a l 

gradient was varying, the p o t e n t i a l o f the g r i d would not f o l l o w the 

p o t e n t i a l of the surrounding a i r accurately, so that the ourrent 

measured would not be the true a i r - ea r th current which would obtain 

i n natura l condit ions. Goto (1951) describes a method using a 

d i f f e r e n t i a l quadrant electrometer, i n which an agrimeter type o f 

f i e l d reg is te r ing devioe would be subst i tuted f o r the polonium co l l ec to r . 

An agrimeter can be made to have a time constant o f a few milliseconds, 
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as opposed to approximately 30 see. f o r the polonium c o l l e c t o r , but 

i t i s probable that w i t h the a l t e r a t i o n , d i f f i c u l t i e s would arise 

because of transients whioh would be introduced by the capacity of 

the cables connecting the electrometer wi th the col lector* 

3«3 Compensation using the P.O. a m p l i f i e r 

The present method involves the use of a D.C. amp l i f i e r w i t h 

an electrometer double tetrode (Perrant i DBM4A), having balanced 

charac ter i s t ics , as the input stage. With the mode o f connection o f 

the electrometer valve shown i n the basic c i r c u i t of Pig. 7, i t w i l l 

be shown (§ 4»5) that the output voltage E 0 i s propor t iona l to (Vi-V,) 

to the same degree as the character is t ics o f the two halves o f the 

tube i n the chosen operating region are s imi l a r . I t i s also true 

that the presence of the feedback loop i n Pig. 7 preserves the 

nature o f th i s i n the form Ve = ^(^x~ ^\ ), where V0 i s the f i n a l 

output measured by the galvanometer and V{, i s the voltage across the 

input res is tor K . 

In the l i g h t of the upper diagram i n Pig. 17. which shows how 

the signals from the current co l l ec to r and the f i e l d m i l l r eg i s te r ing 

the po t en t i a l gradient are fed in to the a m p l i f i e r , a more deta i led 

discussion o f the general problems that arise i n th i s type o f compen-

It 4-A ^ v\ Ka ffltFDW. A«(!mm^ TlfT "P^m- m ~._».**v*4- 4-1 -l> „11 ~~ : 4- ~ t*̂  .-. 
u o u i u i i n u n fcsw £^-i.v\»fc4» A V I ' O U X M l . O l i U u I I O U d J . J - U O ^ O U J . VOLJUO 

e f f ec t s can be eliminated i n the current c o l l e c t i n g par t o f the c i r c u i t , 

the voltage across the input r e s i s t o r R connected to g r i d G,(not the 

same as the voltage on G, i t s e l f ) w i l l be accura t e iy v; = KICO, 
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whatever the form of I(t) • I n order to obtain a voltage on G 4 

corresponding to the rate of change of po t en t i a l gradient, the out­

put from the f i e l d m i l l must be d i f f e r e n t i a t e d , and a capacitor-

res i s to r o i r c u i t P,S has been chosen to do t h i s . A simple calcula­

t i o n (Eq. 6.1) gives the condit ion f o r compensation of a steady 

displacement current , i . e . , a l inear rate of change o f po ten t i a l 

gradient: 

J>S - V (constant) , 

where Y i s determined by the f i e l d m i l l s e n s i t i v i t y and "R, . I t i s 

clear that th i s equation has determined also the time constant of 

the input to G-j , and that V2 , the voltage on that g r i d , w i l l only 

be accurately propor t ional to f o r displacement currents which 

show var ia t ions only i n times long compared wi th Y • In the event o f 

a step change i n I(t) from I ( t ) - 0 when t < 0 , to = 1K 

when t ^ O , the voltage on G z i s given by 

= " R I ^ O - e " v 0 Eq.3.1 

Thus, f o r such a displacement current a resul tant output, V0 - 'RTi.C ^ 

would be observed, which would only approach zero a f t e r an i n t e r v a l 

1 ±. - _ -C* X. ~ _ V T i Ar, . I n r ! v i .- . ~ -w~. 4 n * i <V» n 

C^UOl bU 0 1 c n u x u k o o . J . v J-B uwviiUugj.jr nuyuuLjoi j u \j g i u v i i q m a w x «• 

time constant c i r c u i t on G-| so that an exponential term w i l l appear 

i n V,' which w i l l cancel that i n Eq. 3» 1« The question now arises as 

to whether i t i s possible to adjust the c i r c u i t f o r steady displacement 

currents and f o r equal time constants independently. At f i r s t i t 
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looked as i f the in t roduct ion of a variable condenser X, across R 

would be the s o l u t i o n . By leaking R X = Y , the exponential terms i n 

the equation f o r the net response, 

V0 - * I t [ ( l - e " ^ ) - ( l - e ^ ) J 

would cancel out, as we l l as the terms R l i representing the e f fec t s 

o f a uniform displacement current of i n f i n i t e dura t ion. I t i s o f 

course evident that the p a r t i a l f a i l u r e o f Scrase's apparatus was 

simply a f a i l u r e to obtain equal time constants f o r the inputs to 

the two pairs of quadrants of his electrometer. 

However, even the assumption that only one time constant makes 

i t s appearance i n the input c i r c u i t s to e i ther g r i d , i s a gross over­

s i m p l i f i c a t i o n , f o r the cable capacitance from the co l l ec to r to the 

electrometer valve has been neglected; also, i t lias been assumed that 

the f i e l d m i l l has an instantaneous response to f luc tua t ions i n poten­

t i a l gradient. I n general therefore, the response on one of the grids 

to a step funct ion of displacement current , i s more l i k e l y to be 

represented by an equation 

V = R Ic ( l - 3 , e " V ' - 3 ,e" ̂  . . . ) 

Obviously, i t would be a hopelessly complex problem to t r y and match 

every time constant appearing i n the equation f o r one g r i d to a time 

constant i n the equation f o r the other. The l o g i c a l procedure i s to 

see what can be discovered about the r e l a t ive e f f ec t s o f the time 

constants appearing in one o f the equations. As w i l l be shown i n 

-35-



Chapter 7, the coe f f i c i en t s 3i,x- - are funct ions o f the Y's only, 

and have the property that i f one time constant, , i s made muoh 

larger than a l l the res t , then the c o e f f i c i e n t B„ approaches u n i t y , 

while a l l the others tend to aero; see, f o r example, Eq. 7»19« Thus 

an approach would be made to Eq. 3*1 • 

Although th i s procedure sounds easy enough, i t i s not so i n 

pract ice , p a r t i c u l a r l y i f the largest Y i s s t i l l to have an absolute 

value of not more than a few seconds, because i n general, the Y ' s 

are not independent, even considering e i ther g r i d separately. I t i s 

evident that they cannot be so unless no two o f them comprise the 

same res i s t ive or oapacitative component. This means that there i s a 

severely l i m i t e d number of var ia t ions that can be made on the c i r c u i t 

elements; and i n the apparatus here described, there i s the add i t iona l 

l i m i t a t i o n tha t , owing to the negative feedback, one o f the time 

constants appears i n the equation f o r e i ther g r i d . 

To make the idea more concrete, the problem i s that there are 

two equations representing the responses to the signals on the g r id s : 

T4- A Irvî Tim 4-Vrn 4- i f i + wo no rsnaoiKl a "fcrt r? ofl 1 uri +V. . "Hlo "h"! m« nnnfl^fln^fl 
_L. U J-ICJ A A l U T U i U I i.t^A V y JL. V M V J. X ' I f c w - w.— — ••— • - - — — — — — -

separately, so that , say, tX* » 0( ,,0(1.013 and VK V, IT, 3̂  

these equations would become: 
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and a l l that would remain to be done would be to make X> . 

I t i s impossible to s a t i s f y suoh conditions exactly i n prac t ice : 

f i r s t , because a l l the <Vs are not independent, nor are a l l the Y*s; 

and secondly, one of the ^ ' s i s i den t i c a l wi th one of the Y ' s , but 

without the corresponding A and 3 being equal. I n the course o f 

optimizing the c i r c u i t parameters, calculations were made to see what 

would be the e f f e c t of making some o f the <Vs or V 's equal; since, 

wi th the l i m i t a t i o n s imposed by the interdependence o f these quant i t ies , 

i t was l i k e l y to be easier to equalize them than make them very d i f f e r e n t . 

Nothing was gained by t h i s , however: the resul t i s the int roduct ion o f 

a term of the form C ^ Q. ^ , where o{ i s e i ther of the equalized 

time constants. 

The treatment o f the problem as i t applies s p e c i f i c a l l y to the 

present equipment, w i l l be given i n Chapter 7» 

3.4 S t a b i l i t y requirementa 

Usually, when corrections have to be applied to experimental 

data, the corrections are only a small percentage of the desired 

quant i t ies , so that they themselves need not be known to great accuracy. 

However, i n the measurement of the a i r - ea r t h ourrent, the e f f e c t of 

bound oharge may be of several times greater account than the true 

current , so that the accuracy of the ooiqjeijaating voltage must be much 

higher than that to which the a i r - ea r th current i s required to be known. 

Suppose f o r instance that the displacement ourrent may r ise to 1Q times 

the a i r - ea r th current; then i f i t i s neoessary to know t h i s current to 

wi th in 10̂ 5, the compensation must be accurate to w i th in 1$. This 
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immediately implies that the gain of the f i e l d m i l l producing the 

compensating voltage must be constant to wi th in 1$. The requirements 

as to the l i n e a r i t y of the compensating apparatus are not , however, so 

easy to def ine . Since the displacement current i s the d i f f e r e n t i a l of 

the po ten t i a l gradient, a spurious change o f , say, 0.1 V. i n the output 

o f the f i e l d m i l l when t h i s was recording a f i e l d of 100 V/m. would have 

the same e f f e o t as the same spurious change when the f i e l d was 1 V/rc. 

Thus a cer ta in absolute accuracy, rather than a spec i f i ed re l a t ive 

accuracy, i s required, but th is has to be compared wi th the a i r - ea r th 

current at the t ime, which, to a l l in tents and purposes, i s a completely 

independent quant i ty . Probably the most that can be got out of the 

argument is an a i r - ea r t h current equivalent to the maximum absolute 

deviat ion i n f i e l d m i l l output expected, on the fo l l owing l i n e s . Suppose 

the output of the f i e ld , m i l l corresponds wi th the value upon which the 

adjustments f o r compensation are based, to wi th in an equivalent input of 

+ 0.5 V/m. and that the time constant of the D.O. amp l i f i e r i s 5 sec. 

The maximum er ror in the d i f ference of the outputs at the beginning and 

end of an i n t e r v a l t sec. corresponds to + 1 V/m. and th i s means that 

an error o f + Vt V/m. per sec. represents the amount of f a i l u r e o f the 

compensation. However, the apparatus does not regis ter changes taking 

place i n much less than 5 sec. as progressively increasing displacement 

currents 5 6 , and the longer t becomes, the less i s the e f f e c t i v e displace­

ment current error anyway, (S 3" 2) so that the maximum error obtainable 

i s o f the order 0.2 V/m. per sec. This would correspond to a displace­

ment current o f 2 x 1 0 " ^ A/m 2 , which i s about the average value o f the 
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a i r - e a r t h ourrent i n f i n e weather. A s imi la r o r i t e r i o n applies t o the 

short term s t a b i l i t y of the output. Noise on the f i e l d m i l l output 

w i l l have negl ig ib le e f f e c t except at frequencies comparable wi th the 

rec iproca l of the time constant o f the d i f f e r e n t i a t i n g c i r c u i t . 

The demands upon the s t a b i l i t y and l i n e a r i t y of the compensa­

t i n g equipment are seen t o be quite s t r ingent , becoming less so as the 

time constant o f the d i f f e r e n t i a t i n g c i r c u i t or the D.G. a m p l i f i e r 

(assumed to have equal time constants) increases. A descr ipt ion of 

the actual performance o f the apparatus i s given i n Chapter 7* 

^This requires a l i t t l e f u r t h e r explanation. By the U3e o f 

the Laplace Transform, i t can easily be shown that the amplitude of 

the response o f the d i f f e r e n t i a t i n g c i r c u i t with time oonstant T , to 

a s inusoidal po t en t i a l gradient o f angular frequency tJ , i s equal to 

Ku>/( U tfT1)^ 

, where K i s the response fo r un i t rate of change 

of p o t e n t i a l gradient. I n the l i m i t , as cJ increases, the response has 

an amplitude KJ-J- , whioh i s the same as the response to a p o t e n t i a l 

gradient rate o f change o f Yr V/m. per s ec I f the time oonstant were 

zero, the e f f ec t i ve displacement current amplitude would r i se w i t h 

increasing frequency, as can be 3een also by d i f f e r e n t i a t i n g F = ^cos i 
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CHAPTER 4 . THE DIRECT COUPLED AMPLIFIER 

4»1 The o r i g i n a l form of the a m p l i f i e r 

Only a b r i e f descr ipt ion of the o r i g i n a l a m p l i f i e r of Kay i s 

given here, as a complete discussion appears i n his thesis (1950)* 

The complete c i r o u i t diagram i s given i n J igs . 2 and 3* 1" the main 

ampl i f i e r ( F i g . 3) , the coupling i s s t ra ight forward from Btage to 

stage, and the l a s t stage, being a cathode fo l lower , presents a low 

impedance output to operate a robust galvanometer* The output impe­

dance i s fu r the r reduced by the negative feedbaok loop. The use of 

the cathode-coupled double t r iode i n the remainder o f the c i r c u i t i s 

now a f a m i l i a r feature o f D.C. a m p l i f i e r s . The c i r c u i t was f i r s t 

used by M i l l e r (1941) and i t s main properties are described by Williams 

(1944), who also gives the der iva t ion of the expression f o r the gain 

of suoh a stage. The output voltage £ 0 f o r voltageB V, and VZ on 

the grids ( F i g . 2, basic c i r c u i t ) i s given by 

where and *RC are the anode and common cathode res is tors respectively 

and V, i s the voltage applied to the g r i d of the ampl i fy ing section 

of the valve. The other symbols are conventional and a l l the voltages 

are of course incremental. Under the conditions i n which the c i r c u i t 

i s always used, K c , where «j i s the transconductanoe from 

con t ro l g r i d voltage to anode current , and the equation approximates 
-40-
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Eq. 4 .1 

showing that the stage behaves as a d i f f e r e n t i a l amplifier . I t 

should be noted that the equation implies that the characteristics of 

both triode sections are the same. The valves used were the type 

6SC7, although these are now obsolescent. The two sections are in 

the same envelope with a common cathode and the heaters are connected 

in series. In Kay's amplifier the second grid of each stage i s held 

at earth so that 

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, i n 

two respects. F i rs t , since the anode of one stage is direct-coupled 

voltage across a s tabi l is ing valve or a battery, or else to arrange 

that the cathodes of successive stages shal l 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 

E 0 

to the grid of the next, i t i s necessary either to drop the anode 

voltages. I f a large cathode resistor R c were used to obtain the 
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correct potential , the feedback across i t when a signal was applied 

would reduce the gain to I f however a constant current 

element could be used in the cathode c i r cu i t , there would be no feed­

back. This i s , in effect , what is aohieved by using the cathode-

coupled double triode, one section acting as the constant current 

device for the other. Any tendency for the current through the 

cathode resistor to change, owing to the application of a signal to 

either gr id , results in a change in bias voltage of the other section, 

in suoh a direction that the current is restored to i t s 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 compensated by a decrease in the current through 

the other section, the SUIT, retraining constant* 

The other advantage of the cathode-coupled double triode i s 

that the effects of changes i n heater current are minimised. A varia­

tion in oathode temperature alters the grid to cathode oontaot poten­

t i a l (Yarwood and Le Croisette, Feb., 1954) , but since, owing to this 

cause, equal increments w i l l be provided to both grids, the effect on 

the output voltage, as appears from Eq. 4 » 1 , w i l l be zero. 

The electrometer stage in i t s original form was not a l l that 

could bs desired because suitable valves were not available at "that 

time. Kay seleoted two R.A. 954 acorn pentodes which had similar 

characteristics, and operated them at low II.T. and heater currents so 

that grid current would be reduced, thereby simulating an eleotrometer 

valve. However, no matching was attempted fo r emission changes 
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accompanying heater current variations, and there i s an obvious draw­

back here to the use of separate valves* The heaters were however 

connected in series, and one bad a potentiometer connected across i t 

so that the emissions could be equalized i n the f i r s t instance. 

Additional coupling between the valves was achieved by connecting 

together the space charge grids: normally the control grids in this 

type of valve. The space charge grid i s a common feature of the 

electrometer valve; i t is normally held at a few volts positive with 

respect to the cathode and prevents the small number of positive ions 

emitted by the cathode from contributing to the control grid current 

(normally the screen grid in the 954 pentode). The effect of connect­

ing the idle anode to a separate s tabi l iz ing valve (type VE.150) w i l l 

be discussed in § 4 » 5 . Although the mode of connection was super­

f i c i a l l y similar to that of the cathode-coupled double triode, the 

condition that T^t should be large compared with Kj was not f u l f i l l e d . 

Kay's determination for either valve gave the transconductance as 

50/uA/V*, which would mean that a cathode resistor of at least 200 K . , 

instead of 10 K . , would be required. Thus the electrometer stage 

could not be t ruly d i f f e r e n t i a l . However, since a signal appeared at 

only one of the grids, this did not matter, and at least the earthing 

of the other would provide, to some extent, compensation against d r i f t 

The 954 pentrodes were housed in l igh t - t igh t boxes and thermally 

insulated with asbestos. The input resistor to the electrometer valve 

and the valve i t s e l f , were housed i n the same compartment and this was 

evacuated to reduce ionio ourrents external to the valve which might 



affect the gr id , although the present author discontinued this 

practice. 

Total negative feedback results from connecting the output 

from the main amplifier to the other end of the input resistor. I t 

i s very easy to show that the behaviour of the complete system is given 

by the following equation fo r the output V* 

V a |+ C 

where L is the ourrent through the input resistor R , and C is the 

loop gain of the amplifier, i . e . the gain without feedback. Since G-

i s large, the gain with feedback i s very close to " 1 . Physically, 

what happens is that when the current L flows, the grid hardly changes 

i n potential and the change in voltage -"Rl appears at the other end of 

the resistor. The grid potential does in fact ohange by an amount 

, which is just suf f ic ient to produce the output v o l ­

tage when i t is amplified by G . The fact that the grid potential, 

and therefore that of the collector, does not vary much from earth 

is obviously a desirable feature. 

4*2 The collector 

The disposition of the collector, housed in a p i t a few yards 

outside the recording room, is shown in Plate 1. I t is a copper hemi­

spherical bowl about 50 cm. in diameter, surrounded by an earthed 

guard ring of aluminium, the overturned rim 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 f ie lds from being set up on the outside 

surface of the oolleotor. The whole assembly is very easily disman­

tled for cleaning. Arrangements are made for keeping warm the poly­

styrene insulator supporting the colleotor, to prevent condensation 

on i t . A complete description of the collector i s given by Kay in 

his thesis* The only improvement that has been made i s that when 

the p i t was extended to receive the f i e l d m i l l , a cement f loor was 

la id in both compartments and the walls were lined with bricks, 

cemented in position. The housing can therefore be kept in a clean 

condition. Plate 1 shows also the access p i t which allows of l imited 

maintenance ' i n s i tu*. 

An interesting de ta i l concerning the colleotor i s that the 

effective areas fo r conduction (or displacement) and precipitation 

currents are different* Since the paths of precipitation particles 

w i l l be affected hardly at a l l by the f i e l d distr ibution over the 

hollow surface, the effective area for the current carried on them i s 

simply equal to the area of the aperture, which i s 1900 om . The 

conduction ourrent is carried along the lines of force, however, and 

sinoe these are obviously concentrated near the rim of the collector, 

most current w i l l be collected at the apex formed by the l i p of the 

guard ring and the rim of the collector* Exactly how nruch of this 

marginal ourrent i s collected by the guard ring is impossible to 

determine, and in any case i t has not been found possible to produce 

a theoretical account of the f i e l d distr ibution over the inner surface 

of the hemisphere. However, on the basis of experiments i n which a 
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steadily increasing potential gradient of known magnitude was applied 

to the collector (S 6 . 3 ) , the exposure factor for conduction currents 

appears to be almost exactly ^ . Hitherto, when measurements have been 

made only of precipitation currents, this fact has been of no impor­

tance, but i t w i l l obviously need to be corrected when measurements 

are made of the to ta l air-earth current. This could easily be achieved 

by placing a false bottom in the collector almost f lush with the rim. 

This could be f i l l e d with a shallow layer of earth, more nearly simula­

ting natural conditions, and i f there are any electr ical effects due 

to the splashing of precipitation particles on the ground (Israel and 

Lahmeyer, 1948; Smith, 1 9 5 5 ) » these would be more reliably accounted 

for with the apparatus so modified. 

k»3 Ancillary equipment 

Kay furnished the amplifier with specially constructed H.T. 

and heater supplies and a range selecting uni t incorporating Schmitt 

trigger c i rcu i t s , which automatically ohanged the shunt across the 

recording galvanometer i f the current received by the collector became 

too great. Slight modifications to the power supplies have been made 

by the present author. Originally the reference voltage fo r the H.T. 

power supply was set by a VR105 regulator, but a f te r a rather short 

time, this voltags began to dump st f a i r l y low frsouency, having a 

disastrous effect upon the amplif ier 's performance. This defect of 

the VR105 has been reported by Kirkpatrick ( 1 9 4 7 ) • S tock i l l and 

Chalmers (1958) replaced the regulating valve by an H.T. dry battery 

of conventional type giving 120 vol ts , but the method of applying the 



reference voltage to the power supply necessitated the flow of a few 

microamperes into the battery in such a direction as to charge i t . 

Af ter a few days of continuous operation the voltage delivered used 

to increase by as much as 5 to 10 volts* In this connection i t is 

worth noting that the temperature coefficient of voltage of a dry 

battery may be much greater than for a gas discharge regulator: Harris 

and Bishop (Sept., 1949) give the temperature coefficient as 

+ 100 mv/°C, fo r a 120 volt battery as against 5=20 mV/°C for neon 

regulators. The present author found a most satisfactory solution i n 

the use of a reference voltage valve, type 85A1. The properties of 

this valve have been reported by Benson ( 1 9 5 2 ) , who found i t to retain 

a remarkably constant running voltage, af ter a short period of i n i t i a l 

d r i f t . In addition, the valve requires no shielding from l i g h t , and 

i t has a low temperature coefficient ( - 2 . 5 mV/°C)« I t i s believed 

from measurements described i n 3 if .5 that with this valve the s t a b i l ­

ized supplies of + 125 volts and - 105 volts are held constant to 

one m i l l i v o l t over an hour or so* 

A clockwork drum camera carrying a s t r ip of photographic record­

ing paper i n conjunction with a mirror galvanometer, is used for record­

ing. S tock i l l added timing circuits actuated by Post Offioe uniselec­

tors, which are triggered by the half minute pulses from a clock. 

The uniselectors switch on a fogging lamp or switch o f f the galvanometer 

lamps at regular intervals thus superimposing a time scale on the 

record* The camera can be run at the rate of one revolution, equivalent 

to approximately 14 inches of record, in 1, 5» or 20 hours, a f t e r which 

the paper must be changed. , 7 



4 « 4 A d i f f e r e n t i a l electrometer stage 

Referring again to Fig* 2 , showing the form of the electrometer 

stage used by S tock i l l and Chalmers (1958) for the measurement of 

precipitation currents, i t was hoped that i t might be possible to 

free the grid G* and apply to i t the compensating voltage without 

any further alteration in the ci rcui t* An equation w i l l now be 

derived for the f i n a l output from the main amplifier sinoe the way the 

feedback loop affects the response to a signal on Gj. is not s e l f -

evident* I t w i l l be assumed that fo r voltages V, and Vx applied to 

the grids (see Fig. 4 ) , the output E 0 of the electrometer stage is 

This is a more generalized equation fo r the behaviour and also gives 

a l i t t l e more information when the result is obtained than i f 

not t ruly d i f f e r e n t i a l but is given by the equation: 

B. = - Eq. 4*2 

£o = K(V,-Vj) had been assumed. I f L is the current flowing 

into the input resistor K . and G i s the gain of the main amplifier 

only, essentially a positive quantity, 

Therefore, E„ = " ( m R L + M £.&')+ NVj. 

and the output voltage is expressed by:-

£„G' = - K G ' I T U - % - V j 
I + n o ' 
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With the usual feedback condition that t\C-' » \ 

E . G / - Ya.H/n) Eg.. 4 . 3 

I t is interesting to note that the rat io of the ternes corresponding 

to the two signals is preserved in the output, allowing fo r the fact 

that one input is a current input and the other a voltage input* 

However, i t is evident that while the part of the output corresponding 

to the current I i s made independent of valve characteristics, the 

output corresponding to Va i s dependent on the ra t io , which i s 

a function of the electrometer stage characteristics* This is also 

true i f i s nominally unity, although i t would not have been evident 

i f this had been written down impl ic i t ly in Eq. 4*2 . I t is more useful 

to say that the s t ab i l i ty of the electrometer stage determines how 

closely the output can be maintained t ru ly d i f f e r e n t i a l . The present 

author tested Kay's amplifier by applying known voltages across R 
and between G aand earth. Both terminals of the source supplying 

the f i r s t voltage had to be ' f l o a t i n g 1 , of course, to represent a 

current input. I t was found that the output from the main amplifier 

corresponding to a voltage across R was approximately ten times as 

great as that due to the same voltage on G a . The reason f o r this 

was that the cathode resistor was too low. Kay (1950) derives the 

following expression fo r the output voltage £D from the electrometer 

stage. 
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E. <* 
4R 

»•••• Eq»4«4 

|^ i s the reciprocal of the anode characteristic resistance and p 

and are respectively the trans conducts noes of the space charge 

and control grids, assumed to be the same for each of the pair of 

valveSo The significance of the other symbols is shown in Fig. 4* 

I t can be seen that with £ c su f f i c ien t ly great, the seoond and th i rd 

terms in the square bracket become negligible compared with the f i r s t , 

which represents a t ruly d i f f e r e n t i a l behaviour. The requirement is 

that "Re shal l be considerably greater than J ^ o r ^ • In fact k , j o 

and <̂  were each approximately 50 K. whereas R c was only 10 K. 

Substitution of these numbers into Eq. 4*4 together with 200 K. f o r 

'Rs shows that . Thus the behaviour 

found i n practice is explained. Since i t was obvious that the electro­

meter stage would have to be modified at least for this reason, i t 

was decided to investigate some of the characteristics of cathode-

coupled twin stages, part icularly with regard to their s t ab i l i t y 

against changes of supply voltage. 

4*5 S tab i l i ty considerations 

Although there is substantial l i terature on the properties of 

various D.C. amplifying stages, and in particular two series of 

art icles were found to be of value (Yarwood and Le Croisette, 1954; 
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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. I t is quite easy to obtain an expression 

for this and i t has a bearing on the way the supplies should be brought 

to the two anodes* In the f i r s t place i t is evident that to obtain 

a t ruly d i f f e r e n t i a l output from the electrometer stage the character­

i s t i cs of each section must be the same. Since only one section has 

an anode load "R^CPig. 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 same* An expression has been derived for 

the output of the electrometer stage when the characteristics are 

unbalanced: 

The symbols have the same meaning as in Eq. 4 » 4 , and the suffices 

1 and 2 refer to the amplifying and non-amplifying sections respectively. 

I f there is no difference between the characteristics for either valve 

then the expression can be shown to be identical with Eq* 4*4* I f 

however there is a difference, and i f "Rt i3 made very large, i t i s 

found that 

which is an output of the type discussed in § 4«4» I t w i l l be noticed 

that the (D * S , the transconductances of the space charge grids, do 

not appear except in a constant of proportion for signals on either 
- 5 1 -



gr id , when the usual cathode follower condition for "Re i s applied. 

That grid w i l l therefore not be taken into account i n the further 

discussion: there is no rigorous jus t i f i ca t ion fo r this omission, but 

i n 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 c i rou i t passes the 

same order of current as the anode c i rou i t . 

The question of the s t ab i l i t y of the electrometer stage was 

raised i n i t i a l l y when 'zero' traces, i . e . records of the output with 

the collector disconnected from i t s grid and the other grid earthed 

were obtained, showing large fluctuations. Two 3uch records are shown 

in Pig. 5» This diagram, and others which are similar, were prepared 

by mounting the original records on card and photographing them. The 

details in some are not very clear because of d i f f i c u l t i e s in obtain­

ing the right contrast i n the reproduction. The time markings are 

easily seen: the broad ver t i ca l white lines on Record 25 are separated 

by one hour, and between them, much fainter , are the f ive minute 

in terval marks. This is one of the most erratic of the 'zero' traces. 

In using the figure shown on the record for the sens i t iv i ty : 1.9 mm/mV., 

i t should be remembered that the original record has twice the linear 

dimensions of this reproduction. The separation between the darker 

lines paral lel with the length of the grace is 2 cm. on the or ig inal . 

These graduations were obtained by means of a graticule on the cyl ind­

r i c a l lens of the camera. To gauge the importanoe of the fluctuations, 

2 cm. on the original record corresponds to the normal fine-weather 
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value of the air-earth current. Apart from the slow d r i f t observed, 

Record 25 i s interesting i n that i t shows in the last three houra 

rapid fluctuations of large magnitude accompanied by a considerable 

change i n the general level of the output. The jumps were observed 

to correspond with sudden changes in the glow of the VR105 regulator 

s tabi l iz ing the H.T. supply (§ 4 . 3 ) • Other transients on the same 

record were probably strays picked up from the relays in the timing 

c i rou i t . 

To discover whether the slower variations were caused by 

changes i n the supply, the l ine voltage and a suitably adjusted steady 

voltage from a 120 vo l t dry battery were applied to the terminals of 

a galvanometer, and the variations recorded at high sensi t ivi ty 

together with the aero trace. This is exemplified by Record 21, Fig .5» 

I t was f e l t that the battery might not provide a suf f ic ien t ly constant 

backing-off voltage fo r this purpose, having regard to i t s high temp­

erature coeff icient , so an attempt was made to compare, in a similar 

way, a fraction of the supply voltage with a standard c e l l . This met 

with fa i lure on account of the temperature coefficient of the resistors 

used. Finally i t was decided to calculate what ought to be the effeot 

on the amplifier of variations in the supply. 

Returning to Fig. 2, inset, the voltage fo r the anode A t of 

the non-amplifying section is supposedly tapped o f f a resistor ohain 

at a fract ion m of the supply voltage to bring the anodes to the same 

potential . There is imagined to be a change in the supply voltage; 

hence a change ni Vo. in the voltage applied to AA , and a corresponding 
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output voltage £. from the electrometer stage. I f the grids are 

held at fixed potentials and rk and q are the anode resistance and 

control g r i d transconductance, the equation f o r the current i n the 

amplifying section i s : 

I = E .-*c(l.«I,) _ ^ ( T . ^ l J 

and f o r the other section: 

Substituting = Vk. - "RfcI, into the f i r s t of these and elimina­

t i n g I , , between them gives an expression f o r I , and hence f o r C, i n 

terms of V4 : 

r; + «R& + Kt ^ ) ( i + JU) Eq.if.5 

I f the oathode follower oondition 'R,tq » I holds, t h i s approximates 

to 

£o d VaOr^ +• m l Q Eq .4.6 

This shows that when Aj.is connected d i r e c t l y to the supply, the f u l l 

change i n supply voltage appears at the output of the electrometer 

stage, but that some reduotion i s effected when m<l. I n the o r i g i n a l 

form of Kay's amplifier, A 2 was supplied from a VR150 regulator 

across the s t a b i l i s e d supply. Since the supply to t h i s valve i s 

i t s e l f s t a b i l i s e d , i t would normally be reasonable to expect that 
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variations of voltage across the regulator would be e n t i r e l y 

negligible, as when 3uch valves are used i n cascade* This would be 

equivalent to m = O , and allowing also fo r the faot that Rt<j ̂  I 

i n the actual arrangement, by s u b s t i t u t i n g the values d i r e c t l y i n t o 

Eq. i f . 5 , EG would be about 0»3$ of . However i t has been shown 

that the VR105 regulator can develop i n s t a b i l i t i e s even when the 

applied voltage i s constant (Kirkpatrick, 194-7)* and although the 

VR150 i s undoubtedly better i n t h i s respect, i t i s of s i m i l a r con­

st r u c t i o n to the VR105, and i t might be more r e a l i s t i c to give m 

a value between 0 and 1. I f m = 1, the variations i n E« would be 

30$ of those i n the l i n e . 

However, examination of Reoord 21, Pig. 5» shows that anode 

supply variations cannot be the only cause of zero d r i f t * At the 

l e f t hand end of the record r e l a t i v e l y small variations i n the H*T* 

voltage were accompanied by a large excursion of the 'zero', while 

i n the central section, fluctuations i n H.T. produced no sensible 

zero d r i f t . (The apparent discontinuity of the traces i n the plate 

i s owing to the fact that the whole of the record i s not presented, 

but only the interesting parts of i t ) * Attention was therefore 

turned to the effect of v a r i a t i o n of heater current* Harris and 
•OA~U~-~ fa~-~*. -1 Ol. o\ •! 1 1,,„+.„„.(.„ 4-lo ~ . . J > . ~ f n ^ . l > 4 i a - +• U n +• nit-. V>. 

achieved i n this d i r e c t i o n as that of a t y p i c a l balanced amplifier 

i n which 0*2/2 change i n heater voltage produced an output equivalent 

to 1 mV. at the g r i d . An experiment on Kay's amplifier showed that 

the same r e l a t i v e change i n heater voltage was equivalent to 16 mV. 

- 5 5 -



at the g r i d . Obviously the s t a b i l i t y against heater voltage was 

seriously deficient and i t was decided that the existing electrometer 

stage must be replaced by a valve with a common heater and cathode 

fo r both sections. 

Some revision of the o i r o u i t was evidently necessary, and as 

a f i r s t step i n deciding what alternative would be most e f f e c t i v e , 

calculations were made of the amount of H.T. var i a t i o n that could be 

tolerated. The smallest air-earth ourrent required to be measurable 
-12 y 2 

was a r b i t r a r i l y fixed at 10̂ > of 2 x 10 A/m., the fine-weather 

value; t h i s corresponds to an output of 1 mV. The result of a ohange 

V«. i n l i n e voltage a f f e c t i n g only the electrometer w i l l f i r s t be 

considered. Referring to Fig. 6, the change £« i n the anode voltage 

of the electrometer stage i n the absence of feedback ( i . e . with the 

switoh S connected to earth) i s supposed to be fl-K • On aocount 

of the feedback, however, a voltage e w i l l be impressed on the g r i d ; 

t h i s w i l l of course also be the output voltage* I f K| i s the ampli­

f i c a t i o n of the electrometer stage, Kj. that of the rest of the ampli­

f i e r , the value of E0 when 5 i s connected to the feedback loop i s 

simply. .£„ = OX — K,C • Sinoe e- K^Eo 
e = a ^ z ^ 

I t has already been shown that (X — / j and i t can also be shown that 

K,— I . Since » I , e — 3̂ Vo. . The condition on e i s that i t 

3 h a l l be less than 1 mV. and therefore the supply voltage must be 

constant to within 3 kV. 
Because the gain of the electrometer stage i s approximately 
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unity, i t was also important to consider the effect of l i n e voltage 

changes on the next stage, i.e. the f i r s t stage of the main amplifier* 

Supposing now the electrometer stage to be perfectly compensated f o r 

supply variations, and r e f e r r i n g again to J i g . 6 l e t the zero d r i f t 

i n the f i n a l output be C . This voltage i s applied to the g r i d of 

the electrometer stage so the input at the next stage is-K,C. I f 

t h i s stage end the next each have a gain j u . , the output from the f i r s t 

of them i s E| — K + aK,e , there being no compensation for H.T. 

variations within t h i s stage, because the non-amplifying anode i s 

connected d i r e c t l y to the supply. The output of the next stage i s 

divided by approximately 2, because of a resistor chain to which the 

g r i d of the cathode follower i s tapped, soJ 

Therefore, <L - ± . ^ V* ~ _ 

With a l i m i t of 1 mV. f o r e and y u = ZS , VA i s l i m i t e d to 25 mV. 

This takes no aocount of the fact that the fixed g r i d of the stage i n 

question i s tapped o f f a resistance across the supply. The change i n 

po t e n t i a l of t h i s g r i d w i l l produce a zero d r i f t i n the same sense as 

the supply f l u c t u a t i o n causing i t . The g r i d voltage w i l l undergo 

approximately half the change i n l i n e voltage, but since i t i s 25 

times as effective as the anode, the l i n e voltage would have to be 

stable to 2 mV. unless the g r i d were kept at a constant l e v e l by 

other means. 

The s t a b i l i t y of the supply was eventually tested by opening 
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the feedback loop, disconnecting the electrometer stage and strapping 

together the grids of the f i r s t stage of the main amplifier so that 

they would not be affected by the l i n e variations. A reoord of the 

zero was taken which showed no v a r i a t i o n greater than 250 mV. Since 

the f u l l gain of 320 was employed, the supply voltage variations 

must not have been greater than 0.8 mV. This showed that the H.T. 

supply, which had by then had i t s VR105 regulator supplanted by an 

85A1 (§ 4*3)> was functioning perfectly s a t i s f a c t o r i l y . 

4»6 Modifications to the D.C. amplifier 

The c i r c u i t f i n a l l y adopted for the electrometer stage i s 

shown i n Pig. 7, i n which the valve employed i s the Ferranti DEM4& 

twin electrometer tetrode. One of a p a i r of such valves obtained 

was chosen as having the most similar dynamic characteristics f o r each 

section, and the other curves, anode current against anode voltage, 

and cathode current against space charge g r i d voltage, were also 

plott e d so that accurate values of the necessary resistors could be 

calculated. I t w i l l be observed that the connection i s no longer 

that of the cathode-coupled double triode, but that the stage i s 

completely balanced and the output two-sided. I t i s easy to show 

that the output i s d i f f e r e n t i a l and that the gain i s expressed by 

the equation: 

V*. + n, Eq. 4.7 

I n theory at least, changes i n supply voltage have no effect on £„ 
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and there i s also s t a b i l i t y against variations in emission, the more 

so as both sections have a common cathode and heater* As an extra 

precaution both anodes are supplied from an extra stage of s t a b i l i s i n g : 

a VR150 across the supply, and one anode has a variable voltage which 

besides enabling f i n a l attainment of balance, affords a measure of 

zero output adjustment* The space charge g r i d voltage i s also 

adjustable* In practice t h i s was f i r s t adjusted to i t s correct value 

and then i t was found that a l l the other voltages were within 0.25 V. 

of the values chosen on the curves as co n s t i t u t i n g the most favourable 

operating point. 

I t should be observed that no approximation, apart from the 

assumption of l i n e a r characteristics, i s involved i n Eq. 4«7, which 

i s quite independent of the cathode res i s t o r R t • However, the 

value of t h i s i s important f o r another reason (Yarwood and Le Croisette, 

Feb., 1954)* When equal signals V are applied to the two grids, 

E 0 - 0 , but each anode f a l l s equally by a voltage Ei (Fig* 7), 

where -yU-^V 
-'- ~~ n + -R*. • J * - U c ^ - v ) 

The disadvantage of having a large £, i s seen i n considering the 

subsequent stage, assumed to be a sim i l a r one; a signal E, now 

appears s t each g r i d . Both anode voltages f a l l and the cathode 

voltage rises, perhaps to suoh an extent that the stage is driven 

o f f the l i n e a r part of i t s anode characteristic. For out-of-'phase 

signals, + V , - V 
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Although a large E, may s t i l l throw the two halves of the next stage 

o f f the linear part of the characteristic, t h i s i s less l i k e l y , i n 

that only the anode voltages of that stage w i l l vary, but not the 

cathode voltage, since the signals on the grids of t h i s stage are 

out of phase. 

The r a t i o : E» for in-phase signals _ + u j 
E , f o r out-of-phase signals k + + ^ R t 0 

i s called the gain r a t i o and i t should be kept as small as possible. 

This is obviously to be achieved by increasing • No increase on 

Kay's value of 10 K. would have been possible i f the connection of 

t h i s r e s i s t o r to earth had been maintained, so i t was decided to 

connect i t 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 was dispensed with, mainly on the ground that the l a t t e r would 

not deliver the required current without moving o f f the plateau of 

i t s regulating curve, and two lead-acid accumulators, connected i n 

series, were used instead. I t i s not generally known that the 

voltage from lead-acid accumulators remains extraordinarily constant; 

the temperature coe f f i c i e n t of the open c i r o u i t voltage i s stated to 

be + 0.24 mV/̂ C., (Standard Handbook for E l e o t r i c a l Engineers, IBM). 

The current through the filament i s monitored by a milliammeter, and 

as soon as the current f a l l s by more than 2jmA below i t s correct value 
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of 250/OLA the accumulators are changed. A dual set of terminals 

connected to the filament f a c i l i t a t e s t h i s without having to switch 

o f f completely. I t i s found that the accumulators have to be 

changed every four to s i x days. When thi s is done an opportunity 

i s presented of checking the s t a b i l i t y of the stage against heater 

current variations. I t was found that a zero d r i f t equivalent to 

1 mV. across the input r e s i s t o r was produced by 1$ varia t i o n i n heater 

current. This compares favourably with the figures referred to i n 

§ A-»5» quoted by Harris and Bishop. 

I t can be seen from Pig. 7- that there i s a large voltage drop 

across the cathode resistor when the valve i s hot. I f the H.T. and 

heaters were switched on simultaneously, the f u l l 150 volts given by 

the VE150 regulator would appear across the valve u n t i l i t warmed 

up, thus shortening i t s l i f e . The switch 5 was therefore incorpor­

ated, which connects both positive and negative supplies a f t e r time 

f o r warming up has been allowed. 

I t w i l l be apparent, l a t e r (Eq. 6.1), that effective compensa­

ti o n f o r displacement current depends on the constancy of the r a t i o 

of the resistors oonnected to the two grids. At the time i t was 

considered that long term s t a b i l i t y would be of paramount importance, 

although, the equipment now complete, i t i s the practice to test the 

compensation from day to day. Victoreen resistors were considered 

to be best i n t h i s respect, a ' s h e l f - l i f e " s t a b i l i t y of 3% being 

quoted. They are housed with the electrometer valve i n a metal 

c y l i n d r i c a l oase. The valve i s mounted horizontally and the cylinder 
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i s 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 i n the rubber. The insulators were care­

f u l l y cleaned and polished, and were then tested by measuring the rate 

of loss of charge from an a i r condenser connected to each lead in 

turn and charged. In t h i s way i t was found that the insulation of 

the g r i d connections was better than 8 x 10~'-? ohm. 

Since the output of the electrometer stage was no longer single-

sided, i t was necessary to make minor modifications to the main 

amplifier (Fig. 8). The g r i d of the f i r s t stage whioh formerly was 

held at a fi x e d p o t e n t i a l by a resistor chain across the supply has 

been disconnected and both grids are now connected to the anodes of 

the electrometer stage. This has meant transferring the coarse end 

fine zero adjustment controls to the next stage; otherwise nothing 

has been altered. The complete amplifier i s s i m i l a r to one described 

by Peirson (1950). In his amplifier, however, one of the grids of 

the electrometer stage was earthed, although t h i s stage had a load 

at each anode so that the connection to the f i r s t stage of the main 

amplifier was push-pull. 

Plate 2 shows s general view of the recording room! I n the 

lower r i g h t hand corner part of the chassis of the main amplifier can 

be seen. The c y l i n d r i c a l box immediately behind t h i s contains the 

electrometer valve and g r i d resistors, and the leads from these pass 

into the rectangular compartment beyond, which contains a l l the c i r o u i t 
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components f o r the electrometer stage* Next to t h i s i s the housing 

where the cable from the collector i s connected to a highly insulated 

switch by means of which the colleotor can be earthed or connected 

to the amplifier at w i l l . The same container also houses, the v a r i ­

able a i r condenser which shunts the ai r - e a r t h current input r e s i s t o r : 

the purpose of t h i s condenser i s described i n § 6.2. The box nearest 

to the wall i n the background of Plate 2 contains the galvanometer 

shunts which are switohed over manually. On the galvanometer p i l l a r 

can be seen the meter indicating the electrometer heater current, 

but the accumulators supplying t h i s are below the l e v e l of the shelf 

supporting the apparatus. The units on the extension to the shelf 

at the l e f t of the plate are to do with the f i e l d m i l l and test 

equipment and w i l l be described i n due course. Normally, a l l the 

boxes are f i t t e d with l i d s which complete the el e c t r o s t a t i c shielding. 

4.7 The performance of the amplifier 

The modified amplifier has f u l f i l l e d a l l the requirements 

desired of i t ; i n p a r t i c u l a r i t s long term s t a b i l i t y and i t s d i f f e r ­

e n t i a l response to signals applied to both grids, are very satisfactory. 

I n Fig. 19, Record 42 shows the zero output when an earthed plate was 

placed immediately over the co l l e c t o r . The s t a b i l i t y was very good 

except f o r occasional small excursions whioh were equivalent i n magni­

tude to a t y p i c a l fine-weather current. I t i s very l i k e l y that the 

spurious signals were due to wind causing s l i g h t movement of the 

collector, since when t h i s was disconnected from the g r i d , the d r i f t 

i n zero output was e n t i r e l y negligible. 
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The response to voltages applied to the two grids was tested 

i n the manner indicated i n § 4»4, using 9 v o l t dry batteries and 

decade potentiometers. F i r s t , the output from the amplifier corres­

ponding to a given voltage V' across the a i r - e a r t h current input 

re s i s t o r was measured; then the voltage i t was necessary to apply to 

the compensating g r i d i n order to restore zero output. The results 

are plo t t e d i n Fig. 9» S t r i o t l y speaking the output f o r a positive 

signal V'' i s negative but since i n actual use the output i s always 

designated positive or negative according to whether the signal i s 

positive or negative, t h i s convention has been adhered to i n the 

diagram. Not much significance i s to be attached to the amplifier 

having an apparent gain greater than unity. The output was not 

measured with a voltmeter, but i n terms of the galvanometer scale, 

and i t i s possible that the ca l i b r a t i o n of the galvanometer was not 

very accurate at that time. 

I t can be seen that at points A and B the amplifier saturates. 

Why i t should do t h i s at such low voltages i s not clear; but the 

amplifier i s closely linear between these points. Calculation from 

the other curve i n Fig. 9 shows that the r a t i o of the compensating 

voltage \̂  to the input V' , necessary to maintain zero output, is 

aecuratelv constant UTD to a uoint C . and has the value 
- - - - - - —1/ ». — * 

At point C the r e l a t i o n ceases to hold and no compensation can be 

obtained. The reason fo r t h i s i s not d i f f i c u l t to f i n d . When a 

voltage V i s applied across the a i r - e a r t h current r e s i s t o r , the g r i d 
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changes by only a factor of approximately /Q. of the signal voltage 

(§ 4*1), most of the input appearing as a voltage change i n the 

feedback loop* Thus t h i s grid w i l l not move off i t s proper operat­

ing point. When the voltage i s applied to the other grid however, 

t h i s grid actually r i s e s by t h i s amount and the feedback i s negative 

only i n so far. as i t r a i s e s the f i r s t grid to almost the same l e v e l . 

The output, proportional to the difference between the grid voltages, 

s t i l l corresponds to a gain of unity, but the operating points of 

both sections of the valve have moved considerably nevertheless. 

The effect i s enhanced by the small anode-to-cathode potential and 

because the anode r e s i s t o r s (182 K.) are not small compared with the 

cathode r e s i s t o r (120 K.). When either grid potential changes, the 

tendency i s for the cathode to follow the movement by the same amount* 

The anode r e s i s t o r s , however, are large too, and the anode potentials 

change i n the opposite sense by a fraction 182/(g x 120)of the s i g n a l , 

assuming the space charge grid current does not change. Thus the 

t o t a l change i n the anode-to-cathode potential i s approximately 1^ 

times the s i g n a l applied to the compensating grid* For a quiescent 

operating anode-to-cathode potential of 7»5 V., a 4 V. si g n a l i s 

the most that could be tolerated. I n practice the f a i l u r e of t h i s 

grid to function does not occur u n t i l the s i g n a l i s greater than 4 V. s 

t h i s suggests that the calculation ought to have taken into account 

the space charge grid. For negative signals saturation of the 

amplifier at 3 begins before compensation f a i l s . The + 4 V. l i m i t 

at C means that there would be no compensation for potential gradient 
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changes greater than + 100 V/tc. per sec , but i t TUBS anticipated that 

only rarely would variations of this magnitude occur* 
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CHAFfER 5. THE FIELD MILL 

5*1 The choice of a compensating apparatus 

The choice of a device for giving an output proportional to 

the atmospheric potential gradient, whioh rests on the cr i ter ion of 

a reasonably rapid response, i . e . having a time constant less than 

10 sec , eliminates a l l recorders except those of the 'agrimeter1 or 

' f i e l d m i l l ' type. In deciding between these two alternatives, i t 

was borne in mind that the sgrimeter designed by Chalmers and used in 

the Research Department at Durham had been employed without suooess 

in a p i l o t experiment to compensate for displacement currents (Chalmers, 

1953; Kay, 1950)» The reason quoted for the fa i lu re was that the out­

put was not suf f ic ien t ly steady, possibly owing to a defeot i n the 

commutating system* Although at the beginning of the present work 

this was the main factor influencing the choioe in favour of the f i e l d 

m i l l , i t seems probable, in the l ight of what is to be discussed in 

Chapter 7, that fluctuating gain in the agrimeter was only partly 

responsible fo r Chalmers1 experiment being ineffectual , and the fai lure 

may have been caused by the capacity to earth of the air-earth current 

oollector. 

The behaviour and theory of the agrimeter are f u l l y explained 

by Chalmers (1953), although a machine working in the same way was 

f i r s t constructed by Russeltvedt (1925)* In both agrirceter and f i e l d 

m i l l the fundamental principle is the same, - the screening and expos-
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ing of a oolleoting eleotrode so that the bound charge induced by the 

potential gradient is modulated. I t is in the method of measuring 

the bound charge that the two types d i f f e r . In the agrirceter, the 

oolleoting eleotrode, while exposed, i s earthed and then insulated, 

so that a charge proportional to the potential gradient is induced on 

i t , and then, in the screened position, the charge is passed through a 

galvanometer. The complete cycle 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 commutator or cam, and collecting brushes. 

I t i s customary to employ multiple electrodes, thereby increasing the 

repetition frequency, and they may take the form of horizontal vanes 

on a ver t i ca l shaft, or conducting strips mounted axial ly on a horiz­

ontal cylinder. 

The agrimeter has two drawbacks, however, f i r s t , there is the 

question as to whether the intermittent mechanical contact which causes 

the charge to pass from the vanes to the measuring equipment would be 

reliable enough for the present purpose. A few workers, dealing with 

the f i e l d m i l l type of apparatus, have preferred to use an eleotronio 

phase-sensitive detector instead of a commutator, but i t is questionable 

whether such a method could be used successfully to interrupt the very 

small currents coming from the vanes of an agrimeter. Secondly, i f 

i t should be necessary to increase the output from the agrimeter, there 

would be the d i f f i c u l t y that B.C. amplification would have to be used. 

In these respects the f i e l d m i l l has the advantage over the agrimeter. 

The modulation of the bound charge on the collecting electrode is made 

to give rise to an alternating voltage across a suitable impedance. 
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The problem s t i l l arises of rec t i fy ing this with a phase^ensitive 

device, such as a commutator, i f the sign of the potential gradient 

is required, but i f necessary the output can be increased before 

rec t i f ica t ion by means of a comparatively simple A.C. amplifier, to 

obviate the need for delioate operations with minute currents. 

A unique feature of the equipment about to be described is 

the incorporation of negative feedback over the whole system, instead 

of i t s conventional application only to the amplifying stages. 

5»2 General design considerations 

Recordings of the preoipitation current with Kay's shielded 

oollector used to be made continuously over periods of about 20 hours 

together. Several such recordings have often been taken one af ter the 

other when weather conditions have remained suf f i c ien t ly disturbed to 

promise interesting results: so that i t seemed desirable for the m i l l 

to be capable of running for periods of several days without any atten­

t ion . On this aocount the machine has been made much more robust than 

is necessitated by i t s other functional requirements. The motor driving 

the vane is a 1/6 h.p. mains operated induction motor, running at 

3,000 r .p .m., nominally. Originally the motor was housed inside the 

m i l l casing, the vane and commutator being fixed direct ly to the shaft, 

which projects st both ends of the motor. For* re a a on a which w i l l be 

discussed in § 5*7, the motor later had to be housed outside the m i l l , 

and the drive transmitted by a small V-belt. 

Protection from the weather was another important consideration. 

The materials direct ly exposed to the elements are mainly aluminium and 
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brass, which do not corrode seriously, and the vanes themselves are of 

stainless steel, though there is a more important reason fo r the use 

of this material (§5*3 ( < 0 ) « Unfortunately, to obtain the necessary 

strength, some of the inter ior components of the m i l l were made of 

steel, but these have been heavily painted* 

The insulators supporting the vanes are made of polystyrene* 

This material has water-repelling properties and so maintains i t s 

excellent insulation even in a damp atmosphere* Waddel (1948) used i t 

in the construction of a f i e l d m i l l for use on a i r c r a f t , and reports 

that the insulation never fa i l ed during f l i g h t s , even when passing 

through clouds* Attention was paid mainly to protecting the insulators 

from direct ra in . Referring to Pig. 10, i t can be seen that the insu l ­

ators supporting the collecting electrode are almost completely screened, 

even from driving rain, both by the electrode i t s e l f , and also by the 

aluminium guard surrounding the entire plate system* The insulators 

holding the upper vane are not so o r i t i o a l and behave sat is factor i ly 

as long as there is not a continuous f i l m of water connecting that 

vane with i t s supporting cross-piece. The shields placed over these 

insulators (seen best in Plate 1) appear to be suf f ic ien t to prevent 

this happening, even in a heavy downpour* To assist in shedding the 

water collected during a rainy spel l , the platform supporting the 

electrode system is gently sloped down from the oentre. I t was turned 

from 'Weyroc' to keep the weight small, but i t s upper surface i s lined 

with t i n plate which is in turn coated with aluminium paint. The 

'Plessey* connectors used at the cable terminations are waterproof. 
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Apart from the desirabi l i ty of having a very stable gain, 

particularly over short periods, the magnitude of this gain has also 

to be selected with reference to maintaining other desirable character­

i s t i cs in the complete system* I t was shown in § 3«3 that the time 

constant of the D.C. amplifier must be made equal to the product Y of 

the d i f fe rent ia t ing c i roui t parameters. In Eq. 6.1 this produot i s 

shown to be 

where A is the area of the air-earth current collector, "R i s the input 

resistor at the current measuring side of the D.G. amplifier 

( H = 5 x lO^ohm.), and is the output voltage of the m i l l fo r a 

given potential gradient F . I t i s obviously necessary, in order to 

keep Y small, that the m i l l system should have as high a sensi t ivi ty 
V / 

as possible. The maximum value of "vF would normally be l imited 

by the requirement of operating the associated A.G. amplifier with a 

reasonable supply voltage but in the present work the l i m i t is set by 

a purely geometrical factor arising from the nature of the feedback 

employed, v i z . the greatest convenient space between the upper vane of 

the plate assembly and the collecting electrode. This i s mentioned in 

§ 5»5» A f i r s t calculation showed that V - 5*5 aec, which was considered 

satisfactory. Later, a revision in some of the parameters affect ing ^ , 

w i l l be explained (§ 6.4). The experimental value is Y = 3*4 sec. 

5.3 Design details of the vane system 

There is a choice of several methods of providing for the 

alternate screening and exposing of the collecting electrode; a oompre-
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hensive review of these is given by Mapleson and V/hitlook (1955). 

The most popular configuration is undoubtedly the system of coaxial 

vanes, and this takes i t s simplest form in the case of two vanes shaped 

l ike a Maltese Cross, one of which acts as the collecting electrode, 

and the other, being earthed, rotates above i t . An important advantage 

of this construction is that i t enables the insulators to be well 

concealed beneath the collecting plate (see J ig . 10). There is more 

purpose in this than merely to shelter them from the elements, for 

unless the insulators are adequately screened electr ical ly from the 

rotating vane, a spurious output can be produced by the charges on 

their surfaces in a manner described later in this seotion. Typical 

examples of the vane type of electrode assembly were employed by 

Harnwell and van Voorhis (1933); Lueder (1943); V/addel (1948); and also 

by Mapleson and Whitlock (1955)» A number 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 l igh t construction, being required for use in a i ro ra f t . 

The design of Harnwell and van Voorhis i s very interesting: not only 

was i t probably the f i r s t example of the use of vanes in i t s electrode 

system, but i t s mode of operation is described as a n u l l method. I t 

is in fact a type of feedback device, but whereas for the performance 

required of i t , - i t was designed to measure voltages generated by a 

van de Graaff machine, - i t undoubtedly served i t s purpose well , i t 

must have been impossible to extend i t s use beyond the measurement of 

steady f ie lds of one sign. This is because the return voltage was 

derived from the m i l l output by means of a r e c t i f i e r which was not 
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phase-sensitive, and the feedback must therefore have been degenerative 

for only one sign of potential gradient. The design of the present 

f i e l d m i l l i s quite similar to that of Ham we 11 and van Voorhis, 

especially i n the electrode design, but d i f f e r s from i t in that i t 

includes phase-sensitive rec t i f i ca t ion . 

V/ith vanes shaped as ordinary sectors of a c i rc le , the output 

wave-form with which the amplifier has to deal is triangular. 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 f i e l d m i l l w i l l be 

dealt with under f ive headings, as follows: 

(a) Theory of operation 

Referring to Pig.10, the upper electrode is in the form 

of a vane; i t was made by cutting away alternate portions of a disc 

divided into eight equal sectors. An exactly similar vane beneath 

i t is bolted to a brass bush keyed to the rotating shaft, which i s 

earthed by means of a copper ring and graphite brushes. The collecting 

electrode is an unbroken disc, except for the central hole, and is 

mounted on four insulators to the platform described in § 5*2. A l l 

three electrodes are of stainless steel, the surface of which has been 

ground to a mirror f in i sh , and are 30 cm. in diameter. For the moment 

i t should be assumed that the upper vane is earthed, although i t i s in 

fact insulated from i t s supporting cross-piece; i t i s then easy to see 

how the rotation of the middle vane screens and exposes the collector 

so that the excursions in bound charge ere proportional to the 
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atmospheric potential gradient. Neglecting edge effects, the magni­

tude of the variation must obviously be the same as in the more 

conventional assembly of a vane-shaped colleotor with an earthed vane 

rotating above i t , and no th i rd electrode. The collecting plate is 

connected to the grid of a cathode follower through a network consist­

ing of a resistance R and capacitance C in paral le l ; 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 amplif ier . An equivalent c i rcu i t would show that C and the mean 

capacitance of the collector to earth over one cycle are effect ively 

in paral le l , but measurements have shown that the la t te r i s small 

compared with C . In so fa r as the upper vane and rotor do not 

screen the collector appreciably from the earth's f i e l d , Mapleson and 

Whitlock (1955) have shown that the peak value of the triangular wave 

is given by: 

where F is the potential gradient, 17 end ri are the inner and outer 

• t • • • Eq. 5*1 

rad i i of the sectors of the vanes, and -f i s the frequency of the 

I f 

^ { • R C » I • • • • • Eq. 5.2 
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the factor in square brackets approximates to / A f R C and the out­

put becomes independent of small changes in the frequency of operation. 

Although to f u l f i l this condition was not absolutely essential, both 

an aocount of the intention to enclose the m i l l within the feedback 

loop and because the motor is an induction motor running at constant 

speed (mains frequency), the maximum possible output i s obtainable 

this way, so i t was expedient to have Eq. 5*2 sa t is f ied . 

In choosing V. and C the magnitude of C trust be kept low to 

maintain a high sensi t ivi ty, and the maximum value of R is l imited 

by the grid ourrent expected from the cathode follower (see (b) of 

this section). A suitable arrangement has been found by making 

R = 4 x 10^ ohm and C = 1000/y*Jj'. The frequency "f is not quite four 

times the speed of the motor, i . e . i t is just less than 200 c.p.s. 

I t is therefore found that /^-fRC = 0.06, in satisfactory accord 

with Eq. 0.2. According to Eq. 5*1 the sensitivity would be 0.l4mV per 

V/m.; but experiment shows i t to be actually 0.04 mV per V/m. I t is 

not clear why in practice there i s such a large reduction on the 

theoretical estimate. 

In § 3*4, the general requirements for the s t ab i l i ty of the 

apparatus were considered and a s l ight extension of the discussion 

w i l l be convenient at this stage. With the sensit ivity stated above, 

the input at the cathode follower corresponding to a potential gradient 

of 1 V/m. is less than the f l i cke r noise of the f i r s t valve of the 

amplifier, i f the rather high value of 100yt».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 frequenoy, no output would be obtained past 

the d i f ferent ia t ing c i r cu i t leading to the compensating grid of the 

D.C. amplifier, because of i t s comparatively long time constant^ expected 

to be 5»5 sec* The high frequenoy end of the noise spectrum would 

have no effeot in any case, because the frequency of the signal and 

the r e c t i f i e r is much lower than this and the D.C. level of the output 

would not be affected, although of course the noise would s t i l l appear 

at the m i l l output. 

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

A steady spurious output from the f i e l d m i l l would not 

vi t ia te i t s performance as a compensating device, but this of course 

depends on the constancy of the effect producing i t , and i t is obviously 

best to reduce the consequences of a l l phenomena other than that which 

i t i s intended to measure. The appearance of a D.C. voltage between 

the collecting electrode and the rotating vane w i l l result in a signal 

indistinguishable from that produced by the atmospheric potential 

gradient, for the rotation of the earthed vane varies the capacity to 

earth of the collector, and a corresponding A.C.. voltage appears across R 

and C . I f the oollector i s at a potential V from earth and the 

variation in capacity has a maximum of AC , the alternating voltage 

w i l l have a peak-to-peak value Ac .v /c . One way in which the 

voltage V~ can arise i s by the flow of grid current from the cathode 

follower through the resistance K . In order to keep the potential 

gradient equivalent to this output below 1 V/m., Acv/(L-<- 0.08 mV. 

Ac has been measured to be 5 ^ F « » therefore V < 15 tnV. Sinoe 

•R = 4 x 10̂  ohm, the grid current must be kept below 4 x 10"^ A. 
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The characteristics of the cathode follower have been measured and the 
-10 

grid current has been found to be less than 10 A. , so that i t can 

be entirely neglected. 

(c) The effect of oontact potentials 

I t has been found by various workers, e.g. Lueder (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 materials. 

The quantum theory of metals shows that when two dif ferent metals are 

connected electr ical ly i t 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 several tenths of a volt* In the f i e l d m i l l , the collector 

and rotor are connected together through the resistance "R and the 

earthing contact of the rotor. Neglecting any effects due to these, 

i t is quite evident that the consequence of such a difference in 

potential is the same as that of grid current, exoept that i t may be 

more d i f f i c u l t to remove. Why large spurious effects should result 

sometimes, even when the electrodes are of the same metal, e.g. 

aluminium or brass, is not clear, but i t can be presumed that much 

may depend on the condition of the surface rather than on the actual 

material. Chromium plating has seemed a certain cure. The present 
m i l l , however, has a plate system of stainless steel, the surface of 
which has been polished to a mirror f i n i s h . The calibration curve 
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(Fig. 15), indicates that contact potential is responsible for a 

"zero" output equivalent to some -50 V/m., but perhaps i t would be 

more accurate to say that, so fa r , no other cause fo r i t has been 

discovered. 

(d) The insulators 

Insulators on measuring equipment of this sort are l iable 

to give trouble because of the local f ie lds arising from free charges 

on their surfaces. I f the f i e l d , directed towards the collecting 

plate, is intercepted by the rotating vane, a spurious signal w i l l be 

the result as the bound charge on the collector due to this source is 

modulated. In a m i l l of the vane type, the insulators are usually 

well screened so that few lines of force l i e i n the region where they 

can be cut by the rotor. I f anything, the present design i s an improve­

ment, as the insulators in question are screened, not by a vane, but 

by a complete disc. 

(e) Earthing of the motor shaft 

I t has been found with this type of machine that earthing 

the shaft carrying the vane direct ly through the bearing i s not 

satisfactory, presumably because of the insulating effect of the l u b r i ­

cating o i l (Lueder, 1943)• In the or iginal design, the rotating vane 

being fixed direct ly to the motor shaft, this would have been extremely 

unsatisfactory because of electromagnetic induction in the shaft by 

the current in the stator co i l s : this was in fact observed to be the 

case, the output being quite un in te l l ig ib le , with the only earth being 

that through the bearings. I t was found that the resistance of the 

shaft to the casing when the motor was running was approximately 100 ohm. 
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Completely satisfactory earthing has been achieved by a p a i r of 

graphite brushes bearing on a copper s l i p r i n g fixed to the shaft. 

Once the brushes were run i n , the earthing resistance was found to 

be of the order of 0*1 ohm* I f the resistance i s below a certain value, 

the exact size seems to be immaterial: fo r i n order to locate the cause 

of a f a u l t on one occasion, a resistance of 3 ohm was inserted between 

the brushes and earth, but t h i s did not a f f e c t the output to any measur­

able extent* 

( f ) Effect of a i r - e a r t h currents and.precipitation 

Mapleson and Whitlock (1955), have analysed the effect of 

p r e c i p i t a t i o n current on the output from a f i e l d m i l l . The current, 

flowing i n t o the c o l l e c t i n g plate, i s interrupted by the movement of 

the r o t a t i n g vane and an alternating voltage i s impressed on the g r i d 

of the cathode follower. This i s shoisn to be equivalent to a p o t e n t i a l 

gradient Fj » where 

The current density j rarely exceeds 10"^ A/m̂ , and the 

consequent value of F i s less than 0.2 V/m. Sinoe the current i n t o 

the collector i s u n i d i r e c t i o n a l , the mean D.C. voltage of the c o l l e c t o r 

w i l l also change from zero, and the v a r i a t i o n Ac i n the capacity of 

the collector to earth, «s i t moves through the exposure-screening 

cycle w i l l modulate t h i s i n exactly the same manner as when there i s 

g r i d current i n the cathode follower. This contribution of the p r e c i p i ­

t a t i o n current can easily be shown to be n e g l i g i b l e , however. 

Single drops a f f e c t the m i l l rather d i f f e r e n t l y * each produces 
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a pulse of rise and decay time R C ^ 0.04 sec. The height of the 

pulse can be shown to be equivalent to less than 1 V/m., but in any 

case i t would be greatly attenuated on passing through the d i f f e r e n t ­

i a t i n g c i r c u i t , the time constant of which i s 100 times that of the 

pulse. 

5*4 The choio_e of a r e c t i f y i n g system 

Although a comparison o f the merits and demerits of the mech­

anical r e c t i f i e r and the electronic phase-sensitive deteotor, are 

certai n l y relevant to the design of the more conventional type of f i e l d 

m i l l , the writer's choice of a commutator and brushes was based c h i e f l y 

on s i m p l i c i t y of design, since i t was hoped that any detracting features 

of such a system would be automatically corrected by the feedback loop 

(§ 5«5) . Although the objection can be raised that mechanical commuta­

tors may run i n t o contact trouble at high speed, electronic r e c t i f i e r s 

used under the present circumstances would have some disadvantagesa 

Two types o f phase-sensitive detector were considered i n i t i a l l y : one 

i s described by James, Nicholls and P h i l l i p s (1947), and has as i t s 

operating p r i n c i p l e the addition o f the A.C. signal to a larger reference 

voltage, which overrides the signal i n determining whether the diode 

detectors s h a l l pass current or not. There are some rather c o n f l i c t i n g 

requirements f o r the successful operation of t h i s c i r c u i t , however. 

There i s a more satisfactory c i r c u i t (Schuster, 195 1), i n which the 

signal takes i t s 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 i n turn. An important consideration, however, 
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was that large output voltages, up to 80 volts D.C., would be required, 

and that i t might not be satisfactory to use eleotronio c i r c u i t s to 

deal with the corresponding R.M.S. input voltages, p a r t i c u l a r l y with 

only a modest supply voltage. 

As far as the l i m i t i n g speed of a mechanical commutator i s 

concerned, the peripheral v e l o c i t y of a 2 i n . diameter commutator 

r o t a t i n g at 3,000 r.p.m. i s a good deal less than the highest speed at 

which conventional generating plant i s operated (approximately 10,000 

ft./min: Hayes, 1947), although the conditions are, of course, quite 

dissimilar* I t was hoped that by careful machining, a commutator could 

be made to work r e l i a b l y at the required speed* The assembly i s shown 

i n Pig. 11. The commutator i s 2 i n . i n diameter and consists of two cop­

per discs mounted on a 'Tufnol' boss. Only one of the discs i s divided 

i n t o eight sectors, every alternate one being connected to the other 

disc by the bolts holding the assembly together. The other sectors 

are completely insulated. With t h i s arrangement i t i s practicable, i n 

the l i m i t e d space available, t o have the brushes i n p a r a l l e l pairs, two 

leading i n , and two c o l l e c t i n g the current, thus reducing the p r o b a b i l i t y 

of i n t e r m i t t e n t f a i l u r e due to brush 'chatter'. The spaces between the 

commutator segments were f i l l e d with an "Araldite" casting resin to 

inorease the r i g i d i t y . The commutator i s keyed to the shaft, and sinoe 

the r o t a t i n g vane i s attached i n the same way, the correct r e l a t i v e 

position of these two units i s always maintained a f t e r reassembling. 

The brush holders, including those of the brushes earthing the shaft, 

are mounted on four mild s t e e l rods fixed to the lower shaft-bearing 

housing. The holders are a l l of the same robust construction, but the 
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lower two, which bear upon the segmented portion of the commutator, are 

independently mounted on a sl o t t e d r i n g bolted to the rods* These 

brushes can therefore be moved round u n t i l they are i n the position 

where the output i s commutated correctly (8 5*8)• Their position i s 

defined by a graduated scale marked on the r i n g . The brushes are a 

commercial type used with standard motor-cycle accessories and are 

mounted r a d i a l l y , except f o r the p a i r taking the current from the upper 

h a l f of the commutator; these, because of lack of space, are arranged 

to have a small leading angle. 

I t has been found that the commutator assembly i s almost comp­

l e t e l y trouble-free. A rather strong spring pressure i s needed to 

i n i t i a t e the running-in, but once this adjustment has been made, a con­

siderable amount of wear can be tolerated before the brushes need to be 

changed. 

5«5 The application of negative feedbaok 

The usual course to adopt i n the design of such instruments i s 

to follow the vane system i t s e l f with an A.G. amplifier of high loop 

gain but with a considerable amount of negative feedback. The resultant 

overall gain provides a s u f f i c i e n t output voltage to operate a robust 

meter, a f t e r i t has been r e c t i f i e d . The vane system i t s e l f i s inherently 

l i n e a r , and by r e s t r i c t i n g the negative feedback only to the amplifier, 

good l i n e a r i t y and gain s t a b i l i t y may s t i l l r e s u l t . Because the r e c t i f i e r 

remains outside the loop, however, the ov e r a l l performance i s no better 

than that of the r e c t i f i e r . 

Hitherto the upper vane of the m i l l has been considered as held 
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at earth p o t e n t i a l ; i f i t i s connected instead to the output of the 

coirjEutator, i t can be shown that provided t h i s voltage i s of the same 

sign as the p o t e n t i a l gradient, the output i s independent of the charactei 

i s t i c s of both the amplifier and the commutator. Referring to Fig. 12, 

a po t e n t i a l gradient F gives r i s e to an output V», which i s fed back to 

the upper vane. I f d i s the distance between the collector and the 

upper vane, a p o t e n t i a l gradient i s get up, which produces a 

bound charge on the co l l e c t o r . The rot a t i n g vane modulates t h i s i n the 

same way as i t does the bound charge of the atmospheric p o t e n t i a l 

gradient, but since one f i e l d i s modulated out of phase with the other, 

the signal from the cathode follower can be expressed by: 

_ V -= a ( F - y j d ) 

where (L i s the s e n s i t i v i t y of the plate assembly and cathode follower 

combined. The amplifier applies a further gain of b , and i f the 

r e c t i f i e r has a form faotor C , the D.C. output voltage i s : 

= a k ( f - V~/d) 

w - cxbcF 
v"> | + aJjc/dt E c l« 5-3 

This i s completely analogous to the well-known feedback equation 

— , and provided _ii.bc/d » 1 , the re s u l t i s : 

Vm — Fd ..... Eq. 5.4 

or 
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The obvious advantage i s that OL, b and C do not occur in the 

equation for the output. I f the feedback had been applied only over 

the A.C. amplifier, the result corresponding to Eq. 5»3 would have been: 

VL - AC F b/(l * ty) , where /3 would have been the fr a c t i o n of the 

amplifier output fed back, and the approximation. VL — (KC^ F would 

s t i l l have been dependent on the characteristics of the vane system 

and r e c t i f i e r . 

There i s a simple physical explanation of the behaviour of the 

system. Eq. 5»4 shows that the output voltage reaches such a value 

that the p o t e n t i a l of the upper vane i s the same as that of the atmos­

phere i n the plane of t h i s vane. I t i s then as i f the ro t a t i n g vane 

were moving between two unbroken c i r c u l a r conductors, when i t oould not 

modulate the bound charge on the lower one, the co l l e c t o r , even i f the 

upper one were at a d i f f e r e n t p o t e n t i a l . In fact the signal on the 

oathode follower, when considerably amplified, i s just s u f f i c i e n t t o 

raise the p o t e n t i a l of the upper vane to the value necessary to produce 

t h i s nominal zero-signal s i t u a t i o n . 

The effective value of cL was obtained i n the laboratory by 

applying a test f i e l d to the m i l l without the connection of the feed­

back loop. Simultaneously the upper vane was raised t o a s u f f i c i e n t 

p o t e n t i a l to produce zero output from the cathode follower. I t was 

found i n this v/ay that dtn =1 .9 err.., whereas the actual distance i s 

2.4 cm. The discrepancy presumably arises because the p o t e n t i a l of 

the atmosphere at the l e v e l of the upper vane w i l l not be as great as 

one would expect from the distance <A , on account of the presence of 
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the r o t a t i n g vane, which i s midway between the other two electrodes and 

earthed. Consequently the voltage to be applied to t h i s vane f o r the 

zero-signal condition, w i l l not be as great as the geometry predicts. 

There i s some case f o r increasing the value of d further, 

because as explained i n § 5*2 t h i s reduces the time constant of the 

system. However t h i s a l t e r a t i o n would require an even greater a m p l i f i ­

cation i n the succeeding stages; the more so as the exposure factor of 

the c o l l e c t i n g p late, and hence CL , would be reduced as the upper vane 

was raised. Thus i n order to keep the feedback factor «xbc/d constant, 

Id would have to be increased more than proportionally to d • 

5»6 The cathode follower and A.C. amplifier 

Because of the need to keep the g r i d current low i n the cathode 

follower stage, the valve, a pentode EF37A, was run at reduced heater 

and anode voltages. Mutual characteristics were plott e d at d i f f e r e n t 

values of these parameters, but i t was found impossible to avoid working 

near the bend towards c u t - o f f , and yet maintain the properties of a 

cathode follower. However, a compromise was reached, and the u n i t 

shown to behave i n accurately linear fashion for g r i d swings up to 

+ 1 V. Pig. 13 shows how the heater voltage i s obtained by using 

suitable resistors i n the heater winding of the mains transformer i n 
I L . — T mt 1 - r» oc Tr j — j j 3 1— _ - s — - — ; £* 
m 10 £/uncx' au j j^_y. x i i c aiiuu.c auyyxj u i \rj v . _o u e i i v c u u u . v _ a _ u » U l 

the s t a b i l i z e d voltage across a regulating valve, VR105. This also 

gives a measure of s t a b i l i t y to the f i r s t pentode stage of the amplifier, 

which i n addition has i t s anode supply voltage decoupled from the rest 

of the c i r c u i t . The other stages are triodes, the f i n a l one being a 
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triode-connected EF37A, normally a pentode. This was chosen rather 

than a 6J5, the triode used i n the second stage, because i t s character­

i s t i c s , when the valve i s connected as a triode, are better suited to 

obtaining a large output voltage without d i s t o r t i o n . Resistance-capacity 

coupling i s used throughout and the design i s conventional. The cathode 

follower unit i s slung on rubber bands within the m i l l casing, to reduoe 

microphonics• 

5.7 Oscillations i n the m i l l output 

One of the major d i f f i c u l t i e s i n operating a system which 

incorporates a large amount of gain and degenerative feedback, i s to 

design within the l i m i t s of phase-shift and attenuation that can be 

tolerated at either extreme of frequency before the feedback reverts 

from negative to posi t i v e . A generalization i s that i f a system can 

os c i l l a t e at any frequency, i t w i l l do so, even i f t h i s i s not the 

operating frequency. 

Unfortunately, i n addition to having to design for the D.C. 

feedback loop governing the ordinary operation of the m i l l , i t quickly 

became apparent that there i s an A.C. loop which functions as well 

when the motor i s stationary as when i t i s running. This i s because the 

upper vane and the c o l l e c t i n g plate of the m i l l form a oapacitative coup­

l i n g between the output of the aurplifier and the input g r i d of the cathode 

follower. This capacity i s only lOOyii^.F, but i t forms a c i r c u i t of time 

constant 5 ""-s., i n conjunction with the 4.7 x 10^ ohm. resi s t o r at the 

input o f the cathode follower. The high gain of the amplifier made i t 

very d i f f i c u l t to avoid relaxation o s c i l l a t i o n s , which of course did 
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not s t o p when the motor was running. The commutator only i n t e r r u p t e d 

the o s c i l l a t i o n s ; i t d i d not stop them. 

As i n d i c a t e d i n § 5*3, i t was e x p e r i m e n t a l l y determined t h a t 

OL = 4 x 10"^ V. per V/m., where OL r e p r e s e n t s the r a t i o between the 

peak voltage of the t r i a n g u l a r waveform a t the cathode f o l l o w e r output 

end the p o t e n t i a l g r a d i e n t . Assuming t h a t the form f a c t o r of the 

(half-wave) commutator would be '/fy , a gain of IcA a c r o s s the 

a m p l i f i e r would give a feedback f a c t o r : 

T h i s i s not very l a r g e compared with u n i t y , but 1(A i s a gain 

which can c o n v e n i e n t l y be obtained with a two-stage a m p l i f i e r . F i g . 12 

shows, however, t h a t c o n s i d e r i n g the whole system ( w i t h two-stage 

a m p l i f i e r ) , as a p u r e l y A.C. network, with the upper and lower e l e c t r o d e s 

o f the p l a t e assembly a o t i n g as a c o u p l i n g condenser C M a s d e s c r i b e d 

above, the phase o f the output would be e x a c t l y the wrong one: the 

system would be r e g e n e r a t i v e . I t was found to be so i n p r a c t i c e . 

The obvious remedy o f adding an e x t r a stage o f a m p l i f i c a t i o n 

and a l t e r i n g the phase o f the commutator by 7T was not, however, as 

simple a s o l u t i o n as i t sounds. The r u l e governing the design of f e e d ­

back loops i s known a s the Nyquist c r i t e r i o n o f s t a b i l i t y . A u s e f u l 

summary o f the c r i t e r i o n i s given by V/est (1950), and i t i s p o i n t e d 

out t h a t f o r a m p l i f i e r s with ordinary c h a r a c t e r i s t i c s , the r u l e amounts 

to a r r a n g i n g matters so t h a t , when a t t e n u a t i o n and p h a s e - s h i f t a r e 

p l o t t e d a g a i n s t frequency, the a t t e n u a t i o n curve i s such t h a t the loop 

gain of the system w i l l have f a l l e n to u n i t y before the p h a s e - s h i f t has 
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reached IT . In an amplifier with two stages, or, more correotly, only 

two resistance-capacity (RC) couplings ( a l l the others being d i r e c t ) , 

the c r i t e r i o n i s almost automatically f u l f i l l e d except at extremely 

high gains, because the maximum phase s h i f t of an RC coupling i s 

so that the regenerative condition w i l l not be reached, t h e o r e t i c a l l y , 

at any frequency. When more than two such couplings are used however, 

and no compensating networks are included, the system i s certain to 

o s c i l l a t e at some frequency i f the gain at the operating frequency i s 

s u f f i c i e n t l y high, because there w i l l be some low frequency for which 

the t o t a l phase s h i f t exceeds TT , and i t i s only necessary for the 

gain round the loop to be s t i l l greater than unity f o r i t to become 

regenerative. 

With a three-stage amplifier a f t e r the cathode follower, there 

are no fewer than five RC couplings, counting the vane system as one; 

the textbooks indicate that the d i f f i c u l t y of avoiding o s c i l l a t i o n s 

increases out of a l l proportion to the number of stages. An endeavour 

was made to assess the problem quantitatively. In the f i r s t place 

(See Fig. 12), the vane system and cathode follower input, comprising 

, C , and R., i s not quite the same as a simple RC coupling, 

because i t also introduces a constant attenuation factor even at 

frequencies f o r which there i s no phase-shift. I t i s easy to show 

that for an RC coupling the following r e l a t i o n holds between the 

attenuating factor J> and ^ , the phase-shift: 
I • 

so that there i s no attenuation at the operating frequency f o r which 

the network i s designed. For the vane system th i s equation becomes: 
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-J. _ I 

This means that, with an amplifier of gain 1cA, the effective gain 
for an A.C. signal even when <f> = 0 would be only. • 
Since the factor. 10, i t i s only required to ensure that 

the gain i s reduced a thousand-fold by the time the t o t a l phase-shift 

becomes as great as TT . The usual method of c o n t r o l l i n g the character­

i s t i c s when there are more than two stages, i s to design one stage t o 

have as narrow a frequency band as permissible (P.E. Terman, 1950). 

Eventually, as the lower end of the frequency scale i s reached, t h i s 

stage w i l l bear the whole burden of attenuating the output, only, as 

the i n i t i a l gain i s higher, so w i l l the departux-e from operating 

frequency have to be the greater i n order to do t h i s . However, the 

phase s h i f t i n t h i s stage can never be greater than ^l}. • The 

problem i s then to design the rest of the amplifier with s u f f i c i e n t l y 

large components so that while the narrow-band stage i s attenuating as 

the frequency departs from normal, there is no f a l l i n g - o f f i n gain in 

the other stages, and consequently no phase-shift; or at most a combined 

phase-shift not exceeding • This problem i s usually d i f f i c u l t , 

because i t means designing the other stages to have a f l a t response 

many octaves outside the useful range of the amp l i f i e r . As the number 

of stages increases, each must contribute less towards the t o t a l phase 

s h i f t , Tr/j^ , which i s a l l that can be allowed while the narrow-bend 

stage i s reduoing the o v e r a l l gain to u n i t y . 

Specimen calculations based on tolerable values of capacitors 
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and resistors yielded the conclusion that the problem was not l i k e l y 

to be solved this way, and experiment proved t h i s to be so. The next 

resort i n more conventional work would have been to design phase-

advance networks which have more favourable attenuation-phase character­

i s t i c s than the simple RC coupling (Valley and Wallman, 1948; Eode, 1947)• 

However, i n t h i s case a much simpler solution was discovered. Simply 

by connecting a large condenser EL (Fig. 12), across the output, i t was 

found that t h i s eliminated the o s c i l l a t i o n s * I t obviously acts as a 

s h o r t - c i r c u i t for any A.C component which may tend to develop, while, 

coming a f t e r the commutator, i t does not interfere with the D.C. operation 

of the f i e l d m i l l , except to increase the time constant to approximately 

0.1 sec. I t also oonfers an additional advantage in increasing the form 

factor of the commutator, since the condenser holds i t s charge during 

that part of the cycle when the commutator i s non-conducting. Theoreti­

c a l l y the form factor should now be^ r x , twice that assumed e a r l i e r i n 

t h i s section. 

Even when the relaxation o s c i l l a t i o n s had been eliminated, i t 

was found on close observation that there was, superimposed on the output 

produced by an a r t i f i c i a l l y applied constant f i e l d , a small o s c i l l a t i o n 

corresponding to 1 V/m. i n amplitude and with a frequency of approxi­

mately 1 c.p.s. I t was also noticeable that the o s c i l l a t i o n s were 

synchronous with audible beats coming from the m i l l motor. On i n j e c t i n g 

the m i l l output into the d i f f e r e n t i a t i n g c i r c u i t the o s c i l l a t i o n was 

seen to produoe large excursions i n the output of the D.C. amp l i f i e r . 

This was not surprising, because i t i s the rate of change of the m i l l 
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output which the d i f f e r e n t i a t i n g c i r c u i t feeds to the D.C. a m p l i f i e r , 

and t h i s may be l a r g e even though the o s c i l l a t i o n amplitude i s i t s e l f 

s m a l l . Now, however, i t i s b e l i e v e d t h a t the d i s p r o p o r t i o n a t e e f f e c t 

was due to other causes, d e s c r i b e d i n Chapter 7« At the time i t seemed 

t h a t the apparatus would not f u n c t i o n p r o p e r l y u n l e s s the o s c i l l a t i o n s 

were avoided. 

The source o f the t r o u b l e was very e l u s i v e . I t must be admitted 

t h a t i t has u s u a l l y been c o n s i d e r e d u n d e s i r a b l e to run a f i e l d m i l l on 

a mains-driven motor, because of the hum generated i n the cathode 

f o l l o w e r or on the c o l l e c t i n g p l a t e i t s e l f . I n the p r e s e n t c a s e , i t 

had been c o n s i d e r e d t h a t any r i p p l e i n the f i n a l output would be of 

s u f f i c i e n t l y high frequency not to r e g i s t e r i n the D.C. a m p l i f i e r . 

Thus i t had seemed quite reasonable to take advantage o f the c o n s t r u c ­

t i o n of the motor and f i x the r o t a t i n g vane and commutator d i r e c t l y to 

the s h a f t p r o j e c t i n g a t each end o f the c a s i n g . E l e c t r o m a g n e t i c s c r e e n ­

i n g had been c o n s i d e r e d unnecessary. Improvement o f the e l e c t r o s t a t i o 

s c r e e n i n g , p a r t i c u l a r l y round the cathode f o l l o w e r , and avoidance of 

e a r t h loops ( Z e p l e r , 1945) were t r i a d , u n s u c c e s s f u l l y . Two f u r t h e r 

expedients which were used are shown i n F i g . 14* The f i r s t , a p a r a l l e l - T 

network, was designed to f i l t e r out r i p p l e a t mains frequency, but 

although i t succeeded i n t h i s , the low frequency v a r i a t i o n i n the r e c t i ­

f i e d output s t i l l remained. A tuned g r i d transformer c o u p l i n g between 

the f i r s t and second s t a g e s o f the main a m p l i f i e r , designed to pass only 

the s i g n a l frequency, a l b e i t with a f a i r l y low Q of about 6, was a l s o 

u n s u c c e s s f u l . 
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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 inves t ­

iga t ing the E.M.F. induced in a c o i l placed near i t . I t was evident 

that 50 c .p .s . pick-up was being modulated a t about the same frequency 

as the audible beats coming from the motor, and the o sc i l l a t i ons observed 

i n the m i l l output. An induction motor revolves nominally at an i n t e g r a l 

mul t ip le of the supply frequency, but i n prac t ice , the torque which i t 

has to exert causes i t to s l i p behind i t s nominal speed, the d i f ference 

i n the present case being about 1 c .p .s . I t seems reasonable to expect 

that the current car r ied by the motor c o i l s should also be modulated a t 

t h i s frequency. I f the ro t a t i ng vane was influenced by radia t ion from 

the motor, f o r instance, through the sha f t , the 200 c .p .s . s igna l 

frequency could conceivably be modulated also at 1 c .p .s . at the cathode 

fol lower input . Clear ly , i f the low frequency was introduced at such 

an early stage, no k ind of f i l t e r network i n the a m p l i f i e r would make 

any improvement. 

F ina l ly the motor was removed from inside the m i l l casing and 

a separate bearing housing constructed f o r the sha f t , to which the dr ive 

i s taken by a V - b e l t . To prevent s t a t i c e l e c t r i c i t y produced on the 

b e l t from inducing a f i e l d on the m i l l p la tes , the bel t lias over i t an 

aluminium hood which i s attached to the m i l l case but insulated from 

the motor housing. As an addi t iona l precaution, the motor supply cable 

has been encased in an i ron conduit separately from the other cables. 

This has resulted i n a marked improvement i n the steadiness of the output. 
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5*8 General features and ca l ib ra t ion o f the f i e l d i r . i l l 

While improvements i n the m i l l design were i n progress, arrange­

ments were made i n the laboratory f o r applying po t en t i a l gradients 

a r t i f i c i a l l y . The m i l l was surrounded by an earthed aluminium sheet 

1 m. square, at the l eve l o f the ro ta t ing vane, and a p a r a l l e l p la te o f 

s imi l a r size slung from the walls over i t , and o f course insula ted. 

To th i s an adjustable voltage was appl ied. The distance between these 

plates was kept below 50 crc.> so that the surrounding va i l s would not 

influence the p o t e n t i a l gradient at the m i l l appreciably. The commutator 

was correct ly phased by applying a moderate voltage to the test p la te 

and observing the output of the ampl i f i e r on a cathode ray monitor, w i t h 

the feedback loop disconnected. Pigs. 15 and 16 are ca l ib ra t ion curges 

of the m i l l a f t e r t h i s adjustment and wi th the feedback return operative. 

With low p o t e n t i a l gradients, up to 1200 V/m., i t can be seen that the 

points are closely l inear , but that the numerical value o f the slope i s 

less f o r negative than f o r pos i t ive po t en t i a l gradients by 2$. A 

tentat ive explanation of t h i s w i l l be given. There i s also an output 

when the applied f i e l d is zero, equivalent to about -50 V/m. This , 

presumably, i s due to a contact po t en t i a l between the c o l l e c t i n g plate 

and the r o t a t i n g vane (§ 5»3> (o))» Pig . 16 shows the ca l i b r a t i on curve 

up to 6,000 V/m, wi th the points of Pig. 15 included f o r reference. The 

most noticeable feature i s the f l a t t e n i n g o f f of the curves above 

4,500 V/m. This i s to be expected, because the a m p l i f i e r charac ter i s t ic 

i s l inea r only up to 70 V. r .m.s . a f t e r which i t quickly becomes saturated. 

The r e c t i f i e d and smoothed output corresponding to th i s i s IJo V. The 
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c a l i b r a t i o n curve shows that the feedback loop i s performing i t s proper 

funct ion o f extending the (approximately) l i nea r region of the overa l l 

system beyond t h i s voltage. The apparent change of slope o f the curves 

above the points included from Pig . 15, i s o f doubt fu l s ign i f icance . 

To begin w i t h , the f i r s t two points on the dotted par t of the curve o f 

pos i t ive p o t e n t i a l gradient cannot possibly be a correct continuation 

of lower region, because a s t r a igh t l i n e through them intersects the 

s t ra igh t l i ne which can be drawn accurately through the lower poin ts , 

and does not continue i t smoothly. The discrepancy may be even greater 

than t h i s , because, i f anything, the extension of the curve w i l l be 

concave downwards which would make the f i t worse. The reason may be 

that the e lec t ros ta t i c voltmeter used f o r the high voltage measurements 

(dotted curve), and the moving c o i l meter used f o r the lower voltages 

of F ig . 15 were not correc t ly in te roa l ib ra ted ; owing to the small range 

overlap i t was possible to make th i s i n t e r c a l i b r a t i o n only at one p o i n t . 

The deviation from the slope at lower voltages i s i n any case only 2$, 

supposing i t not tc be due to a systematic e r ro r . 

I t i s of in teres t to know the quantity, i n Eq. 5.3, 

because the extent by which th i s exceeds un i ty i s a measure o f the 

system's independence o f changes i n a m p l i f i e r and commutator character­

i s t i c s . I t s value was easily obtained by observing the r e c t i f i e d and 

smoothed output f o r a known applied f i e l d , without having the feedback 

loop connected. The output f o r a p o t e n t i a l gradient of 97 V/m. was 

observed to be 33 V. so that ti.bc = . Using the e f f e c t i v e value 

of d measured i n the laboratory, = 1.9 cm. (§ 5»5) , 

-94-

http://ti.bc


ahc/<L & 18 

Inser t ing the values of the pla te system s e n s i t i v i t y , 

«.= 10"^ V. per V/m.; the main a m p l i f i e r gain b = 2 x 1cA, and the 

theore t ioa l form faotor of the commutator C = > the feedback fac tor 

should have been 27* The reason f o r the lower value obtained in pract ice 

l i e s in the commutator not being a perfect half-wave r e c t i f i e r ; the 

form faotor was i n f ac t observed to be only 0.47* The cathode ray 

monitor shows that i t passes more than the correct h a l f of each cycle , 

on account o f the width o f the brushes, so that ( i n a pos i t ive po t en t i a l 

gradient) the pos i t ive h a l f of the waveform i s p a r t l y cancelled by that 

amount of the negative h a l f which the brush allows to pass. I t i s 

possible that such a small value o f the feedback fac tor might give r i se 

to the non- l inear i ty of the ca l i b r a t i on curve i n Pig . 16. I t might also 

account f o r the d i f ference i n the slopes f o r pos i t ive and negative 

p o t e n t i a l gradients shown in Pig . 15, although i t would also have to be 

assumed that the vane system or the commutator, or both, deal very 

unsymmetrically wi th pos i t ive and negative f i e l d s . A possible explanation 

o f Pig . 15 i s that the walls o f the room exerted an influence on the 

f i e l d applied to the m i l l i n the laboratory. 

The m i l l was l a t e r ca l ibra ted outside i n the pos i t ion in which 

i t i a now used, f o r pos i t ive p o t e n t i a l gradients only, by means of a 

tes t plate erected over i t (Plate 1). I t i s found that an applied f i e l d 

o f 100 V/m. produces an output of 1.64 V. The value o f detf obtained 

from the ca l i b r a t i on i s thu3 1.64 cm. notably d i f f e r e n t from the 1.9 cm 

obtained i n the laboratory. The discrepancy i s perhaps to be a t t r i bu t ed 
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to the s l i g h t l y d i f f e r e n t exposure of the m i l l i n the two oases. 

The m i l l i n i t s working pos i t ion i s shown i n Plate 1. In the 

foreground are the motor housing and the hood protec t ing the plate 

system from f i e l d s induced by the d r i v i n g b e l t . The m i l l chassis i s 

surrounded by an aluminium cowling which protects i t from the weather. 

I t i s held i n place by leather straps so that inspection can bo readi ly 

car r ied out. However, even minor repairs necessitate l i f t i n g out the 

m i l l altogether, as a r u l e . The m i l l and d r i v i n g motor are both f i r m l y 

f i x e d i n pos i t ion by rag-bolts embedded in the cement p l i n th s on which 

they stand. There i s provision f o r ad jus t ing the position of the motor 

s l i g h t l y to take up slack i n the V-be l t . The m i l l chassis and the 

ro t a t i ng vane are earthed d i r e c t l y to a copper plate sunk beneath the 

f l o o r of the p i t . This earth i s car r ied indoors by means of the cable 

sheaths, to the main a m p l i f i e r , which i s not separately connected to 

the mains earth v ia i t s power supply. There i s no connection e i ther 

between the earth lead to the motor and the chassis o f the m i l l , as i t 

was found that otherwise a large amount of mains r i pp l e was induced i n 

the cathode fo l lower output. 
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CHAPTER 6. THE FIBST TB3TS OH THE COMPLETE SYSTEM 

6.1 The d i f f e r e n t i a t i n g o i r o u i t 

The parts of the o i r o u i t whiah are relevant to th i s section 

are i l l u s t r a t e d i n Pig . 17> which shows the eleotrometer stage of the 

D.C amp l i f i e r w i t h g r i d receiving the input current from the 

co l l ec to r , and & A , the compensating g r i d . The magnitudes of the 

d i f f e r e n t i a t i n g o i r c u i t parameters are very simply related to other 

parameters i n the c i r c u i t as f o l l o w s : - Suppose a po t en t i a l gradient 

F V/m. to be oreated l i n e a r l y i n a time t • The t o t a l charge 

t ransfer from the oo l lec to r to ground through the input res is tor R i s 

£o f 7 ^ , where A i s the area o f the oo l lec to r i n square metres. 

Sinoe th is change takes place over the time t , there w i l l be, a f t e r 

any transients have died away, a current. £ . F A / t which generates 

across R the voltage, V — C R F A / t , Let the output from the 

f i e l d m i l l f o r the po t en t i a l gradient_F be Y m . This voltage w i l l 

cause a t o t a l t ransfer of charge JAY*, to or from the d i f f e r e n t i a t i n g 

oondenser J) , which charge, since i t occurs over the time t const i tutes 

a cu r r en t , _ jLVU/ t • This produces the compensating voltage across. S : 

Vx — P S Y ^ / t The condit ion upon, P and S i s evident ly: 

J>S - C . L A R Eq. 6.1 

With values of_€o , F , , and R. quoted elsewhere, and a value f o r A 

of 0.2 m^, (the geometrical area o f the co l l ec to r a p e r t u r e ) , = 5*5 sec. 
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The equation above was derived f o r the steady s ta te , a f t e r transients 

have disappeared. For the compensating side of the system th i s means 

a f t e r a time long compared w i t h . P S , because the steady state w i l l 

be approached along an exponential . Further consider­

a t ion w i l l be given to t h i s aspect i n § 6.2. 

I t i s very important that the d i f f e r e n t i a t i n g condenser should 

have a high degree of i n s u l a t i o n , so that the leakage ourrent through 

i t and S > caused by the appl ica t ion o f the m i l l output, w i l l not 

produce a s igna l comparable wi th the a i r - ea r th current on the other 

g r i d . The r e l a t ive magnitudes of the leakage and a i r - ea r t h currents 

w i l l , of course, depend on the r e l a t ion between the p o t e n t i a l gradient 

and the a i r - ea r th current , but i t i s only necessary to enquire what i s 

the smallest a i r - ea r th current associated wi th a given p o t e n t i a l 

gradient. I t w i l l be taken that th i s i s governed by the smallest 

—18 —1 —1 

observed conductivi ty of the atmosphere, 3 x 10 ohm cm although 

t h i s would not cover the case where a large conduction ourrent and 

p r e c i p i t a t i o n ourrent of opposite sign p r a c t i c a l l y cancelled each 

other out . The smallest current f o r a po ten t i a l gradient F V/m. i s 

a c c o r d i n g l y - d . = 3 x 10~^F k / v ? . t which would produce a voltage 

across. R , V'= 3 x 10~1^FAR« I f the d i f f e r e n t i a t i n g condenser has 

a leakage resistance R t , the output voltage- v due to the f i e l d r 

w i l l produce a s igna l on Grx • V,. - SVL/CR1+ S) or, assuming 

R«. » 5 : Vx = SV^/R«. . V t i s required to be less than V ' , 

say_ : therefore the condit ion i s that 
R t L 

T > , 
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Inse r t ing the values f o r the various quant i t ies , i t i s found that 

Rt^S ^ 5 x 1oS i t i s thus required that R c s h a l l be of the order 

ohm. The condenser used i s of the a i r - 3 p a c e d , variable type, 

wi th porcelain insu la tors , and has a maximum capacity of 1500^^.?. 

A f t e r cleaning, it-was mounted i n an aluminium box which also contains 

a 12V. bulb to keep the whole assembly dry. The leakage resistance 

was determined by measuring the time constant of the condenser wi th a 

b a l l i s t i c galvanometer, charging up the condenser to a small voltage 

and measuring the throw of the galvanometer a f t e r a known time. I n 

t h i s way the resistance was found to be 3»6 x 1 0 * ohm, which i s 

regarded as f a i r l y s a t i s f ac to ry . 

6.2 Method of t e s t ing the equipment 

I t was indicated i n § 3»3 that Eq. 6.1 i s not a s u f f i c i e n t 

condi t ion f o r accurate compensation because th i s equation neglects 

the fac t that the d i f f e r e n t i a t i n g c i r o u i t does not give an instantaneous 

response to a rate of change of p o t e n t i a l gradient, but an exponential 

one with a time constant PS • I t was necessary to introduce a time 

constant on the co l l ec to r input side of the eleotrometer stage (gridGr )^ 

which would match the time constant P S without of course a f f e c t i n g the 
i 

steady state condit ion expressed i n Eq. 6.1. At th i s stage i n the work 

i t was believed that none of the stray capacities i n the c i r c u i t would 

produce a time constant comparable wi th P S (approximately 5 s e c ) , and 

that the time constants of the c i r c u i t s on ei ther g r i d could be adjusted 

independently. I t can be seen tha t , w i th the above assumptions, the use 

of a condenser X across the input res i s to r R (Fig* 17) i s a simple 
-99-



so lu t ion to the problem. The steady state response o f t h i s par t o f the 

c i r c u i t w i l l s t i l l be R l , independent of X , but V' w i l l fo l low 

changes i n current wi th a time constant RX, and the net response of 

the whole c i r c u i t to a step func t ion K , assuming Eq. 6.1 i s s a t i s f i e d , 

w i l l be 

V8 = R I 4 [ ( l - c * ) - ( l - e * ) ] E q . 6 . 3 

By adjus t ing X , the time constant on the a i r - ea r th current side could 

be made equal to J)S , on the compensating side, and the compensation 

would then be pe r fec t . 

To e f f e c t th i s i n prac t ice , a method o f applying a simple wave­

form of p o t e n t i a l gradient to the a i r - ea r th current co l leo tor and the 

f i e l d m i l l has been devised. An aluminium plate 8 ' x V , can be 

erected over the apparatus, at a height o f approximately 50 cm. from 

the ground, w i th i t s legs standing on insula tors . A rotary wirewound 

potentiometer i s used to divide the f i x e d voltage from an H.T. battery 

and the tapped-off voltage i s applied to the p l a t e . T he potentiometer 

i s rotated by a synchronous clock motor through a sui table gear chain. 

This u n i t i s shown on the l e f t o f Plate 2 . I n t h i s way a saw-tooth 

voltage i s applied to the test plate and i t was established that i t s 

s loping edge i s an accurately l inea r funot ion of the t ime. The response 

of the f i e l d m i l l to the wavefrom i s shown i n Figs. 18, 20, 25 and 26 . 

I n terms of displacement current an in te rp re ta t ion i s simply obtained 

by d i f f e r e n t i a t i n g . During the short 'deed' period before the steady 

r i se i n voltage, while the wiper arm i s moving across the stud conneoted 

to the earthed terminal of the potentiometer, the displacement current 
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i s zero. At the onset o f the steady r i s e , the displacement current 

undergoes a step funct ion to a value whioh i s maintained during the 

l i nea r part of the waveform. When the wiper arm reaches the end of 

i t s traverse, the applied voltage remains at a steady maximum f o r a 

short time while the contact moves over the second stud, and there i s 

a step funot ion o f displacement ourrent back to zero again. Subsequ­

ently the voltage on the plate suddenly returns from i t s maximum 

value to zero and there i s an impulsive negative displacement current , 

i . e . a very large negative ourrent ac t ing over a very short t ime. 

The cycle then begins again. I t was not expected that the compensa­

t i o n would be good enough to maintain a zero output during the impulse 

jus t described, but i t was hoped that the step functions corresponding 

to the beginning and end of the steady r i se i n voltage would be compen­

sated s a t i s f a c t o r i l y . 

I t was proposed f i r s t to s a t i s f y the condit ion f o r a steady 

displacement current by wai t ing f o r the t ransient response to the step 

funct ion at the beginning of the cycle to die away, and then ad jus t ing 

the d i f f e r e n t i a t i n g condenser P so that there was zero output from 

the D.C. a m p l i f i e r during the remainder of the period of steady d i s ­

placement current . So that there would be plenty o f time during the 

cycle to ascertain whether the compensation was acourate, the traverse 

o f the potentiometer was arranged to l a s t much longer than the expeoted 

time constant o f the system (5*5 s e c ) . The l inea r increase o f po t en t i a l 

was accomplished i n 106 sec. A f t e r the compensation f o r the steady 

state had been aohieved, the condenser X shunting the co l lec tor input 

res i s to r would be adjusted u n t i l the-^iPain^ient a t the beginning of the 
s C i E N C c 
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cycle was reduced to zero. This of oourse would not a f f e c t the comp­

ensation f o r the steady displacement current , and the adjustment would 

then be complete. 

There i s a complication in that owing to the conductivi ty o f 

the atmosphere, an ion ic current would f low i n t o the ool leotor when the 

test plate was not a t earth. Therefore i t would be s t r i c t l y inoorrect 

to adjust the d i f f e r e n t i a t i n g condenser so that the output o f the 

D.C. a m p l i f i e r was zero. However, i f the period of the saw-tooth 

waveform of the applied po ten t i a l were short enough, the displacement 

current would be large compared wi th the conduction ourrent, and the 

error introduced by neglecting the l a t t e r when the adjustments were 

made would be n e g l i g i b l e . This i s f u r t h e r discussed i n § 6 . 3 . 

6 .3 The p o t e n t i a l gradient waveform applied to the co l l ec to r alone. 

As a pre l iminary , the varying po t en t i a l gradient produced by 

the motor-driven potentiometer was applied to e i ther section o f the 

measuring equipment i n t u r n . I n the f i r s t series o f experiments the 

d i f f e r e n t i a t i n g c i r c u i t was disconnected from the f i e l d m i l l and the 

compensating g r i d o f the eleotrometer stage held at earth. Thus the 

e f f e c t of the displacement ourrent ac t ing only on the a i r - ea r th 

current c o l l e c t i n g side of the c i r c u i t , could be observed. The behaviour 

under these circumstances i s shown i n Record 38 ( a ) , Pig . 18, where the 

f i e l d m i l l output and the response o f the D.C. a m p l i f i e r are recorded 

together. During the l inea r part o f the sawtooth waveform, the voltage 

applied to the test plate inoreased from zero to 72 V. i n 106 sec. 

The distance between the plate and the ground was k& cm. The displacement 
- 1 0 2 -
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current e f f e c t on the D.C. a m p l i f i e r i s c lea r ly seen, and the record 

i s an experimental demonstration of how a uniformly changing po ten t i a l 

gradient corresponds to a uniform displacement current . The transient 

between each period o f steady de f lec t ion i s easily explained i n the 

terms set f o r t h i n § 6.2. The time constant of the current c o l l e c t i n g 

side of the equipment was set to approximately 5 sec. f o r Eecord 38(a) 

by ad jus t ing the condenser X • However, i t was established that the 

f i n a l steady value of the output i n any cycle was not dependent on X , 

which only a f fec ted the time taken to a r r ive at t h i s value* 

An in te res t ing by-product o f t h i s experiment was that i t 

enabled an estimate to be made o f the e f f e c t i v e area of the c o l l e c t o r . 

Prom the known rate of increase o f p o t e n t i a l gradient applied to the 

c o l l e c t o r , the displacement current density could be calcula ted. This 

worked out to be 1.31 x 10"^ 1 A / m 2 . On the other hand, from the output 

of the D.C. a m p l i f i e r and i t s known s e n s i t i v i t y , the t o t a l current 

f lowing in to the co l l ec to r was 1.24 x 10"^ 2 A. as indicated .in P ig . 18. 

Prom these two quant i t ies , the e f f e c t i v e area of the co l l e c to r i s obtained 
P 2 

as 945 cm • , whereas i t s geometrical aperture i s approximately 1900 om • 

The importance of th i s has been discussed i n § 4*2. 

A measurement of the response of the system to a constant 

applied voltage on the test plate was made, wi th the compensating g r i d 

s t i l l a t earth p o t e n t i a l , and the resu l t i s shown in Reoord 43» F i g . 19« 

The f i r s t ^ i n . or so at the l e f t o f the trace shows the outputs o f 

the f i e l d m i l l and the D.C. a m p l i f i e r wi th no applied voltage and the 

remainder demonstrates the appl icat ion of a steady p o t e n t i a l gradient of 

157 V/m. (the same as the maximum of the sawtooth waveform). The 
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a m p l i f i e r output has changed by an equivalent of 1.2 x 10~1^A. input 

ourrent . This i s presumably the amount o f conduction current driven 

aoross the gap by the p o t e n t i a l gradiento I t has already been stated 

that the displacement current induced by the sav/tooth waveform i s 

—12 

1.24 x 10 A . , so that by adjus t ing the d i f f e r e n t i a t i n g condenser to 

give zero output i n the tests proposed i n § 6.2, the error i n compensa­

t ion must be 10J& o f the displacement cur rent . However, t h i s was regarded 

as being not unsat isfactory i n the i n i t i a l programme. 

The other records i n Pig . 1S are quite i n s t ruc t i ve ; a l l three 

were taken on the same day. Between Record 42 and ei ther o f Records 43 

and 44, there i s a marked di f ference i n the steadiness o f the D.C. 

a m p l i f i e r output. Record 42 was taken wi th an earthed metal plate 

placed over the co l leo tor and very olose to i t , so presumably the small 

f luc tua t ions i n the other two records were caused by space charge being 

blown in to the c o l l e c t o r . While the d i f fe rence between Reoords 43 and 

44 oould have been caused by changes i n the e lectronic equipment i t s e l f , 

i t seems a reasonable supposition that the increase i n f luc tua t ions i n 

Reoord 43 might have been due to the e f f e c t of the po t en t i a l gradient, 

i n addi t ion to the wind, d r i v i n g space charge in to the c o l l e c t o r . 

6.4 The p o t e n t i a l gradient waveform applied to the f i e l d m i l l alone 

I n a f u r t h e r set of experiments, the hemispherical co l l eo to r 

was screened by an earthed plate close over i t w i t h the test plate 

s t i l l i n p o s i t i o n , and the f i e l d m i l l was reconnected to the d i f f e r e n t ­

i a t i n g c i r c u i t so that the behaviour of the a m p l i f i e r wi th the compensa­

t i n g s ignal only, could be observed, The performance when the sawtooth 
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waveform of po t en t i a l was applied to the test plate i s shown i n 

Record 40, F ig . 18, wi th various sett ings o f the d i f f e r e n t i a t i n g con­

denser. As f a r as can be judged from the record, the shape o f the 

curves of a m p l i f i e r output, f o r some se t t ing o f the d i f f e r e n t i a t i n g 

condenser between 310yiy*,f' and 4&5j*f»^» ^ s ^ e negative of that observed 

wi th the p o t e n t i a l gradient applied only to the c o l l e c t o r . By p l o t t i n g 

the compensating current against the se t t ing of the condenser, i t was 

established that the condenser must be adjusted to 360^J? i n order to 

compensate the displacement ourrent observed i n Reoord 38 ( a ) . The 

time constant o f the d i f f e r e n t i a t i n g c i r c u i t ( S = 9*5 x 10^ohm) would 

therefore be 3*4 s e c , which permits a predic t ion to be made of the 

required se t t ing of the condenser X , shunting the input res i s to r on 

the ourrent c o l l e c t i n g s ide . The experimental value, V = 3*4 sec. can 

be compared w i t h that deduced i n § 5»2 from Eq. 6 . 1 : Y= 5.5 sec. This 

was based on the values ^™/f = 0.0195 V per V/m., and A = 0.19 xs?* 

However, i n § 6.3 i t was seen that the e f f e c t i v e value o f A i s 0.0945 m ,̂ 

whi le , i n the s i t ua t i on in which the m i l l i s ac tua l ly used,^/p = Q.OI64V 

per V/m., as explained i n § 5»8. Making the cor rec t ion , i t i s found 

that Y = 3*3 sec., i n f a i r agreement wi th the experimental value. 

Although i n general the resul ts obtained when the e f f e c t o f 

the varying po t en t i a l gradient was transmitted through the d i f f e r e n t i a t ­

ing c i r c u i t were sa t i s f ac to ry , a d is turb ing feature was that sudden 

f a i r l y large def lec t ions were observed i n the a m p l i f i e r output when 

t h i s should have been steady. Careful examination of the f i e l d m i l l 

output revealed no spurious e f f ec t s large enough to oause such de f l ec -
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t i ona . The f luc tua t ions i n the m i l l output were never greater than 

an equivalent input o f 0.01 V/m., and generally they were only h a l f o f 

t h i s ; i f the theory of the apparatus which had been developed so f a r 

were correct , the e f f e c t on the amp l i f i e r output should have been 

neg l i g ib l e . I t was discovered l a t e r that f luc tua t ions i n m i l l output 

could indeed have been responsible f o r these e f f e c t s , but only because, 

f o r rapid changes at the compensating g r i d of the electrometer stage, 

the feedback loop i s inoperative, and the f u l l loop gain of 320 i s 

applied to the s igna l . This i s f u l l y discussed i n § 7«4 et seq. 

6.5 Failure of the f i r s t attempt to achieve compensation 

The d i f f e r e n t i a t i n g condenser D and the shunt oondenser X 

( F i g . 17), were adjusted to the approximate values deduced in § 6.4, 

and both grids o f the electrometer stage were subjected to the sawtooth 

po t en t i a l gradient through t h e i r respective c i r c u i t s . The resul ts of 

t h i s f i r s t attempt at compensation are shown i n Records 45, 46 and 47, 

F i g . 20. I n preparing t h i s f i g u r e , a l l the records had v e r t i c a l 

sections out from the relevant par ts , and these were mounted on white 

card and photographed. However, the r e l a t ive disposit ions of the traces 

are preserved as i n the o r i g i n a l records, so that the D.C. a m p l i f i e r 

zero l eve l given i n Sections 2 and 3 of each record is the l e v e l at 

which the output should have remained during the po t en t i a l gradient 

cycles, i f the compensation were pe r f ec t . I t must be mentioned that 

the change i n 'zero ' l e v e l between Seotions 1 and 2 o f each record i s 

also r ea l , but the cause of t h i s was never discovered. For some 

unknown reason, whether or not the co l l ec to r was connected to the e lec t ro -
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meter stage, even when i t was receiving no current , made a considerable 

d i f fe rence to the ' z e r o 1 . However, i n prac t ice , t h i s was only a minor 

inconvenience, and a reproducible zero could be obtained, wi th the 

co l l ec to r conneoted, by placing the earthed test p la te over i t . This 

i s the zero shown i n Sections 2 and 3 o f a l l the records i n F ig . 20. 

The records d i f f e r only i n the value o f the condenser X , 

shunting the input r e s i s to r , and the capacitance increases as the se t ­

t i n g in degrees increases: the condenser was not ca l ib ra ted . The 

d i f f e r e n t i a t i n g condenser was set at approximately 360/^w-P throughout. 

From Sections 4 and 5 o f Records 45 and 46, i t can be seen that some 

measure of compensation was achieved f o r steady displacement currents , 

but not in any degree f o r the sudden changes a t the beginning and end 

of each cycle . 

The most remarkable feature i s shown i n Sections 5 o f the 

records, where the low s e n s i t i v i t y s e t t i n g o f the galvanometer enables 

the transients to be seen c l e a r l y . These showed a large def lec t ion i n 

the pos i t ive d i r e c t i o n , which deoreased as the shunt condenser increased. 

Now when the seoond g r i d o f the electrometer stage was held at earth 

so that there was no compensating s igna l , the de f l ec t ion was negative 

at the sudden f a l l of p o t e n t i a l gradient to zero, and the magnitude 

decreased as the ahuiv'u condenser increased, as expected. From the si;rpls 

picture out l ined i n i 6.2, the transient should be the algebraic sum 

of two independent time constant e f f e c t s . Since the time constant o f 

the d i f f e r e n t i a t i n g c i r c u i t was not a l tered i n any of the records i n 

P ig . 20 the cont r ibu t ion from th i s side should have remained constant, 
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and therefore, the resultant pos i t ive def lec t ion should have increased 

as the shunt condenser was increased, instead o f which the reverse 

happened. 

I t was therefore concluded that the theory of independent time 

constants described i n § 6.2 i s not cor rec t . Part o f the transient 

caused by the compensating s igna l must contain a time constant which 

i s a f fec ted by varying the shunt condenser; th i s i s equivalent to the 

•crossing over' o f a parameter, as explained i n § 3»3« An important 

clue as to where the connection might be was af forded by a resul t 

shown on closer inspection o f F ig . 20. I n Section 2 o f each record 

i s the expected r e su l t , that exposure o f the co l l ec to r to the tes t 

p l a t e , when th i s has no voltage on i t , and wi th the f i e l d m i l l discon­

nected, d id not a f f e c t the output o f the D.G. a m p l i f i e r . I n Section 1, 

apart from the change i n zero l e v e l , i t i s also seen that when the m i l l 

was connected via the d i f f e r e n t i a t i n g c i r c u i t to the compensating g r i d , 

the output remained very steady provided the co l l ec to r was disconnected 

from the f i r s t g r i d of the electrometer stage. However, as Section 3 

shows, connecting the co l l ec to r caused the output to become much less 

s table , even though the co l l ec to r was not receiving any s igna l from 

the tes t p l a t e . The i n s t a b i l i t y decreased as the shunt oondenser was 

made larger ; but the important conclusion remains, that the capacity 

of the oo l lec to r and i t s cable, h i the r to neglected, has a d is turb ing 

e f f e c t on the behaviour of the c i r c u i t . 

I t was quickly established experimentally that i t would be 

impossible to obtain resul ts i n the smallest degree sa t i s fac tory wi th 
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the ex i s t ing arrangement. As i t was not obvious i n what respeot the 

c i r c u i t would have to be a l te red , except the imprac t ica l one of reduc­

t i o n of the capacity of the co l l ec to r and i t s cable, a complete 

theore t i ca l study o f the system was undertaken. This i s described i n 

the fo l lowing chapter. 
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CHAPTER 7. ANALISIS OF THE CIRCUIT BEHAVIOUR 

7o1 The equivalent c i r c u i t o f the apparatus. 

I n order to v isual ise the way i n which the a tnp l i f i e r and f i e l d 

m i l l may be described mathematically, the c i r c u i t parameters are 

rearranged in to the equivalent c i r c u i t o f F i g . 17« The inset i n the 

centre o f th i s f igure i s a smoothing c i r o u i t eventually needed to f o l l o w 

the f i e l d m i l l output; t h i s lias not entered i n t o the descr ipt ion so 

f a r and w i l l be ignored f o r the present. 

Beginning at the l e f t o f the equivalent c i r o u i t , the input 

ourrent J(t) , assumed to be a displacement ourrent , flows through 

the input res i s tor F. on the a i r - ea r t h ourrent g r i d Cr, o f the D.C. 

a m p l i f i e r , producing a voltage on that g r i d . The other end o f R 

i s connected to the feedback loop which i s the same point as the f i n a l 

output from the cathode fo l lower , t h i s output being V0 . \£ ar ises , 

o f course, not only from the displacement current in to the co l l e c to r , 

but also from the output Vm o f the f i e l d m i l l , the d i f f e r e n t i a l o f 

which, through J^S i s applied as a voltage V* on the other g r i d , & x . 

Because of the capacity to earth of the c o l l e c t i n g hemisphere and i t s 

cable, the f low of current through R, i s delayed. The e f f e c t i s allowed 

f o r by showing the lumped capacity in the network as C . X i s the 

var iable shunt condenser described i n § 6.2. The centre section o f 

the equivalent c i r c u i t represents the f i n a l oathode fo l lower . Here 

the electrometer stage and the main a m p l i f i e r have been considered not 
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to introduce any phase change, and t he i r e f f e c t i s i m p l i c i t i n the 

being the overa l l gain between input and cathode fo l l ower . The cathode 

fol lower i s equivalent to a generator and the expression f o r the v o l t ­

age generated indicates that i t i s the ampl i f i ca t ion fac to r m u l t i p l i e d 

by the difference between the g r i d voltage and the cathode feedback 

voltage. The anode resistance o f the cathode fo l lower i s represented 

by Q , and V i s the p a r a l l e l combination o f the cathode resistance 

and the resistance of the recording galvanometer. Y i s closely equal 

to the cathode resistance alone, however, because the galvanometer 

resistance is much greater than t h i s . 

When the output i s aaused by an input on only one o f the two 

g r id s , V£ w i l l be replaced by ^ or , corresponding to whether the 

s igna l i s on Cr, alone, or G x • Thus,_ V0 = VA + V3 

7»2 The La-place transform 

A deta i led discussion of the Laplace transform would be out 

of place here, but i t i s worth po in t ing out the main advantages of 

t h i s mathematical device as applied to c i r c u i t theory. A l l the funda­

mentals required i n t h i s discussion are dealt wi th by Jaeger (1949)• 

I t may be supposed that a d i f f e r e n t i a l equation i n vj as a 

funct ion o f t must be solved, where 

voltage_ C r i V } - V,) ascribed to the cathode fo l lower g r i d G-s, Or 

Yh - f z = - f ( t ) Eq. 7.1 • 

The purpose o f the transform i s to enable the operators j , e t c . , 
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t o be replaoed by algebraic symbols of the type l j . U.(jo) , where Ij 

i s ca l led the transform of the so lu t ion f o r (j and U. i s a funct ion o f j p f 

a parameter introduced by the nature o f the transform. The equation i s 

thus a l te red to the form 

LAu K ty) +- B ^ - . t y ) + Yu.q.)] J + *.Q>)z * U|>) + f 

where ^ i s a funct ion of the boundary conditions and i s the 

transform: o f "fCt) . t j i s obtained as a funct ion o f JD , by solving 

the now algebraic equation, and ij determined by performing the inverse 

o f the transform process on jj . 

The Laplace transform i s defined by the equation: 

ty) * K t U t 

The pa r t i cu l a r relevance to network theory o f the k ind in question here 

is twofo ld . F i r s t , given zero i n i t i a l condit ions, the transformation 

i s equivalent to w r i t i n g K i r o h o f f ' s law3 using, instead o f the ac tua l 

currents and voltages, t he i r transforms X and V ; and w r i t i n g down the 

e f fec t s o f a resistance K , a capacity C and an inductance Las the 

impedances respect ively. I t i s evident that there i s 

a close analogy here to the use of the symbol ju) instead o f the 

operator *° ^ n < * * n e p a r t i c u l a r i n t e g r a l i n a problem involv ing 

a l t e rna t ing voltages of angular frequency . Secondly, the transforms 

of square and impulsive funotions o f impressed currents and voltages, 

(such as w i l l appear i n "fCt) on the r i g h t hand side of Eq. 7.1 i n the 

present problem) are p a r t i c u l a r l y simple functions o f J3 • 
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7«3 Types of input and so lu t ion 

The main features of the sawtooth waveform of p o t e n t i a l gradient 

used to test the apparatus may be described by two funct ions , f o r 

which references should be made to the insets i n Pigs. 21 and 22. 

Type A; F ig . 21 

F i r s t i t i s supposed that the p o t e n t i a l gradient has been zero 

from t -oo to t = 0, and then begins to r ise at a rate F t V/m. per 

sec. 

The transform o f F(t) =• Fc t is F(b) = F ; / | 3 l 

Corresponding to t h i s , the displacement current I(t) w i l l remain at 

zero u n t i l t = 0 and w i l l then undergo a step change to a constant 

value I i = F; t0 

The transform of I ( t ) is I(|o) = U j / j p 
Type B; F ig . 22 

Next a step funct ion of p o t e n t i a l gradient i s considered, such 

that F = 0 from t - * -OQ to t = 0, and then rises instantaneously 

( i d e a l l y ) to the value Ft . The displacement current then r ises 

impulsively to a very large value and f a l l s to zero again at the instant 

t = 0. Essent ial ly the nature o f the impulsive funct ion i s indetermin­

ate, but f o r convenience i t may be supposed that the p o t e n t i a l gradient 

takes an i n f i n x t c s i m a l time C to r i se to F{_ • Then 

Rt) = ItS(t) ; W h ere fo) = 0, t ; S(t)= % , 0< t<£; S(t)= 0, € $ t 

I i i s again related to F. by I i = F [ C . The transforms of th i s 

func t ion o f po t en t i a l gradient and the corresponding displacement 
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displacement current are: 

Fty) - F ^ ) ; Kjo) - Ii 

I t is found that the transform of the so lu t ion f o r the output 

voltage, i n every case, can be s p l i t i n t o p a r t i a l f rac t ions and expressed 

i n the form 

Cn B 4 
bt A P 

where any o f the constants A , B , C , , P may be zero. The 

solu t ion o f the problem, the inverse transform of V0 , i s 

V. = F. [A S(t) f B +- c , e

U + C . e U T> t e X t ] 

The terms i n the bracket correspond respectively to those in the 

bracket of the expression f o r V„ . The las t term arises when two 

c i r o u i t s having the seme time constant are connected i n series, 

and A w i l l be equal to one of the A ^ ' s . 

7.4 Preliminary ca lcula t ion to show the main features of the c i r c u i t 

behaviour 

I n t h i s section the currents i n the network are solved and the 

output voltage obtained wi th the s i m p l i f y i n g assumption that the time 

constant of the d i f f e r e n t i a t i n g c i r c u i t i s zero. This enables one 

to see very c lea r ly i n what fundamental respect the c i r c u i t misbehaves. 

The seme i r r e g u l a r i t y i s of course i m p l i c i t i n the equations when the 

d i f f e r e n t i a t i n g time constant i s taken in to account, but the complexity 

i s greatly increased by inc luding i t and somewhat masks the conclusion 

to be drawn. 
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Except i n one or two cases which w i l l serve as examples of the 

method, resul ts w i l l be quoted without the calculat ions leading up to 

them, as these are simple though tedious. Calculations are made o f : 

(a) The general equation f o r the output \£ of the D.C. 

a m p l i f i e r f o r any displacement current a f f e c t i n g only 

the c o l l e c t o r . 

(b) The general equation f o r V& , the output o f the a m p l i f i e r , 

when any voltage VxCk) i s applied to the compensating 

g r i d ; ( co l l ec to r screened o f f ) , 

(o) T he resultant output Vi when simultaneous step functions 

of current and voltage are applied to Or, and respect­

i v e l y . 

(d) The resultant output V0 when simultaneous impulsive func­

tions o f current and voltage ere applied to G-, and . 

A r t i c l e s (a) and (b) w i l l obviously be o f d i rec t appl ica t ion to any 

problem concerning the a m p l i f i e r ; (c) and (d) are equivalent to assum­

ing that the compensating s igna l applied by the m i l l i s treated by an 

idea l c i r c u i t which d i f f e r e n t i a t e s i t without introducing a time constant. 

(a) General equation f o r Vft . displacement current f(t) a f f e o t i n g 

only the co l l ec to r 

The transforms of K i r c h o f f ' s equations f o r the closed loops i n 

which the currents t ( ) L A > f low (P ig . 17) are: 

f T c * I ^ W Y ' ' Y X l = ? t ^ > . E q . 7 . 2 
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• • • • • • Ec[* 7 • 3 

Since. V, = (f(b) - i j / p C and y u / i . = ^ , the transconductance 

of the cathode fo l lower , Eq. 7»3 f-ay be r ewr i t t en : 

(Y - c/pcji, - (Y + y $ z x - - 1(0 VhC Eq.7.4 

Equations 7*2 and 7*4 are solved f o r X, and 1 i t making the j u s t i f i a b l e 

assumptions that Y ^ V<^ , the normal cathode fo l lower condi t ion , and 

G » I ; (Cr— 320, by experiment). Then the transform o f the solut ion 

i s 

Eq.7.5 

(b) General equation f o r VB , voltage Va(t) on G^only . 

The equations f o r the two loops are of the same form as 

equations 7«2 and 7«3 except that there i s now a voltage on G-2 and 

I(t) = 0 . The solut ion i s 

\ 

Eq.7-6 

(c) Pa r t i cu la r oase when step functions o f current and voltage are 
applied 

Inputs of the form described i n § 7«3 are subst i tuted i n to 

Equations 7.5 and 7.6: 1(b) - l L / p } V,.(b) = Vi/b. 
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Thus V A = _ l l i j _ 

" R l J l T _ r~r~~— i— I Eq.7.7 

The inverse transform of \4 i s 

>••• Eq«7«8 

I t w i l l be noticed that th i s i s the equation that was discussed in 

previous chapters, where i t vies 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 . 

E q . 7*6 y i e lds the solut ion 

Eq.7 .9 

S ince i t i s assumed that the compensation i s e f f ec t i ve for uniform 

displacement currents , V; = R l v and the resul tant output i s 

f x + c 1 -t 

E q . 7»10 

I t w i l l be remembered that in Chapters 2 and 6 i t was not expected that 
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the time constant of the a i r - e a r t h current c o l l e c t o r would appear in 

the equation for VB • I t only does so on account of C , as can be 

seen by putt ing C = 0 in E q . 7*9 when i t i s found that V 0 = Vi . 

Considering E q . 7• "10 in more detaa^ i f an i d e a l d i f f e r e n t i a t i n g 

c i r c u i t had been a v a i l a b l e , there would have been no need for the shunt 

condenser X (see § 6.2). With X = 0 in E q . 7»10, the resu l tant output 

i s 

- t 
V. = G-e Rc/& Eq.7.11 

Thus instead of perfect compensation there would be a very large , 

though rapid trans ient , with a peak value corresponding to the f u l l loop 

gain of the ampl i f i er ac t ing on the displacement current . I t i s a l so 

to be remarked that the trans ient of E q . 7*10 i s in the d irec t ion of 

the V B component of V„ and decreases as X increases . The experimental 

observation of t h i s property was commented on in 8 6.5 as being quite 

unexpected. 

(d) P a r t i c u l a r case when impulsive functions of current and voltage 

are a-pplied 

TC|>) s l i and VaC(") = are subst i tuted into Equations 7*5 

and 7*6. 

Thus V * = p%]e R C X W o ) Eq.7.12 

Therefore V o = ^ ^ ( x + c) 60) - ( ^ ^ e ^ • • • • • Eq.7*14 
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In an hypothet ical experiment with an i d e a l d i f f e r e n t i a t i n g c i r c u i t , 

X = 0 and 

VD - G l ^ R S C t ) - B q . 7 . 1 5 

I t w i l l again be noticed that with C = 0, E q . 7»13 gives V B = V^SCt)^ 

which i s the re su l t assumed in Chapter 6. 

Prom Equations 7.11 and 7*15 i t i s evident, from the G—multiplied 

term, that in some way the feedback loop i s inoperative for sudden 

changes on the compensating g r i d , and fur ther , that th i s i s caused by 

the input cable capacitance C , s ince when C = o the expressions for V a 

revert to the forms previously expected. In the descript ion of the way 

in which a s i g n a l on G^produced an output, i t was remarked in § h-7 

that a kind of feedback operated which made the gain unity for s ignals 

on that gr id as we l l as for those aoross R • This i s because a voltage 

Vj, on G z causes the output voltage to appear on G , and t h i s voltage 

adjusts i t s e l f , on account of the d i f f e r e n t i a l behaviour of the e leotro-

meter stage, so that a n u l l s i g n a l i s applied between the gr ids . 

Considering, however, an instantaneous voltage appl ied to a s i m i l a r 

ohange w i l l ocour in the po ten t ia l of the feedback loop, but the t r a n s ­

mission of t h i s to G-, w i l l be delayed because the cable capacitance 

drains current from R , preventing an instantaneous r i s e in the voltage 

on Cr,. i b r a short time, depending on the time constant RC/G- , the 

voltage on Gj corresponding to V z remains much smaller than V z , so that 

approximately the ent ire loop gain, G , i s applied to th is s i g n a l , as 
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i s d i r e c t l y evident from E q . 7»11» Transients of the same order of 

magnitude as the displacement current had been envisaged in s e t t ing up 

the apparatus, but hardly transients 300 times as large . 

7.5 Deta i led ca l cu la t ion of the c i r c u i t behaviour 

The main conclusions of § 7»4 apply a l so to the equations i n 

th i s sec t ion , although the introduction of two more time constants 

makes them considerably more complicated. One of these i s Y =SP» 

the time constant of the d i f f e r e n t i a t i n g c i r c u i t , which has so f a r been 

ignored. The other i s the time constant of the f i e l d m i l l c i r c u i t . 

Now t h i s time constant, as i t has been described so f a r , i s approximately 

0.1 s e c , much smaller than any of the time constants i n the res t o f 

the equipment. However, i t was thought that a so lut ion to the problem 

of avoiding large trans ients might be to use the smoothing c i r c u i t 

shown in the i n s e t , F i g . ^7^ This would be inserted between the f i e l d 

m i l l a m p l i f i e r and the input to the d i f f e r e n t i a t i n g c i r c u i t , and would 

introduce a comparatively large time constant T — R ' C } so that the 

input to the d i f f e r e n t i a t i n g condenser, for a step function F of poten­

t i a l gradient, would be 

< = K F ; ( l - c * ) H4.7.16 

where K = ^"/p , the s e n s i t i v i t y of the f i e l d m i l l c i r c u i t alone. 

T w i l l be c a l l e d the time constant of the f i e l d m i l l . 

To perform the c a l c u l a t i o n s , the displacement current function 

on gr id must be used with the corresponding potent ia l gradient function 

applied to the f i e l d m i l l , as discussed in § 7«3« The resu l t s expressed 
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by Equations 7«8 and 7-12 are unchanged by the introduction of the time 

constant T , so one only need reconsider the contribution of V B to the 

resul tant output. 

The sequence of ca l cu la t ions i s as fol lows. I t can eas i ly be 

shown that the re la t i on between the transform of the voltage appl ied 

to the compensating g r i d , and the transform of a generalized po tent ia l 

gradient function FCt) i s 

V , = KF(b) — £ -

T O - X P ^ ) E Q . 7 . 1 ? 

I t i s then only necessary to multiply t h i s expression by the r ight hand 

side of E q . 7»6 , to obtain the complete t rans fer function of the compensa­

tion s i d e : -

V = KF(b) p L x + c ] | > 4- RtWcj] 
T [r* + i ] t^ + % ] [ ^ Eq.7 .18 

To s impl i fy the expressions the fol lowing symbols are used for the 

time constants: * = R(X + C ) ; P S R(X + ^ ) ; Y^- SP . I t must be 

remembered that CX and are not independently v a r i a b l e . 

The ca lcu la t ions give the fol lowing r e s u l t s for the po tent ia l 

Gradient, functions of § 7.3 

Type A - Samp change of po ten t ia l gradient 

E q . 7.18 y i e lds 

v n = K F . v [ i - ,T(T-(*) - £ _ rCr-oQ ^ fa-*) 

Eq.7.19 
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To obtain M>, the sum V A+ VB i s formed, the appropriate expression 

for V/v being E q . 7«8. Sinoe the apparatus i s supposed to be compensated 

for a steady displacement current , Y i s adjusted so that 

K F - Y - R I t E q . 7.20 

S t i l l considering VB only, there are two p a r t i c u l a r cases of 

in teres t here: 

( i ) T = Q,/®~Y , the conditions in the experiments described 

in § 6.5. I t must be observed that the solut ion cannot be 

obtained by subs t i tu t ing d i r e c t l y into E q . 7»19, because 

zero terms a r i s e in numerator and denominator of a term on 

s i m p l i f i c a t i o n . The subst i tut ion must be made in Eq.7.18. 

Then VB = K F ^ [ l - e"f + -1) ^ e r ] . . . Bq.7.21 

With Eq.7.8 th i s gives 

v. = K F £ y [ f ' . . . Eq.7.22 

Taking Yas 3-42 sec . and C = lOOjyjJF (Kay,1950), the 

r e s u l t i s a trans ient four times as large in magnitude as 

the steady e f f e c t of the same displacement current , uncompen­

sated. I t i s a l so in t ere s t ing to add the condition C = 0 to 

E q . 7.22. Then oi = ^ = Y , a n d V0 = 0 

( i i ) . T = / 3 » Y 

Then 

V B * K F J f [ l - e > - - ^ - t f t J . . . Eq.7.23 

I f j& i s made s u f f i c i e n t l y large by increasing..X..,y^. ~ ? _ < x and 
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Y D . - K F j J j - £ f i ] . with E q . 7-8 t h i s gives Y^Q . Thus by 

making the m i l l time constant and , equal, and both so large that 

yQ>*Y and X>>_C , f a i r compensation w i l l r e su l t for suddenly applied 

ramp changes of po tent ia l gradient. 

Type B -_S.tgp funotion of po tent ia l gradient 

The r e s u l t of putt ing . F.((?)_zi ^ . in to E q . 7.18 i s 

Eq.7.24 

_\& may be obtained by adding E q . 7.12 and using E q . 7.20. 

P a r t i c u l a r cases are considered: 

( i )_ T = 0, ^ — V, the conditions of § 6.5. 

VB = K F . r f ^ e ^ 4. | e f ] .... . Eq.7.25 

I f the condition C = 0 i s imposed i t i s easy to show that_X_= % + =0 

( i i ) 

v- = KFVF y ~ * e f - J £ * - e > + _2L2_ 

. . . . »Eq.7« 26 

I f X i s so much greater than__C that ^ ~ / * > > y and * > "then 

_Vo does not tend to zero i d e n t i c a l l y (as with the Type A p o t e n t i a l 
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gradient function) but shows a short l i v e d trans ient of small magni­

tude: 

P E q . 7*27 

The re su l t s of some of these ca lcu la t ions are demonstrated 

graphical ly in Pigs . 21 to 24, where the resu l tant output \ i s 

plotted against time for d i f f e r e n t combinations of the c i r c u i t parameters. 

I t i s assumed that the compensation i s s a t i s f a c t o r y for uniform d i s p l a c e ­

ment currents , once the trans ient has died away, so V,-* O as t 00 . 

The absoissa i s a 'reduced' time, tyjb , s ince ^ — fc(x+-C/k) i a 

the greatest time constant involved in the equations and i s therefore 

paramount in contro l l ing the rate of r i s e and decay of the t r a n s i e n t s . 

The uni t of ordinate i s M;. K F t and i s therefore of the same 

magnitude a s , but of opposite s ign to the steady output which would 

have resu l ted i f the displacement current had been completely uncompens­

ated. The measured values of the parameters required for the ca lcu la t ions 

are C = 700yy>.P,- Y = 3.4 sec . 

P igs . 21 and 22 are relevant to the s tate of the apparatus in 

the experiments described i n Chapter 6, with step and impulsive funotions 

of displacement current , re spec t ive ly . Of each set of curves , the 

condition = 1 i s the one which was aimed for i n the f i r s t attempts 

at compensation. I t can be seen from P ig . 21 that the trans ient i s 

four times as large as the ac tua l displacement current for t h i s condit ion, 

and the behaviour of the curves with increasing. ^> explains the unexpected 
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observation of § 6.5, that the trans ient i s i n the d irect ion of the 

compensating s i g n a l and decreases as the shunt condenser X i s increased. 

P igs . 23 and 24 show the e f fec t of connecting a smoothing c i r c u i t , of 

time constant T~-^ , a f t e r the f i e l d m i l l . For a given value of^j/y , 

the trans ient i s considerably reduced in th i s way., and continues to 

decrease as jQ i s made l a r g e r , although the time taken for the trans ient 

to die away i s a l so lengthened. The reduction of the trans ient on 

introducing the smoothing c i r c u i t i s p a r t i c u l a r l y >.carked i n F i g . 24, 

where the ourves are drawn for an impulsive displacement current . 

However, the i n i t i a l displacement at t = 0 i s the contribution from the 

a i r - e a r t h current c o l l e c t o r act ing alone, because of the delay produced 

by the smoothing c i r c u i t in the transmission of the s i g n a l from the m i l l 

to the d i f f e r e n t i a t i n g c i r c u i t , and i s given by wri t ing t = 0 in 

E q . 7.12. 

7.6 Modifications to the apparatus 

I t i s evident from a l l the above equations that i f the capacity 

of the c o l l e c t o r and i t s cable could be reduced, better compensation for 

sudden changes in po ten t ia l gradient would r e s u l t . As i t was not p r a c t i ­

cable to lay a lead of very low capacitance to the c o l l e c t o r , the exped­

ient was t r i e d , to good e f f e c t , of connecting the coble sheath to the 

feedback loop instead of to earth . A s i m i l a r connection was used by 

Brewer (1953) to reduce the e f f ec t i ve input capacitance of an e l e c t r o ­

meter valve voltmeter. 

S ince the cable sheath does not const i tute the whole of the 

capacitance C , there i s s t i l l a r e s i d u a l equivalent to the capacity 
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of the c o l l e c t i n g electrode i t s e l f , approximately 260^u.F. The cable 

capacitance now appears across the input r e s i s t o r , and contributes 

to X • In f a c t , the cable capacitance was considered quite large 

enough to obviate the need for the var iab le condenser which had been 

used there , and the time constant j3 i s now f ixed at 23 s e c . As i t 

was not pract i cab le to reduce C- further by connecting the screen round 

the c o l l e c t o r to the feedback loop, and a l so because, with the cable 

capacitance across R , there was no longer any question of equal iz ing 

P and V , a smoothing c i r c u i t , cons i s t ing of a 4yu-P condenser with a 

var iable r e s i s t o r was connected between the f i e l d m i l l and the d i f f e r e n t ­

i a t i n g condenser. The integrat ing c i r c u i t i s shown in i t s screening 

box in P la te 2. 

The behaviour of the D.G. ampl i f i er when the sawtooth p o t e n t i a l 

gradient waveform was appl ied to the tes t p late , i s i l l u s t r a t e d by 

P ig . 25. Por some reason, which there was no opportunity to invest igate , 

the modifications described resul ted in throwing out of adjustment the 

compensation already achieved for uniform displacement currents of long 

duration. The record considered to show the optimum performance of 

the system i s reproduced in P i g . 26, where the parameters are now 

Y= 4.9 s e c , yfl = 23 s e c , T" = 14 s ec . The rate of change of p o t e n t i a l 

gradient over a cycle i s equivalent to 4 times a f ine weather a i r - e a r t h 

—12 i 9 

current of 2 x 10 A / I E » while on the scale of the f igure , the D . G . 

a m p l i f i e r output for such a current would be 3 rem. I t can be seen that 

a f a i r degree of compensation has been at ta ined, e spec ia l ly when i t i s 

r e a l i z e d that the trans ients are due almost en t i re ly to the sudden f a l l 
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o f p o t e n t i a l gradient a t the end o f each c y c l e , a c o n d i t i o n not 

l i k e l y t o be inet w i t h i n atmospheric e l e c t r i c a l phenomena. 
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CHAPTER 8 . CONCLUSION 

8 . 1 Summary o f the behaviour and use o f the equipment 

Although there was the op p o r t u n i t y t o take only about a 

dozen records i n n a t u r a l c o n d i t i o n s , before the t e r m i n a t i o n o f t h i s 

research, these records and subsequent measurements made w i t h the 

apparatus by Ramsay, a t Durham, have demonstrated t h a t the method o f 

compensation i s s a t i s f a c t o r y i n d e a l i n g w i t h both the f a i r l y steady 

c o n d i t i o n s o f continuous r a i n , and the more d i s t u r b e d phenomena o f 

showers. The apparatus has two disadvantages, n e i t h e r o f whioh i s 

very s e r i o u s . F i r s t , there i s the r a t h e r long response time constant 

o f 2 0 s e c , which i s much great e r than was a n t i c i p a t e d a t the commence­

ment of the work, and c e r t a i n l y much gr e a t e r than one expects t o 

achieve w i t h conventional e l e c t r o n i c equipment. However, t h i s s t i l l 

compares favourably w i t h apparatus whioh measures the c u r r e n t d i s c o n t i n -

uously by i n t e g r a t i n g the charge c o l l e c t e d over a few minutes (§ 3 * 2 ) • 

Secondly, there i s a l i i r . i t t o the r a t e o f change o f p o t e n t i a l g r a d i e n t 

f o r whioh aoourate compensation can be aohieved, and i n the most 

v i o l e n t f l u c t u a t i o n s i n storms, there must be some doubt as t o the 

meaning o f the r e s u l t s . This i s c e r t a i n l y true when the p o t e n t i a l 

g r a d i e n t i s numerically g r e a t e r than 4 5 0 0 V/m., not because o f capaci­

tance e f f e c t s , but because the f i e l d m i l l a m p l i f i e r saturates beyond 

t h i s l e v e l . 

R e f e r r i n g t o F i g . 9 , the p o s i t i v e t o t a l c u r r e n t e n t e r i n g the 
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c o l l e c t o r , a t which the a m p l i f i e r s a t u r a t e s , i s 1.*V x 1 0 A., 

corresponding t o a very l a r g e a i r - e a r t h c u r r e n t , only one order of magni­

tude less than the l a r g e s t c u r r e n t expected i n showers and stones. A l s o 

on account o f s a t u r a t i o n , t h i s time f o r s i g n a l s on the oth e r g r i d , the 

compensation i s e f f e c t i v e up t o a displacement c u r r e n t d e n s i t y o f 

8 x 1 0 " ^ A / b e ^ . , which i s equivalent t o a r a t e of change o f p o t e n t i a l 

g r a d i e n t o f 1 0 0 V/m. per sec. I t i s thought t h a t there w i l l be comparat­

i v e l y few occurrences of such large rates of change. For negative a i r -

e a r t h and displacement s u r r e n t s , the a m p l i f i e r does not s a t u r a t e u n t i l 

even grea t e r magnitudes are a t t a i n e d . 

The equipment i s s t a b l e and r e l i a b l e , and the f i e l d m i l l needs 

only i n f r e q u e n t a t t e n t i o n . The brushes r e q u i r e changing a f t e r about 

a month o f continuous day-time o p e r a t i o n . The procedure which was 

devised f o r t a k i n g a record includes a d a i l y check on the compensation. 

This adjustment a p p l i e s only t o the d i f f e r e n t i a t i n g oondenser, sinoe 

the time constant o f the smoothing c i r c u i t f o l l o w i n g the f i e l d m i U 

need be only coarsely s et f o r good r e s u l t s . To make the adjustment, 

the t e s t p l a t e i s set up over the apparatus and earthed, and the 

a m p l i f i e r c o n t r o l s are s e t so t h a t there i s no d e f l e c t i o n when the g a l v ­

anometer i s switohed i n and out o f the c i r c u i t . The sawtooth p o t e n t i a l 

i. . — -! ~ 4-1 „ „ T A „ J i - ~ 4-U_ ~ 1 „ 4- „ ~v,,q n •CA—•*> 4-U a 4--».r. r*r,A o i - i 4 -
g l ~ ( 9 U . - L C U b VYCJ V C A U i . LU i . O W l l C i l O £/£#J.X13UL U U U H O £/ JLjO U U J o l j U j H U U V l « i l 0 ± u i i l l 

a t the beginning o f a cycle has d i e d away, the steady d e f l e c t i o n from 

the zero i s noted, and oorreoted t o zero by a d j u s t i n g the d i f f e r e n t i a t ­

i n g oondenser. Usually only three c y c l e s , each o f three minutes' dura-
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t i o n , are r e q u i r e d t o achieve s a t i s f a c t o r y compensation. The t e s t 

p l a t e i s then removed, and the apparatus i s ready f o r use. At the end 

of a run, the t e s t p l a t e i s replaced over the apparatus and earthed, 

and the 'zero 1 checked against the p o s i t i o n o f the spot when the galvan­

ometer i s switched o f f . The a m p l i f i e r i s now so s t a b l e t h a t the change 

i n 1 zero* over a whole day i s us u a l l y only o f the order o f an equivalent 

in p u t o f 5 x 1 0 " 1 ^ A/m2. 

8 . 2 Results 

The most i n t e r e s t i n g records t h a t were taken a f t e r the apparatus 

had been developed t o the required extent are shown i n Pigs. 27 and 2 8 . 

I n P ig. 27 are reproduced two records t h a t were made, one a f t e r 

the other, except f o r the delay necessary t o change the recording 

paper, i n a f o u r hour p e r i o d o f continuous d r i v i n g r a i n , w i t h an e a s t e r l y 

wind. I n a s e r i e s o f measurements i n s i m i l a r c o n d i t i o n s , w i t h a 

discontinuous method o f re c o r d i n g , Chalmers ( 1 9 5 6 ) found t h a t most o f t e n 

the p o t e n t i a l g r a d i e n t i s negative while the a i r - e a r t h c u r r e n t i s 

p o s i t i v e . P i g . 27 demonstrates an occasion when the c u r r e n t was o f the 

reverse s i g n , a t l e a s t f o r three hours out o f the f o u r . Although l i t t l e 

can be gained towards a g e n e r a l i z a t i o n from an i s o l a t e d example, i t i s 

i n t e r e s t i n g t o consider how these p a r t i c u l a r observations could be 

explained. With the sm a l l p o t e n t i a l g r a d i e n t observed, i t i s almost 

c e r t a i n t h a t point-discharge must be r u l e d out as a c o n t r i b u t o r t o the 

c u r r e n t a r r i v i n g a t the e a r t h . Chalmers explains the more usual 

phenomenon o f negative p o t e n t i a l g r a d i e n t and p o s i t i v e c u r r e n t i n 

continuous r a i n on the basis o f two charge separations. The f i r s t o f 

- 1 3 1 -



Record IX 

P2 
-loo 

-X 

Record 73 

HOC u±3 
I 

\xoo \lio 

- J 

£ o 1 
Record 73 

H»oo 
i I 

Fig-. 27 fofentia! Gradient" arvd Air-eartk Current" during a liriod ot G)\i£inuo s Rain. 



these would occur i n the oloud a t temperatures below the f r e e z i n g -

p o i n t of water and give the s o l i d p r e c i p i t a t i o n p a r t i c l e s a negative 

charge, p o s i t i v e charges remaining behind i n the cloud* This f i r s t 

separation explains the predominance o f negative c u r r e n t i n continuous 

snow* To expl a i n the p o s i t i v e charge on continuous r a i n , Chalmers 

supposes a second separation prooess t o occur e i t h e r on m e l t i n g , or 

near the ground* I n the p a r t i c u l a r case of i ' i g . 2 7 , i t would be 

necessary t o assume t h a t t h i s second process o f charge separation d i d 

not occur i n the c o n d i t i o n s o b t a i n i n g a t the time* The v a r i a t i o n s o f 

p o t e n t i a l g r a d i e n t and c u r r e n t a t 1 0 3 0 hr. and 1 3 0 0 h r . suggest t h a t 

the ourrent v a r i a t i o n f o l l o w e d the p o t e n t i a l gradient w i t h a delay of 

about 10 min. T h i s i n d i c a t e s t h a t the p r e c i p i t a t i o n probably obtained 

i t s charge a t a high l e v e l , the time taken t o f a l l accounting f o r the 

delay. Remembering t h a t a p o s i t i v e charge would be l e f t behind i n 

the oloud, i t would a l s o have t o be supposed t h a t the r a i n , i n f a l l i n g , 

was s u f f i c i e n t l y h i g h l y oharged f o r the space charge e f f e c t produced 

to reverse the p o t e n t i a l g r a d i e n t observed a t the ground. 

I t i s p o s s i b l e , p a r t i c u l a r l y since the c u r r e n t was hardly 

greater i n magnitude than the normal fine-weather conduction c u r r e n t , 

to go a l i t t l e way towards e x p l a i n i n g the r e s u l t by assuming t h a t the 

ion-capture process of V/ilson ( 1 9 2 9 ) was oc c u r r i n g . The mechanism of 

t h i s i s t h a t a f a l l i n g drop, p o l a r i s e d i n the p o t e n t i a l g r a d i e n t , 

c o l l e c t s a surplus o f atmospheric ions of opposite sign t o the induced 

oharge on i t s lower face. Chalmers ( 1 9 5 6 ) shows t h a t i f t h i s were the 

sole cause of the charge on p r e c i p i t a t i o n i n t h i s k i n d o f weather, the 
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t o t a l c u r r e n t must be o f the same sign as the conduction c u r r e n t , end 

not o f such great magnitude. The d i f f i c u l t y encountered w i t h Wilson's 

theory, as usual, i s t o expl a i n how the p o t e n t i a l gradient a r i s e s i n 

the f i r s t place, without p o s t u l a t i n g some k i n d o f charge separation 

which would i n e v i t a b l y give the p r e c i p i t a t i o n a charge before i t l e f t 

the cloud. 

Pig. 2 8 shows the p o t e n t i a l g r a d i e n t and c u r r e n t i n three 

hours o f showery weather. A t the beginning o f the record, cumulon­

imbus was developing, and the onset o f p r e c i p i t a t i o n can be c l e a r l y 

seen w i t h a l a r g e p r e c i p i t a t i o n c u r r e n t and a reduc t i o n of the poten­

t i a l g r a d i e n t . I t i s remarkable t h a t the p o t e n t i a l gradient remained 

so low while there was such a la r g e a i r - e a r t h c u r r e n t . I t i s suggested 

t h a t the e f f e c t o f the charge a t the cloud base, presumably negative, 

was masked by the space charge of the f a l l i n g p r e c i p i t a t i o n . Many 

workers have remarked upon the frequent occurrence o f an inverse 

r e l a t i o n between the signs o f the p o t e n t i a l g r a d i e n t and the p r e c i p i t a ­

t i o n o u r r e n t , but t h i s i s not i n evidence here. I t must o f course be 

remembered t h a t i t i s the t o t a l c u r r e n t , not j u s t t h a t c a r r i e d by 

p r e c i p i t a t i o n , which was measured i n Pig. 2 8 ; nevertheless the c o n t r i b u ­

t i o n o f p r e c i p i t a t i o n i n such weather c o n d i t i o n s i s probably f a r i n 

excess o f the conduction currents There i s , however, s tendency i n 

most of the record f o r the p o t e n t i a l g r a d i e n t and c u r r e n t t o vary i n 

opposite d i r e c t i o n s . 

A large o u r r e n t pulse a t 1 2 3 0 h r . , presumably due t o p r e c i p i t a ­

t i o n , was unaccompanied by any s i g n i f i c a n t change i n p o t e n t i a l g r a d i e n t , 
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and might again have indicated the passage of a raining cloud, the 

charged base however, having had i t s effect at the ground cancelled, 

by the space charge of the f a l l i n g r a i n . At the end of the record i s 

a remarkable pattern of both potential gradient and ourrent whioh i s 

quite different from the general behaviour of the e l e c t r i c a l phenomena 

in the remainder of the record. 

Unfortunately, the proper understanding of such effects requires 

detailed observation of the weather at the time, and these records 

were only preliminary studies, for the purpose of discovering whether 

the compensation worked s a t i s f a c t o r i l y * They indicate that i n two 

widely different types of weather, aocurate recordings of the a i r - e a r t h 

current can be made, free from disturbances due to the displacement of 

bound oharge. 

8*3 Suggested modification 

I t i s evident from Chapter 7, that the capacity to earth of 

the a i r - e a r t h ourrent oollector prevents s a t i s f a c t o r y compensation 

being attained except by introducing large time constants into the 

c i r c u i t . 

I n an alternative suggestion for feeding i n the compensating 

s i g n a l , deliberate use could be made of t h i s capacity to match the 

i n h e r e n t time constant of the f i e l d m i l l and i t s amplifier* The 

proposed c i r c u i t diagram, and i t s equivalent c i r c u i t , are shown in 

F i g . 29> The symbols are s i m i l a r to those in F i g . 17, and are explained 

f u l l y in Chapter 7* The second grid of the electrometer valve would 
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be earthed, so that no use would be made of the d i f f e r e n t i a l character-

i s t i o s of this stage. A r e s i s t o r R', of much lower value than the 

input r e s i s t o r R , would be placed in s e r i e s between R and the col l e c t o r , 

and the compensating s i g n a l , v i a the d i f f e r e n t i a t i n g condenser, J) , 

fed to a point on R', tapping off a resistance R„suoh that R X = T , 

the time constant of the f i e l d m i l l . Using the Laplace transform i n 

a s i m i l a r manner to that described i n Chapter 7, i t oan be shown, i n 

theory at l e a s t , that transient as well as uniform displacement 

ourrents could be accurately compensated. I t would be necessary f or 

the d i f f e r e n t i a t i n g condenser to be much smaller than C , in order 

that i t would not appreciably divert the displacement current from i t s 

path through R • C, the grid oapaoity of the electrometer valve, has 

been entered i n Pig. 29, but provided_£X. a condition amply 

f u l f i l l e d , i t oan be neglected from consideration. G i s the loop gain 

(approximately 320) of the D.C. amplifier. Although a small value of P 

would be required, t h i s would not necessarily e n t a i l increasing the 

f i e l d m i l l s e n s i t i v i t y i n proportion} i t can e a s i l y be shown that the 

value of J) needed to give compensation for uniform displacement ourrents 

would be reduced from that required i n the ex i s t i n g apparatus i n the 

ra t i o even with the same f i e l d m i l l s e n s i t i v i t y * Here, ,_\S i s the 

resistance in the d i f f e r e n t i a t i n g c i r c u i t of the equipment as i t stands 

now. 

This reduction, however, i s only by a factor of f i v e , and so 

i t would probably be desirable to double the m i l l s e n s i t i v i t y in order 

to permit of an even smaller value of J> • Furthermore, i t would of 

-135-



? 0 4 

| I(t^ - 5iif>lacemenh C j r r e n h 

C«rfioJe Follower 
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course be necessary to reverse the sign of the m i l l output for a given 

change of potential gradient* I t i s evident that t h i s would mean a 

considerable modification of the f i e l d m i l l , for, on aocount of the 

o v e r a l l feedback incorporated i n i t , the problem oould not be solved 

by changing the commutator phase* A way round the d i f f i c u l t y , involved 

but yet retaining the desirable advantages of feedback in the m i l l , 

would be to follow the m i l l with an inverter amplifier* s i m i l a r , 

perhaps, to the D.C. amplifier* However, both the required change of 

phase, and an increased s e n s i t i v i t y would be made much more ea s i l y 

possible by relinquishing the present system of feedback, and reverting 

to the more conventional method in whioh t h i s i s applied only in the 

amplifier (see § 5*5)• This, of course, would mean that the f i n a l 

output would be largely dependent on the c h a r a c t e r i s t i c of the commu­

tator, but i t i s probable thet the departure from l i n e a r i t y would not 

be serious* 

The method of testing the equipment would be very s i m i l a r to 

that described in § 8*1, the r e s i s t o r R'requiring probably only a 

coarse setting, while J) would be adjusted s l i g h t l y from day to day* 

I f t h i s form of the c i r c u i t could be made to work, i t would r e s u l t in 

a minimum permissible response time of about 1 s e c , thus employing 

the high speeds of response obtainable from the D.C. amplifier and the 

f i e l d m i l l to muoh better advantage* 
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