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A double f i e l d m i l l l a desoribed whioh, when plaoed 
a point above the earth's surface, i s automatically 

brought to the potential of that point and r e g i s t e r s 
the potential gradient* Two such instruments are 
employed to study spaoe charge values i n the f i r s t f i v e 
metres of the atmosphere* 

Comparison i s made between r e s u l t s obtained using 
the double m i l l s and an Obolensky-type a i r f i l t e r , 
which lead to the conclusion that the l a t t e r instrument 
gives inoorrect readings i n the presence of large small-
ion concentrations* Spaoe oharge studies i n f a i r weather 
conditions indicate the presence of a negative oharge 
close to the ground of approximately - 5 0 G / n r f 

decreasing i n the f i r s t two metres to zero and having 
an average value between one and three metres of 
•3 /»/tC/m'. Tne average height to whioh t h i s oharge 
extends i s shown to be proportional to the potential 
gradient, and has i t ' s o r i g i n i n i o n i z a t i o n produced 
by radioaotive substances i n the earth, close to the 
surface* 

I n disturbed conditions, heavy r a i n i s found to 
generate a negative Bpace oharge of the order of 

•a 

-1000/</* C/nr a r i s i n g from a splashing effeot at the 
earth*s surfaoe* I n snowfalls charges of +500/y*C/m^ 
originate from the oharge on the ind i v i d u a l anovflakes 
and a positive oharge l e f t i n the a i r due to rubbing 
or shattering of the snow as i t i s f a l l i n g * 

The f a i # weather r e s u l t s i n the f i r s t metre show 
a good agreement with those of Norinder, but higher up 
show the usual positive oharge found by Kahler, 
Daunderer, Sorase, Obolensky and Brown* 



I n t h i s woiflc the r a t i o n a l i s e d M*K»3* system of 
un i t s i s used throughout* References to o r i g i n a l 
papers are made i n the usual way except with regard 
to the book by Chalmers (1997)• where page numbers 
are given d i r e c t l y i n the text* 

Cross references are given i n a shortened form 
e.g. "8*3*2*" r e f e r s to Chapter I I I * section 2 , 
and not written out i n f u l l * To avoid the large 
numbers which would bs reached i f equations were 
numbered consecutively throughout, these are 
grouped i n chapters* Thus i n discussion of an 
equation i n the same chapter reference w i l l merely 
be mads to the equation number* i f however i n a 
subsequent chapter the equation i s referred to, 
the chapter and section are quoted* 

When values of r e s i s t o r s are given above 1000 ohms* 
to avoid constant rej&tion of the word "ohm" or use 

A 3 
of the Greek l e t t e r i i , 10 ohms w i l l be expressed as 
"K" and IX) 6 ohms as "M". 
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INTRODUCTION 
1*1* General 

The part of the atmosphere which has been of prims 
oonoern i n the study of atmospherio e l e o t r i o i t y up to the 
present day, i s that part e x i s t i n g between the earth and 
ionosphere*'Ionosphere* i s used to denote the l a y e r of 
ionised gas surrounding the earth, with a relaxation time 
( the time needed for the charge on an exposed oonduotor 
to leak away to Jg of i t ' s i n i t i a l value ) of l e s s than 
10"* seos*, thus to a l l intents and purposes constituting 
a conducting medium* The height above the earth's s u r f a s s 
of t h i s l a y e r i s approximately JO Km*, but i s very inde­
f i n i t e because of the conception of a 'good' oonduotor; 
i t has been defined here as one whioh has a rel a x a t i o n 
time of l e s s than 10" 8 sees*, but one oould e a s i l y use the 
c r i t e r i o n of 10"* seos* or even longer, thus bringing the 
ionosphere down to a height of 50 Km* 

The p o t e n t i a l of the ionosphere has been oaloulated i n 
various ways and values ranging from 270 to 400 Kv* 
pos i t i v e with respect to the earth have been obtained* 
This p o t e n t i a l appears to vary d l u r n a l l y and shows also an 
annual v a r i a t i o n * these have been extensively studied and 
related to world wide thunderstorm a c t i v i t y , whioh i s held 
to be the ohlef mechanism maintaining the positive charge 
on the ionosphere* 

The p o t e n t i a l difference between the ionosphere and 
earth gives r i s e to a v e r t i c a l e l e c t r i c f i e l d and, the a i r 
not being a perfect i n s u l a t o r , a v e r t i c a l conduction current* 
The value of the f a i r ' weather e l e c t r i c f i e l d i s approxi­
mately 100 v/m» (* 'JPair' being used to denote 
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condition* whioh do not involve p r e c i p i t a t i o n s , charge 
separating olouds such as thunderclouds, e t c ) 
I n atmospheric e l e c t r i c work i t i s convenient to give 
t h i s value a p o s i t i v e sign and o a l l i t *potential g r a d i e n t % 
as opposed to the e l e c t r o s t a t i c f i e l d which, being i n a 
downward sense, has a negative sign* 

I f the pote n t i a l gradient e x i s t i n g a t the earth*s 
surface extended uniformly upwards, the ionospheric 
voltage would be reached at a height of 3 to 4 Km,, thus 
the p o t e n t i a l gradient must decrease i n some way with an 
increase i n height* f a i r weather conditions can be treated 
as being i n a q u a s i - s t a t i c s t a t e * that i s the formulae of 
current e l e o t r l o i t y can be applied so long as any change 
i n conditions of a section of the atmosphere take place 
i n a time which i s long compared with the r e l a x a t i o n time 
of that seotion. 

Now applying Ohm*s law over u n i t height of a column 
of a i r of u n i t oross-seotiont-

i • £ where 1 • downward current i n 
or i - FA JL* amps/m* 

7 « average p o t e n t i a l gradient 
over metre height* 

r • resistance of a i r (of)* 
A * conductivity of a i r (m 3), 

1 must n e c e s s a r i l y be oonstant over each s e c t i o n of a i r 
between earth and ionosphere i n the q u a s i - s t a t i c state 
s t i p u l a t e d , hencet-

• « F 3 A j « • F ^ A ^ f o r each suooesive 
RU height. 

So I f F decreases v e r t i c a l l y , then A must increase with 
Increasing height, which increase i s confirmed by measurement* 
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Mow Folsson's equation gives i -

e - - * * | | a. 
£om permittivity of free spaoe • 8-*854. 10"'*Parada/%. 
I n M*K*8* units* 
io a decrease i n potential gradient v e r t i c a l l y gives r i s e 
to a positive spaoe charge* This conclusion i s easy to see 
i f one considers linos of force, the number per unit area 
snot decrease on ascending, and so oust end on positive 
charges i n the s i r * 

Looking at some typical f a i r weather conductivity 
measurements, such as those carried cut by Sagalyn and 
Fouoher ( 1954 ) , the sonductlvity increase i s very slight 
up to one Em*, then progressively more ami more up to 3 Km* 
where i t abruptly changes I n slope to a lesser value, 
continuing uniformly up to the l i m i t of measurement ( $ Km*)* 
The abrupt change In gradient at 3 Km* was Identified oy 
Mrs* Sagalyn* using temperature measurements, with the uppsr 
boundary of the 'Auatausoh*, or mixing region, and so by 
the previous deductions concerning the quasi-static stats 
the upper part of the Austsnsoh region must sontaln a high 
positive charge* Results from balloon fl i g h t s and aeroplane 
soundings by other observers e*g* Tonnegmt and Moore (1998)» 
confirm this result, leading to the conclusion that free 
spaoe charge i n f a i r weather exists mainly i n the Austausoh 
region l*e* below 3 Km* 

Measurements of potential gradient on balloon and a i r * 
craft f l i g h t s give results In f a i r weather confirming the 
expected relation tA« constant* but near the earth, within 
approximately 100 m* of the surface* results arc anomaleus* 
A l l observers seem to agree that over the sea the potential 
gradient decreases over the f i r s t 100 a* thus giving a 
positive spaoe charge, but over land on mom; occasions 
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increases are found, on other oooasions, decreases* 
To lnterprete these r e s u l t s too phenomenon must be 

considered, the 'eleotrode effect* and the effeot of radio* 
active sources i n the earth* The electrode effeot a r i s e s 
because i n say, f a i r weather conditions, considering u n i t 
volume o f a i r a t the earth's surfacet p o s i t i v e ions are 
moving into the volume from above and leaving i t to earth, 
negative Ions are t r a v e l l i n g upwards out of the volume but 
none are entering from the earth* However i n a s i m i l a r 
volume at a point v e r t i c a l l y above t h i s i n the atmosphere, 
assuming a uniform i o n i s i n g process, equal numbers of ions 
of both sign are moving i n t o , and out of, t h i s volume* 
Thus a p o s i t i v e charge should be present at the earth's 
surface giving a calculated (Chalmers 1957* p!48) reduction 
i n p o t e n t i a l gradient between the earth and one metre, of 

The e f f e c t of r a d i o a c t i v i t y i n the surface of the earth 
i s to increase the conductivity of the a i r j u s t above the 
surface, thus giving r i s e to a negative space oharge olose 
to the earth* I t i s thus possible that the one e f f e c t might 
canoel out the other, because both depend on s t i l l a i r 
conditions to gibs any detectable effeot, any a i r disturb­
ances would eliminate both* This i s probably an explanation 
of why no successful measurements have been c a r r i e d out to 
detect the eleotrode e f f e c t i n f a i r weather values of 
p o t e n t i a l gradient* 

Adkins (195@) measuring p o t e n t i a l gradient simultaneously 
with apace charge using an Obolensky type a i r f i l t e r (8*1*2*) 
reasons that the eleotrode e f f e c t cannot be detected a t a 
height of 2 m» with p o t e n t i a l gradient values l e s s than 
500 v/m. Above t h i s value good c o r r e l a t i o n of p o t e n t i a l 
gradient and space oharge were obtained i n fine weather, 
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seeming to indicate the appearance of the electrode e f f e c t * 
That t h i s was indeed the oase was shown by a time l a g occur­
ring between potential gradient fluctuations and the r e s u l t ­
ing spaoe oharge changes. I f the spaoe oharge fluctuations 
were bringing about changes i n po t e n t i a l gradient, then the 
two would occur simultaniously* 

Another spaoe oharge e f f e c t due to conductivity changes* 
i s that produced i n a non-precipitating cloud by v i r t u e of 
the cloud having a lower conductivity than the surrounding 
a i r ( as much as 20 times lower, aooording to Vonnegut and 
Moore (1958) )t t h i s change produoes a negative charge on 
the lower cloud-air interface and a po s i t i v e oharge on the 
upper* 

I n addition to the v a r i a t i o n of space oharge with height, 
an observer a t , or near, the ground would note short period 
v a r i a t i o n s with time* These are due to two main causes i n 
f a i r weatherj a i r of d i f f e r e n t conductivity passing over 
the observer; man-made charges oarried by surface winds* 
Muhleisen (1953),and Whitlock and Chalmers (1956) studied 
c a r e f u l l y t h i s l a t t e r phenomenon by observing the potential 
gradient v a r i a t i o n s at the ground, and i d e n t i f i e d passage 
of positive oharge with smoke or steam from locomotives* 
These •pookets 1 of oharge oould also be i d e n t i f i e d with 
conveotive c e l l s beneath small cumulus clouds and the rate 
of massing agre#d with wind speed measurements* 

Without going into more d e t a i l of the charges associated 
with d i f f e r e n t meteorological conditions such as mist, r a i n , 
snow etc* i t i s c l e a r that the most d i f f i c u l t part of the 
atmosphere i n whioh to study spaoe oharge magnitudes, d i s t r i ­
bution and causes - excepting perhaps clouds - i s the f i r s t 
few tens of metres of the atmosphere, i t being however the 
most aooessable part has been i n the past the most 



6 
extensively studied. 

lt,?t Methods of iffcssurcmcnt. 
A method of measurement of e l e o t r i o ohargee present i n 

the atmosphere j u s t shore the surface of the earth, was 
f i r s t suggested by Lord Kelvin (1859» 60 and 62). He 
describes the use of a s p i r i t lamp whose flame aots as a 
'oolleotor', bringing the metal lamp to the potential of 
i t ' s surroundingst then measuring the potential of the 
lamp by means of a s e n s i t i v e electrometer, he was a b l s to 
trace the presence of charged smoke, emitted from a 
s i m i l a r lamp conneoted to a Wiras hurst machine, from one 
room i n a building to another* 

K e l v i n observed the earth's v e r t i o a l potential gradient 
and deduced that v a r i a t i o n s were due to movement of spaoe 
charge i n the a i r . The apparatus used ba him. c a l l e d a 
"water dropper*, removed excess charge by spraying water 
from an Insulated metal nozzle, thus bringing i t ' s p o t e n t i a l 
to that of the surrounding a i r , and measuring t h i s with an 
e l e c t r o s t a t i c voltmeter. However h i s i n t e r p r e t a t i o n of a 
change i n sign of the f i e l d was at f a u l t , because he assumed 
that the earth was a negatively charged body lo s i n g charge 
to the a i r i n contact with i t . He suggested for further 
investigationt measurement of p o t e n t i a l simultaneously a t the 
earth and from a balloon to gain knowledge of spaoe charge 
between the two) also the use of an earthed wire oags 
enclosing a water dropper placed a t the centre, the p o t e n t i a l 
on which, w i l l indicate the magnitude of charge within the 
cage. 

This suggested method was used by Chauveau (1902), 
Maohe (1903) and much more c a r e f u l l y by l a h l e r (1927), who 
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made observations oyer a year at Potsdam* 

Two other methods of measuring spaoe oharge were evolved 
i n the early 2 0 t h century* Daunderer (1907 and 1909) at 
Bad Aibling c a r e f u l l y seleoted a f l a t meadow, and mounted 
three well Insulated s p i r i t lamps) at the earth surfaoe 
and on poles at one metre and two metres above the earth's 
surfaoe, these he connected to two double gold l e a f 
electroscopes i s o l a t e d from earth* He thus obtained the 
pot e n t i a l d i f f e r e n c e s , one eleotrosoope showing earth to 
1 m., and the other, earth to 2m*, and by using Polsson's 
equation was able to get a measure of average spase oharge 
d i s t r i b u t i o n up to a height of 2 m» 

Norinder (1921) at Uppsala also measured the pote n t i a l 
at f ixed heights of one, two and three metres above the 
ground, but he used f o r h i s c o l l e c t o r s water droppers 
spraying water horizontally* These were fixed at the centra 
of horizontal wire*, insulated a t the ends and provided 
with an automatic tensioning device to keep the c o l l e c t o r s 
at a fixed height* I n addition to t h i s fixed system he had 
a s i m i l a r movable system of two c o l l e c t o r s , one mounted 1 m* 
v e r t i c a l l y above the other and adjustable* as a whole, up 
to a height of 9$ m* 

Hs mode very c a r e f u l calibrations of both systems, 
suspending them i n on a r t i f i o i o l f i e l d between two horizon­
t a l p l a t e s ) also comparing one system with the other i n 
operating conditions. Comporison was also made between the 
e f f i c i e n c i e s of h i s water droppers and sp e o i a l l y prepared 
polonium c o l l e c t o r s , but at the s t a r t of h i s measurements 
the water dropper woo the more s a t i s f a c t o r y of the two 
because of the weakness of the rodioootive source* Loter 
measurements with stronger sources compared more favourably 
with the water dropper* 
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Obolensky (1925) a t Leningrad used a more d i r e c t method 

than any used previously by drawing a i r through an 
Insulated cylinder containing cotton wool, the oylinder 
was oonneoted t s a Dolezalek type electrometer* The cotton 
wool oylinder was c a r e f u l l y screened from p o t e n t i a l gradient 
changes, no va r i a t i o n s i n electrometer reading being 
observed with the euoklng motor turned off* The effi o l e n c y 
of c o l l e c t i o n by the cotton wool was deemed s a t i s f a c t o r y 
because| a large pressure drop (60 mms»meroury) was observed 
across the oylinder} a change i n a i r flow above a minimum 
of 1*5 f t " 4 / min* produced no ohange i n electrometer reading} 
mounting a second s i m i l a r tube i n s e r i e s with the f i r s t , 
between i t and the pump, and oonneoting t h i s second c y l i n d e r 
to an electrometer gave a Continuous sero reading* 

The whole apparatus was mounted i n a room with the intake 
extending through a window a t a height of one metre above 
the ground, i n front of wioh was a f l a t meadow* 

More recent work has been done by Mumleisen and Holl 
(1952) using a modified form of Kahler's apparatus, where the 
drops are allowed to f a l l from an earthed needle inside an 
earthed oage ("Taraday cage 1*), thus receiving a oharge by 
induction from the spaos oharge present inside the cage*. 
The drops are then allowed to f a l l through a hole i n the 
base, c o l l e c t e d , and t h e i r change measured* Sorase (1935) 
working a t Kew used Norinder's type of movable apparatus 
with polonium c o l l e c t o r s adjustable up to a height of 10 m., 
and Brown (1930) a t Stanford U n i v e r s i t y , San Franoisoo, 
used an Obolensky type apparatus f i l l e d with s t e e l wool and 
mounted at a height of 7 i m* above the ground* 

Vonnegut and Moore (1958) have recently published a 
review of instruments and techniques used i n spaoe oharge 
determination, i n which the instruments already mentioned 
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are examined. I n addition they deserlhe ion oountere of 
the type f i r s t used by Ebert ( 1 9 0 1 ) , and developed by 
Swann, Langerin, Gookel and Pollock, a difference i n the 
po s i t i v e and negative counts giving the mean spaoe shargs 
over the reoording time. This type of Instrument w i l l not 
be discussed further apart from quoting two t y p i c a l r e s u l t s 
given i n the following ohapter, because to get a r e l i a b l e 
spaoe charge estimate four instruments have to bs used 
simultaneously namely, two f o r p o s i t i v e and negative large 
ions, and two of a d i f f e r e n t sort f o r small p o s i t i v e and 
negative ions. 
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SPACE CHARGE DETERMINATION 

* n - gUMntnry °* Results previously obtained. 
Table I shows summer, winter and mean values of spaoe 

oharge found by various observers. I t would appear from 
these r e s u l t s t h a t , with the exeption of Norinder, a l l 
observers found a pos i t i v e mean annual value of oharge of 
approx 0*1 S s u'/m* (3 -33.10"" ooulombs/m3) over the 
f i r s t 3 m. of the atmosphere. Considering the va r i a t i o n s 
between summer and winter values Daunderer and Norinder 
obtain negative values i n winter and higher values i n 
summer, Daunderer*s r e s u l t s becoming p o s i t i v e but Norinder*s 
remaining small negativej Kahler, Obolensky and Brown get 
pos i t i v e r e s u l t s i n the winter months and lower values I n 
summer months, Obolensky*s r e s u l t s becoming negative. 

I t seems reasonable to assume, as several observers have 
pointed out, that the lower p o s i t i v e or negative r e s u l t s 
obtained i n summer are due to negatively charged dust 
p a r t l o l e s raised up at the surface of the earth. Clark (1958) 
observed t h i s phenomina to a very marked degree i n Now 
Mexico, U.S.A., where the dust rais e d up by a person walking 
oould be detected by an Obolensky type apparatus, as much 
as 100 yards down wind from the souroe, and i n dust storms 
negative obargee greater than 1000 E s u /a*have been 
recorded. 

Norinder attributed h i s high negative winter values to 
a l a y e r i n g of a i r near the ground, and observed an Immediate 
increase i n po t e n t i a l gradient from 0 to 1 m. as the 
temperature inoreased, thus creating oonxeotion c e l l s and 
producing a mixing of the a i r . 

A l l the differences oould possibly be explained by the 
d i f f e r e n t locations of the observing s t a t i o n s , one of the 
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main factors being the p o s i t i o n w i t h respeot to near large 
towns and p r e v a i l i n g wind d i r e c t i o n s * Thus i n the day time 
at l e a s t , a s t a t i o n down wind of a town would record a 
higher than normal average o f p o s i t i v e space charge* 

I t i s also notioable that Kahler and Daunderer, using 
the wire sags and flame o o l l e o t o r methods respectively, 
obtain r e s u l t s whioh are about a f a c t o r of ten higher than 
those given by the stretohed wire or a i r f i l t e r methods* 
I t i s of i n t e r e s t to examine these r e s u l t s more olosely, 
especially Daunderer»8, because h i s r e s u l t s are widely 
quoted when r e f e r l n g to spaoe charge magnitudes* 

Daunderer notes th a t he had to keep the wires connecting 
his c o l l e c t o r s t o the eleotrosoopes t i g h t l y stretohed* I f 
they were allowed to beoome slaok* then the eleotrosoops 
gave a v a r i a t i o n of as much as 3£» This seems to indloate 
t h a t the lamps* Instead of talcing up a p o t e n t i a l * as 
supposed, of the a i r a t the height of the oolle o t o r * took 
up a s l i g h t l y lower one* due to the connecting wire running 
down i n t o a lower potential.This i s the oase of the lamps 
being above the electroscopes, but the opposite holds, f o r 
lamps below the eleotrossopes* 

Using Daunderer*• mean value of f - 0-616 E S U/nr* * 
f o r March-June then using M s formula g i v i n g £ average f o r 
height 0 - 2 m.i-

6rr 

where V( » P*D* between one metre and ground 
Vzm P.D* between two metres and ground* 

i t oan be seen that t h i s value of spaee charge g i v e s t -
v i " i 1 1'6 v o l t s * 

Row over t h i s period March-June, the average value of 
fx i s approximately 270 v*, so an e r r o r of 9# i n the value 
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of ?2 would reduoe the epaoe oherg* to aero* Homo too 
combination of the ground l o r o l oollootor giving a high 
roading and tho too metro oollootor giring a loo reading, 
reoult i n a value of V ? whioh l a too low. Henee a high 
opaoo oharge value* 

The nee of the wire oage requiree oare, a free flow of 
a i r l a oaaential othorwiae tho f i e l d aet up between tho 
water dropper and the oage w i l l bo oaffielently high to 
remove acme of the aaa l l iona, auhleleen and Boll*a eod-
if i e a t i o n roaoreo thio d i f f i c u l t y * Another requirement l a 
that tho oollootor ahoald aat bo influenoed by tho potential 
gradient external to tho oage, thio oan happen i n two weyst 

1) » High values of potential gradient may oauae tho wire 
aoah of tho oage to*leak* , hohee fine mooh l a needed to 
prevent thio, bat w i l l impede tho a i r flow to a eertain 
extent* 

2) • A bound oharge an tho eage oroatod by tho earth*a f i e l d 
may load to a selective f i l t e r i n g of ohargea entering tho 
oage, e.g. a f a i r weather potential gradient would lnduoo a 
negative oharge on tho oage, thuo allowing more pooltlve 
oharge to enter than negative* 

Both thoao offeoto load to a high apaoo oharge measure* 
moat and ao may aoooant for tho high valuee found by Kahler* 

tho a i r f i l t e r , ao mood by Obolenoky and Brown, alao 
haa the dioadvantage of induced ohargee produolag a probable 
oeleotivo f i l t e r i n g effect. I n addition i t l a not unlikely 
that largo lone or unebarged partloleo w i l l produce ammo 
Inpaotlon offoot within the f i l t e r * A further effoot giving 
erroneouf apaoo obarge readings,may be produood by tho f i e l d 
oot up at the a i r i n l e t arising from the potential prevent 
on tho f i l t e r * 

Moat of the d i f f i c u l t i e s eseoelated with tho measurement 
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of space charge; by methods not i n v o l v i n g p o t e n t i a l or 
p o t e n t i a l gradient measurements; arise from e f f e c t s due to 
the p o t e n t i a l gradient. These e f f e c t s are eliminated by 
a r t i f i c i a l screening, s i t u a t i n g the apparatus inside 
buildings or mounting the instruments under natural objects 
such as trees* But these shielding devises must d i s t o r t 
the earth*s f i e l d thus a l t e r i n g the normal d i s t r i b u t i o n of 
e l e o t r i o charges and, as pointed out by Chalmers (1957 pH7) 
make i t most u n l i k e l y that such phenomenon as the electrode 
e f f e o t w i l l be detected. 

As regards the i o n counting methods to determine spaoe 
charge* no s a t i s f a c t o r y measurements have been car r i e d out* 
p r i n c i p a l l y due to the d i f f i c u l t y of o o l l e o t i n g the ions 
o f low m o b i l i t y by e l e c t r o s t a t i c p r e c i p i t a t i o n * A very 
extensive examination of t h i s type of instrument has been 
car r i e d out by Vonnegut and Moore (1958)* 

Two observers* Norlnder (1921) and Sorase (1935). both 
using the stretched wire method, have carried out measure-
ments up to 10 m* Norinder p l o t t e d out on a graph the average 
p o t e n t i a l gradients f o r summer* spring-autumn and winter* 
found at various heights* f o r the winter and spring-autumn 
results,, an lnorease i n p o t e n t i a l gradient ( a l l averages 
gave p o s i t i v e values) up to 5 m», and a decrease above t h i s 
height up to 9 i m* The summer re s u l t s however show a steady 
increase over the measured range of heights* 

Sorase* also p l o t t i n g average values* f o r s t i l l a i r and 
turbulent a i r , found f o r s t i l l s i r * an increase up to 5m. 
and then a very pronounced decrease above t h i s height, 
wheras f o r turbulent a i r , a continuous decrease was found* 
The p l o t s f o r s t i l l a i r , although based on an average of 
only 5 or 6 readings per p o i n t , agree very closely w i t h 
Norinder* s. winter and spring-autumn r e s u l t s when oalm a i r 
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oan be expeoted to produce t h i s l a y e r i n g effeot# The o r i g i n 
of the negative charge may be due t o radioaotive material 
as discussed i n Chapter Z t section 1» 

2 t2 t D^Lurna^ Va r i a t i o n of P o t e n t ^ Gradient* 
Syncptlo investigations of the magnitude of p o t e n t i a l 

gradient over oceans and land stations where no sources of 
p o l l u t i o n e x i s t , have shown a marked agreement, when a l l 
r e s u l t s are p l o t t e d on the same time scale i . e . Greenwich 
Mean Time* They show a Minimum occurring a t 3 a.m., then 
a steady Increase u n t i l 7 a.m. remaining constant u n t i l 
10 a.m. Values r i s e q u i t s sharply through the day reaching 
a maximum a t 6 p.m. then f a l l i n g through the night t o the 
3 a.m. minimum* Although the terms night and day are used i n 

p 
respeot of Greenwioh time, the oposite applies to places 
180 WV of Greenwich, thus these v a r i a t i o n s oan have nothing 
to do w i t h an e f f e c t of the sun* Whipple (1929) assuming no 
change I n oonduotivity, relates the evening maximum w i t h the 
time o f greatest world wide thunderstorm a c t i v i t y . 

Observers a t land s t a t i o n s where a i r p o l l u t i o n i s 
p o s s i b l e 9 usually obtain values of p o t e n t i a l gradient w i t h 
a double maximum occurring a t 8 a.m* and 6 p.m., l o c a l time* 
Several d i f f e r e n t reasons are given f o r l o c a l e f f e c t s , but 
a l l a t t r i b u t e the v a r i a t i o n s to ohanges i n space charge 
above the observing s t a t i o n * 

Brown (1930) relates magnitude o f space charge w i t h 
temperature, heating of the earth producing oonveotive 
e f f e c t s i n the lower 5 Km. o f the atmosphere, he admits the 
e f f e c t of water vapour and smoke but only as "secondary 
f a c t o r s " . Miihleisen, on the other hand, proposes the 
presence of water vapour i n the a i r , together w i t h purely 
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l o c a l e f f e c t s of smoke from towns, to account f o r the 
di u r n a l v a r i a t i o n . I s r a e l (1953) maintains that changed 
i n the t o t a l columnar r e s i s t a n c e 1 brought about by l o c a l 
conditions cause the d i u r n a l v a r i a t i o n , and explains 
Brown1s r e s u l t s on t h i s basis* 

I t i s d i f f i c u l t to assess the c o n t r i b u t i o n of space 
charge produced from smoke r or other p o l l u t i o n on the one. 
hand r and changes i n l o c a l conductivity r e s u l t i n g from 
p o l l u t i o n g i v i n g r i s e to space charge on the other, thus 
both concepts play a part i n the r e s u l t i n g d i u r n a l v a r i a t i o n . 

•^Total resistance of a column of a i r , cross- section one 
metre square, between earth and ionosphere. 

2.3* Space Charge Measurement. 
Srom consideration of the previously used apparatus, 

described i n the I n t r o d u c t i o n , i t i s clear that to avoid 
disturbance of the natural space charge d i s t r i b u t i o n near 
to the ground, the only suitable method i s that of Norinder 
and Scrase, where the c o l l e c t o r and supporting wires are 
brought to the p o t e n t i a l o f the surrounding a i r . The 
supporting wires are kept as near p a r a l l e l to the ground 
as possible and hence w i l l l i e i n • q u i p o t e n t i a l planes. 
The main d i f f i c u l t y however, l i e s i n the »strength1 of the 
c o l l e c t o r , which must be s u f f i c i e n t to f o l l o w changes i n 
p o t e n t i a l gradient w i t h a time lag of the order of a few 
seconds, coupled w i t h s t r i c t precautions to keep the i n ­
sulators clean and dry. That t h i s i s a problem i n i t s e l f 
can be seen by taking a value of conductivity near the 
ground (Chalmers 1957, appendix I I ) f o r land stations of 
1*8. 10 ^4 ohm 1 m *"1

> which i s a resistance of 
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5*6»101' ohm/%. Hence any Insulators used must hare a 
resistance greater than 10 1* ohms a t l e a s t , so as not to 
'short e l r o u i t 1 the a i r between earth and oolle o t o r * 

The r e l a t i v e e f f i c i e n c i e s of the water dropper and 
radloaotlve oolleotors hare been dlsoussed at length by 
Chalmers (1957 p 82-90). He deduces that the water dropper* 
although an e f f i c i e n t c o l l e c t o r I n many ways* has the 
serious disadvantage that l t * s speed of response cannot 
be lower than 30 sees*, thus i s not of use i n measuring 
p o t e n t i a l gradient changes of the order of a few minutes* 
However, the radloaotlve o o l l e o t o r has a response time of 
the order of seconds, but has two objectionable features 
to o f f s e t t h i s advantagei 

! ) • The ions produced by a strong source must modify 
the p o t e n t i a l gradient to an extent dependent on wind speed* 

o 
2)* The e f f e o t i v e resistance tends to vary w i t h 

p o t e n t i a l gradient* 
The d i f f i c u l t i e s I n v o l v i n g the use of a flame or fuse 

o o l l e o t o r , would be comparable w i t h the radioactive 
o o l l e o t o r , w i t h the added d i f f i c u l t y o f maintaining these 
at a constant temperature w i t h respect to the surrounding 
a i r * 

A common objection to the use of a l l instruments which 
measure the p o t e n t i a l at a given height above the earth's 
surface, as opposed to measuring the p o t e n t i a l gradient at 
2 
I f the c o l l e c t o r i s at a p o t e n t i a l V, and the surrounding 

a i r T » then a current i w i l l flow from, or t o , the c o l l e c t o r * 
T—v 

R« o i s termed the e f f e c t i v e resistance assuming T - • 
i s constant* This gives a measure o f the e f f i c i e n c y of 
a o o l l e e t o r , the lower R beings the more e f f i c i e n t c o l l e c t o r * 
For a new radioactive source t h i s i s approx* l O ^ CSorase 1934)* 
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t h i s height, i s that the measurement of p o t e n t i a l oan only 
g i r e the average p o t e n t i a l gradient over the height 
measured* That t h i s w i l l give erroneous space charge 
measurements oan be seen from the f o l l o w i n g considerationst-

Lst the conductivity o f the a i r up to a height x « JVQ, 
and conductivity of the a i r above t h i s height » A.• 
With a p o s i t i v e p o t e n t i a l gradient P Q below x 
and P above x, then downward current i * P X = P A. 

O O v X 
F « Pft Xfc 1. 

° XT 
Assuming a l l space charge present to be due only t i t h i s 

change i n conductivity-
P o t e n t i a l at height x « « P ox 
Po t e n t i a l a t height h>x - V - P(h-x) • * p(h-x) • P x. 

x o 
and s u b s t i t u t i n g the value o f P from 1* g i v e s t -

V = P^o. (h-x) • P Qx 2. 
Prom Poisson's e ^ l £ • - € dP_ j then the average space 

dx 
charge over height h, 

fp -€& ( V f ) 

h 
again s u b s t i t u t i n g the value of P from 1* :-

f , -£g »,< 3. 

Now c a l c u l a t i n g the p o t e n t i a l gradient over height h f 

using the value of T given by ea"2« 

* r . I . % ( *a ( »>-x ) • x ) 

hence the average space charge, calculated using i a t -
C£ ( P 0 - P y ) - 'o a - ( 1 -g J & - x ] _ _ _ ~ 4 
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Prom equations 3 and 4* 

b1 h 
- ( l - X o . + Xo.2 - 2 ) 3 XI X i h h 

£o * 0 5 ( 1 - ) 
h h A l 

How examining equations 3* and 5» i t i s seen that 

henoe i f x i s small compared w i t h h, then ( p ^ - 6 y )•* o . I f 
the change i n conductivity takes place w i t h i n 50 cms- of 
the earth*s surface, then measuring p o t e n t i a l a t 5 
would give a r e s u l t which would not d i f f e r by more than 
10$ from a r e s u l t given by measuring the p o t e n t i a l gradient 
at the earth* s surface and a t 5m. But as x -> h, then 
(Pj, - f y )"**?£ * o r ^ v - > 0 , so measuring the p o t e n t i a l at 
1 m. i n the previous ease* would give a value of f which 
i s only h a l f the actual value* 

This treatment, although based on an idealized s t a t e , 
assuming an abrupt change i n conductivity, and t h a t a l l 
spaoe charge arises from t h i s conductivity change, does 
show tha t spaoe charge values based on p o t e n t i a l measure­
ments depend on how and where conductivity changes take 
place* Basing r e s u l t s on p o t e n t i a l gradient measurements 
give r e s u l t s wloh s o l e l y depend on the values of 
conductivity a t the heights where readings are taken, and 
not on what happens between these heights. 

Henoe some form of instrument must be sought whioh 
w i l l , not only adjust l t * s p o t e n t i a l to t h a t of the 
surrounding a i r , but w i l l then also r e g i s t e r the p o t e n t i a l 
gradient at t h i s height. The only suitable Instrument f o r 
t h i s purpose i s , as suggested by Chalmers (1957 p 104), 
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some form of double f i e l d machine. 

At t h i s stage i t I s convenient to consider what order 
of p o t e n t i a l gradient changes w i l l have t o be measured, 
to give a required degree of accuracy to space charge 
determinations. 

Taking the value of 0-1 BSTPs/m3, as am average value 
of charge to be expected, then Poisson*s e^* , taking 
the p e r m i t t i v i t y of free space to be 8-854»10~#* farada/m, 
g i v e s t -

1 EStJ m 3*33»10"/o coulombs 
0-1 TSSU m 3-33.10"" o. 

So over a metre change i n height, a p o t e n t i a l gradient 
change of 3f v/m must be measured, that i s i n f a i r weather, 
the p o t e n t i a l gradient should be measured w i t h an accuracy 
b e t t e r than 3#* 

Mr TrtMtvU °? %h9 PPtttof ^»eMne» 
Consider a t h i n conducting dlso of area A placed 

h o r i z o n t a l l y i n a uniform v e r t i c a l p o t e n t i a l gradient P, 
then i f the dlso car r i e s aero charge t 

The upper surfaoe has an induced charge - Q « - £* PA, 
and the lower surfaoe a oharge • Q • Se PA, 

Assuming p o s i t i v e p o t e n t i a l gradient* I f , however, the disc 
bo placed i n zero f i e l d , then a oharge o f 2q on the dlso 
w i l l r e s u l t i n a charge o f • q on each surface* 

Combining the two conditions whore the diso i s situated 
i n a f i e l d P, and ca r r i e s a s e l f charge 2q thcnt-

Charge on upper surfaoe X « - Q + q « q - £»PA 
Charge on lower surf see / « t Q ^ q « | * £aPA. 
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Fig 1a 

Fig 1 b 
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The measurement of /-X thus gives 2 £ a?A, irre s p e c t i v e 

of the value of q, and oo w i l l give a measure of p o t e n t i a l 
gradient above the earth*s surface. Methods based on t h i o 
p r i n c i p l e have been used i n a i r c r a f t , Gunn (1948), Gish 
and Wait (1950) and others, using symmetrically placed 
f i e l d m i l l s . Demon (1953) has ussd a double f i e l d m i l l 
olose t o the ground. 

Ao shown i n s.2.3*, i n order t o measure space oharge 
suoeesfullp, the e f f e c t due to the oharge q on the conduc­
t o r has to be zero i . e . q • 0. Pig. I.e. shows the 
d i s t o r t i o n produced on a uniform f i e l d when q « -Q, i n t h i s 
oace X m -2Q and /« 0* f i g . l . b . shows the opposite 
e f f e c t when q « Q, when X • o and /« 2Q* 

Considering now how the r e l a t i v e values of X and Y can 
be used to regulate the p o t e n t i a l of the d i s c , l e t the 
applied p o t e n t i a l gradient be p o s i t i v e . When q i s p o o i t i v e 

l X l J C l y lp i r r e s p e c t i v e of whether q i s greater o r 
less than Q. On the other hand, when q i o negative then 
1 X 1 ) ( 1 / 1 . Thus a mechanism c o n t r o l l i n g dlso p o t e n t i a l 
would operate on the magnitude of I X 1 - 1 / 1 . Moreover, 
oinoe X • Y m 2q, I t i s clear that when X • Y i s p o s i t i v e 
the p o t e n t i a l of the dice must be decreased r e l a t i v e to 
earth, and increased when X + / i s negative. 

I n the oaoe o f a negative p o t e n t i a l gradient when q l a 
p o c i t l v e i X i > lYlt and w i t h q negative I X 1 < 1 ^ 1 , 
irr e s p e c t i v e o f whether q i s greater or lecc than Q. So 
when X + / i e p o o i t i v e the p o t e n t i a l of the dlae again 
has t o be decreased w i t h respset to earth, and increased 
when X • Y l a negative* Thus when the f i e l d changes sign 
then the r e g u l a t i n g p o t e n t i a l must change also. 
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2.5. Choloe of y i e l d Maohine* 

F i e l d maohines oan be divided i n t o two main groups, the 
'Eleotroatatio JPluxmeter* type and the ' f i e l d M i l l * type* 
Zn the former an insulated t e s t plate moves a l t e r n a t e l y 
i n t o * and out of, the f i e l d to be measured, wherae i n the 
l a t t e r type the t e s t p l a t e i s f i x e d and i s a l t e r n a t e l y 
shielded and exposed to the ambient f i e l d * 

Of the numerous v a r i a t i o n s of saoh type the 'Agrimeter* 
described by Chalmers (1957 p 100-104) i s t y p i c a l of the 
fluxmeter type* and a f i e l d m i l l of the sector type i s 
desorlbed by Mapleson and Whltlook (1955)* I n both 
instruments the t e s t plate gives an a l t e r n a t i n g current 
output which, i n the rather spsoialized oase of the 
Agrimeter, i s r e c t i f i e d by u t i l i s i n g a commutator mounted 
on the machine, which earth's the t e s t plate i n i t ' s 
exposed p o s i t i o n , and connects the plate to earth through 
a measuring Instrument i n the shielded p o s i t i o n * 

Considering which type of instrument w i l l be most 
suitable f o r use as a double machine, nothing oan be found 
which w i l l make one eminently more suitable than the other* 
Both have the same outputs f o r corresponding plate areas, 
and both require the same form o f construction* Bearing 
i n mind the important consideration that the machine, when 
constructed, w i l l have t o be supported i n some way, such 
that i t ' s height can be varied without too much trouble, 
the maohine w i l l not have to be too heavy nor too bulky* 

I n the fluxmeter maohine, because the output has to be 
taken from a moving p a r t , then the use of a brush-slip 
r i n g system i s neoessary to t h i s type of maohine* I t was 
thought th a t construction of a system l i k e t h i s * to ensure 
a s u f f i c i e n t l y good oontaot w i t h a high speed of r e v o l u t i o n , 
would e n t a i l a too bulky system compared w i t h the d i r e c t 
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contact nseded i n the f i e l d m i l l type of instrument. 

f o r t h i s reason, and also having the advantage t h a t 
a l l previous workers i n t h i s department at Durham have used 
f i e l d m i l l s , i t was deoided to use t h i s instrument. 
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OUBLE I1SLD MILL 
3.1. Dss^gn Qonslderatlons. 

I t was decided to construct a sector-type f i e l d m i l l , 
the theory of whioh has been worked out by Mapleson and 
Whitlook (1955)* Their m i l l had an acouraoy of measurement 
of p o t e n t i a l gradient to ± 1 V/m orer a range -75 to +75 
V/m, w i t h a background noise equivalent to $ V/m w i t h i n a 
frequency range 0*1 t o 10 e/s, so the machine as used by 
them seems eminently sui t a b l e f o r obtaining the desired 
accuracy of yf> i n f a i r weather conditions. 

Pig. 2»a. shows the shape of the r o t a t i n g and f i x e d 
vanes, shown at A and B i n F i g . 2.b. g i v i n g the fundamental 
output c i r c u i t of the m i l l . The f o l l o w i n g theory i s 
worked out on the same l i n e s as that used by Whitlook 
(1955). and e q . l , i s that worked out by him f o r the sector 
type f i e l d m i l l . 

Theory gives that the m i l l output v has a t r i a n g u l a r 
waveform superimposed on an exponentially decaying D.C. 
voltage, applying a f i e l d $ a t time t * 0. By considering 
the current l e through the s t a t o r f i x e d oapaoitanoe C, and 
i R through the resistance to earth R, the D.C. component 
has a time constant o f R.C. sees, and the output a f t e r an 
I n f i n i t e time, 7 i s given b y i -

where ¥ * applied f i e l d i n V/m 
to & rate of r e v o l u t i o n of r o t o r i n radians / seo 

j>x and >j m external and I n t e r n a l plate r a d i i ( f i g . 2.a.) 

V - €. F*«>R ( A 

2 * 

i n m. 
N m number of vanes. 
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Henoe both v a r i a t i o n s i n <*» and E w i l l influence T* 

To minimise the e f f e c t of ohanges i n r o t o r speed i t i s 
necessary t h a t | -

-21 « 1 2. 

Assuming tha t t h i s i s the oase, and expanding the 
exponential terms i n 1* g i v e s i -

V - L«F rr ( s-S- ̂  ) f l - TT* + higher 
4 C L 12{*"»AC)* 

] 3 
so neglecting rrx and higher terms w i l l make V 
t, 12(A/~AC ) * 
independent o f *** and R. The value of V i s now i n such a 
form that approximate sizes of components oan now be 
decided. 

Taking *x.n 7*65 oms. and r, « 2-6 oms., the smallest 
f i e l d to be measured islV/m, and the smallest value of V 
which oan bs measured i s 0*1 m v. then 3. gives»-

C v< F IT ( ) - 3-6. 10"'* farads 4, 
4 V 

the dimensions of the vanes given above are considered to 
be of convenient size f o r the machine. 

I n a r r i v i n g at a value f o r R, the prime faotor to be 
considered I s the method of feeding the m i l l output i n t o 
the a m p l i f i e r o i r o u i t , t h i s must be done through a devise 
to matoh the high output impedance of the m i l l o i r o u i t , 

Ok* -

to the low impedance presented by the length of oable 
needed to transmit the sig n a l to the a m p l i f i e r , t h i s i s 
done through a oathode follower ( e.g. Parker 1950)» 

Zf the g r i d current of the valve used as a oathode 
fol l o w e r i s I g , then the D»C. voltage developed aoross 
the input r e s i s t o r R i s R I 

g. 
The valve used was a Mullard EP 37a run a t reduoed 



25 
heater and anode potentialsj t h i s l a a voltage amplifying 
pentode used as a triode, and had a measured grid current 
of 10*10""amps,1 This value was found to vary considerably 
from valve to valve reaching as high a value as 3*10 amps* t 

so a selection was made of those with the lowest grid 
ourrent for use as oathode followers* 

The capacitance of stator-rator assembly and connecting 
cables, was measured on an »AVO* bridge giving C > 60 /*/*#, 
and the variation from exposed to screened position of the 
vanes A C * 4/*/*?• I h e A*C* component generated by this 
variation i n vans capacitance vc has the same frequency as 
the signal generated by the f i e l d and i s given byi-

T . - " « I , 5. 
Thus the smaller AC can be made oompared with C, then the 
smaller 7_ becomes* Bearing in mind the maximum value of C 
given by eq* 4* i»e» 360 /*/**» * capacitor can be placed 
aoross R to increase the value of C* In this case i t was 
deoided to insert 200 thus increasing C to 260 

.'. from 5 . v
e * 1* 54*10 ~ 1 2 R. 

For an applied f i e l d of 1 V/m, Prom 3* V » l«38*lo""* volts* 

%$ This measurement was performed by placing a 10® ohm 
resistor from the grid to earth of the constructed oathode 
follower unit, the potential drop aoross this resistor 
being measured by an * E K C 0* vibrating reed electrometer, 
giving a grid ourrent se n s i t i v i t y of lo"" 1 1 amps* 



26 
I n order that Y be smaal oorapared with Y, l e t £ * 10. 

Y„ m 1-38.10"*5 volts, o 
R « 0-9.107 ohms 6. 

Considering now the condition stipulated in 2. viz, 
N u> » 7r , substituting for R and C givest-

RC 
K u> » 11,540 rtp.m. 

A convenient value for N I s four, the greater the number of 
vanes, the lower the value of «*> need be, but the output 
voltage w i l l be reduoed beeause of the smaller exposed vane 
surf as** 

.'• «*>» 2,900 r.p.m. _ _ . . . 7 » 
This i s rather a high value to attempt to attain* fo 

avoid large variations i n w a synchronous motor, running 
from the mains can be used. A large pulley on the motor 
driving a smaller pulley on the mill w i l l give a step-up 
ratio of R^ wheret-

Rj m radius of motor pulley « 7*2* 
and Rg m radius of mi l l pulley « 3*42*. 
With a motor speed of 1,425 r.p.m. a mi l l speed of 3,000 
r.p.m. i s attained, whioh just s a t i s f i e s equation 7* 
To see what effeot variations i n motor speed w i l l have on 
the m i l l output, return to 3* where inserting f i n a l values 
giveei-

Y m 1-4.10*"4 f [ l - 7-7»10~2 ] volts 8. 
Thus allowing for a 1% change i n mains frequenoy, producing 
a l£ change i n w, hence a 2Jt ohange i n the second term i n 
the brackets, giving an error i n T of 0*17$ whioh i s 

tble. neglljb 
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3»2* Mounting ana Driving of the m i l l . 

Before dealing with the structural details of the mill 
i t s e l f , i t i s essential to consider how the mi l l i s to be 
supported to f u l f i l i t ' s function as a collector* 
Obviously, owing to i t ' s weight and size the m i l l w i l l 
require mors rigid supports than the wires used by 
Norinder to support his water droppers* Zn deciding what 
form the supports must take* i t must be born in mind that 
a too massive structure, although rigidly supporting the 
m i l l , w i l l probably influence the earth's f i e l d unduly 
and so destroy the whole purpose of constructing the m i l l 
I n the f i r s t place* which i s to measure values of potential 
gradient without introducing distortionl 

£W9 effects are l i k e l y to arise from the supports* 
1) . Any conducting parts which are not at the potential 

of their surroundings w i l l distort the earth's f i e l d * 
2) * Any Insulating parts are l i k e l y to acquire charge. 

and must therefore be plaoed at such a distance from 
the m i l l so as not to influence the f i e l d there* 

The effect of any objeot, natural or a r t i f i c i a l * near 
a potential measuring device can be expressed as a i t 
reduction faotor for that particular looation, and i s 
given byt-

" measured value of the potential gradient 
value at the centra of a large conducting plane 
plaoed at the same s i t e * 

I n actual practice the large"horizontal conducting plane" 
i s rather d i f f i c u l t of attainment, and a small reasonably 
f l a t asadow teas to suffice and the effect of trees or 
buildings i n the v i c i n i t y have to be estimated* I t can be 
seen that unless a f l a t meadow exists within 30 metres or 
so of the s i t e chosen and the potential gradient remains 
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uniform oyer a few hours, no rigorous estimate of the 
exposure factor oan be obtained. 

Benndorf (1906) considered reduction factors of various 
obJsots and found that a v e r t i c a l conducting post one 
metre in height, has less than 1$ influenoe on the 
potential measured one metre above the ground three 
metres away from the post* This gives an estimate of what 
effeot to expect i f conducting supports are used* 

In view of th i s , i t was thought that the use of wood i n 
constructing the supports would combine rigidity, with 
insulating properties comparable with that of the a i r , the 
mood being painted to prevent i t from becoming conducting 
in wet weather* By sinking the posts deeply into the 
ground7the use of guy ropes could be avoided, but this 
w i l l r e s t r i c t the height to which one can work* 

The supporting system erected i s shown i n Fig* 3a* The 
girder carrying the m i l l i s made of aluminium *Handy Angle', 
consisting of four lengths bolted together to form two 
T-seotions securing the mill between them as shown i n 3b* 
The method of joining the girders to the posts i s shown i n 
flg*4» 

This system proved highly satisfactory, only i n strong 
winds did the m i l l sway with a frequency of almost exaotly 
one circle per seo», which did not appear on the record 
because of the longer time constant of the recording 
apparatus• The sag on the girder was only 1$ cms* from the 
horizontal measured at the centre* 
I The girder supporting the m i l l i s parallel to the ground 
thus jbeing situated i n an equipotential plane* i n order 
not to influenoe the earth's electrmo f i e l d i t must be at 
the asms potential as ths f i e l d m i l l , l*e* at the potential 
of the surrounding a i r * At 6 m, which i s the maximum height 
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to which the system can be raised* In f a i r weather 
conditions the potential applied to the mill-girder 
assembly w i l l be of the order of 600 volts. This high 
potential creates two problems associated with the 
operation of the m i l l as a collector, v i s i 

1 ) . Method of sign determination of the potential 
f gradient* 
i 2)• Meohanlam to be used to drive the mill* 

I f the sign of the potential gradient i s to be determined, 
•then the phase of one of the outputs, either from the upper 
^collecting plats or the lower one. being of the same 
^magnitude but of opposite p h a s e w i l l have to be determined* 
jphis can be done , either by generating a constant voltage 
preference signal either from the m i l l direct or using the 
Voltage fed to the driving motor, and oomparlng the phase 
of this voltage with that of the m i l l output, or by means 
of a meohanioal system within the mi l l and feeding the 
^amplified m i l l output back to this system* 

U t i l i s i n g the power supply fed to the driving motor i s 
'not ̂ possible i n this case because a constant phase relation 
between motor and m i l l cannot be maintained* This arises (from the method of transmitting the drive to the m i l l which, 
as described on the following page, involves a belt running 
over" pulleys where a certain amount of s l i p I s inevitable* 

Both reference generator and meohanioal systems involve 
making connections back to the m i l l with a l l i t ' s attendant 
problems, effect of sudden potential gradient changes* 

( insulation of the leads, etc* fhe choice of which system f to 4se w i l l depend on the relative characteristics of the 
&y.:>%( ma:, 

fhitlook (1955) and Maund (1958) both used a reference 
j generator fixed onto the driving shaft of their mills, 
# i 
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the output voltage from whioh has a phase differenoe with 
the mi l l output of zero or TT radians depending upon the 
sign of potential gradient* Thus by using a modified 
Schuster c i r c u i t ( phase sensitive r e c t i f i e r ) a positive 
or negative D*C* output i s obtained* Both whitlook and 
Haund had great d i f f i c u l t y i n maintaining a oonstant 
voltage from the reference generator* whioh i s essential 
for the satisfactory operation of this type of r e o t i f i e r , 
also frequent electronic troubles oooured making the use 
of this system a matter of oonstant * trouble shooting** 

The meohanloal system on the other hand* as used by 
Adamson (1958) proved extremely reliable and i n two years 
oonstant use the only trouble encountered has resulted 
from wear i n the carbon brushes* In view of this i t was 
deoided to use the mechanical system* whioh involves 
feeding the amplified mi l l output back to a commutator 
mounted on the mill driving shaft* The commatator 
arranged with respect to the rotating vanes such that with 
a positive potential gradient* the negative half oyoles 
of the mill output are out off* thus giving, a positive D»C* 
output* f i g * 5a i l l u s t r a t e s this case, and 5b the case 
with a negative potential gradient* 

Considering the problem of driving the mill* the usual 
way of mounting the motor Inside the f i e l d m i l l , i f done 
in this ease would Involve y either insulating the driving 
shaft from the vanes and motor casing, thus isolating the 
motor whose f i e l d and armature windings are at earth 
potential f or isolating the motor power supply from earth 
and using •mill earth* ( potential of the mill-girder 
assembly) for this supply* I n either case the insulation 
d i f f i c u l t i e s w i l l be considerable* involving screening for 
the supply leads, whioh must be at earth potential up to 
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the end of the mill girder, and then ohanged to m i l l 
potential for oonneotion to the m i l l so as not to affeot 
the earth*a f i e l d * Zn addition, the power for the motor 
oould not he obtained from the mains necessitating a 
constant voltage supply to maintain *> oonstant within 
the proposed limits ( $.3.1.)• 

Zn view of these d i f f i c u l t i e s an external method of 
driving the mill was adopted* The error introduced by the 
upper collecting plate being below the a i r potential at 
that height, and similarly the lower plate being above 
i t ' s correct potential- assuming that the mid point of 
the two i s correct- i s minimised by reducing the upper-
lower plate separation* Hence a further advantage arises 
from this distance no longer being restricted by the sise 
of the motor used* 

Situating the motor on the ground, means that the belt 
used to transmit the drive to the m i l l w i l l have to be 
made of an Insulating material so as not to short oirouit 
i t to earth* However, the use of an insulator w i l l mean 
that charges may be picked up by the belt e.g. f r i c t i o n 
over the pulleys, and carried to the v i c i n i t y of the m i l l 
thus modifying the potential gradient values, or even 
producing a ' van de-r Graaff generator' effect* 

Zt was hoped that; having one driving belt running 
from the motor to a metal double pulley, situated at one 
end of the m i l l girder, see ?ig*4| then a second belt in 
the plane of the gidert this charge carrying effeot 
would be reduced* 
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3*3* Operation as a collector* 

Fig* 6* shows the proposed 'flow diagram* for the double 
mill* The outputs from the upper and lower collecting 
plated are fed to oathode followers C through blocking 
condensers B, thus isolating 'mill earth* from actual 
earth* The outputs are fed from the outdoor apparatus 
through coaxial cable to the amplifier through transformers 
T*T.« The purpose of T i s to tap off a fixed ratio of the 
output from the upper collecting plate* to be fed through 
an amplifier giving a measure of potential gradient* T^ I s 
s dummy transformer with an irapedanos across l t * s secondary 
winding equivalent to the input impedance of the potential 
gradient amplifier* thus matching up the two mil l outputs* 

By aligning the upper and lower rotating vanes on the 
m i l l correctly with respect to the collecting plates* i * e * 
both shielding at the same time, the upper and lower plats 
outputs are arranged to be exactly out of phase with one 
another, hence when the two outputs are equal their resul­
tant i s zero* 

Feeding the outputs then onto an addition amplifier* 
w i l l give an output of magnitude depending upon the 
difference i n alse of the upper and lower plate outputs, 
but having a phase relation with one of the plate outputs 
of zero or TT radians depending on whioh i s the larger* 

This added output i s then fed back to a commutator on 
the m i l l , produoing a D*C* output of sign dependant on 
lxl-1/1 ( see s>2.4») Allowing this D.C. to drive a servo­
motor a slide i s moved along a potentiometer wire, aoross 
which i s placed a oonstantjj *T* voltage, the slide being 
oonneoted back to the mil l ss shown* 

Keferlng baok to s»2.4 I t i s seen that for positive values 
of potential gradient when q i s negative, i * e , the m i l l 
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below the potential of the surrounding a i r , then 1X1 > 1*1. 
I f the commutator i s arranged to give a positive D.C. 
output i n this condition, and the motor to drive the slide 
to a higher potential, then the mill i s brought up to the 
correct potential. However i f q i s positive, 1X1 < 1/1, 
then the reotlfied output w i l l be negative and the slide 
driven to a lower potential* 

Taking the case of a negative potential gradient, i t i s 
obvious that i f q i s negative in this case, the m i l l i s at 
a higher negative potential than the surrounding a i r , than 
1X1 < 1/1, giving a positive rectified output this time, 
the change i n f i e l d reversing the commutation! and driving 
the slide up the wire* This change i n direction of drive 
can be corrected by reversing the H*T* voltage on the 
potentiometer or, as shown i n Fig*6, by earthing the centre 
of the slide wire* This i s the conclusion arrived at i n 
3*2*4* but i t i s useful to see how the balancing system 
operates i n conjunction with the commutator* 

3*4* Time Constant of the Colleotor System. 
I t i s important to find the response time of the 

servo-motor to a sudden potential gradient change, because 
the size of this value compared with the response time of 
the mi l l and amplifier olrouit, i s the criterion as to 
whether the servo-motor w i l l follow changes i n potential 
gradient steadily or w i l l •hunt' and beoome unstable* 

Let r^ « time oonstant of servo-motor 
7*2 = time oonstant of mill output olrouit 

then 7*̂  > i s the condition for no hunting* 
The relavent components of the m i l l output oiroult are 

shown in Fig. 7. 
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C 0 and R 9 are the mi l l output oapaoitor and resistor 

- blocking eapaoltor ( Pig*6 ) 
• input resistor of oathode follower C. 

S m potentiometer slide of resistance R ohms* 
The case to be considered i s the behavior of the c i r c u i t 

when subject to a sudden ohange i n potential gradient* but 
this may equally well be taken as the situation when a 
step-voltage I s applied to the m i l l * That this i s i n actual 
faot what happens w i l l be shown lat e r (S*4*3») 

Assuming zero i n i t i a l conditions l*e» sere potential on 
the mil l * and at a time t«0, apply a potential E to the 
system as shown* Hence when t > 0. l e t E • Y, and the 
charges on capacitors and Cg be respectively and Qg 
with currents I ^ and Ig flowing as shown* 

Since i n i t i a l conditions are zero* when t<0* V « Q. = Q 

respectively* 

e 

Applying Klrohoff's second law at a time t t 
• • R 2 ( I 9a* 

and 
I . J Ro ( I 10a. 

but alsoi 

1 
and 

do 
2 * r l 

dQ. 11a* 

12a* 

Performing Laplace transformations on these equations* 
and using the same notation as given i n Jaegar (1946) where 
a bar over the symbol denotes the transformi 
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R-jI-L + 2 i + R 2 ( lx - l2 ) - • 9 

°1 
» 2 c i x - i 2 ) - 10 
P ^ • ^ - - - - 1 ] L 

p Q 2 - i 2 12 
substituting for 11* i n 9* and for 12» In 10. givest-

i x ( R x • R 2 ) - • « ? 13 

a n d 

¥"i - Va " J§ 1 4 

from 14. _ 
*2 * 11?2< 

substituting for I 2 i n 13* 
I ( R. • R 2 ) • 1 { JL_ - R 2 ) « V 

P°l R 2 * J u . 
P^ 2 

or simplifying!-
% ( R x • a • h ) - V 

pC^ 1 • pR 2C 2 

now T m g 9 beemuse I n i t i a l l y T » 0 when t « 0, 

p i pR^eflTR^C^Cg • 1 • pR 2C 2 • PR 2C 1
J 

1 • pR 2c 2 ) 
B f " l v * * y"2v2 ' 1 

1 • p< R2CX+ R 2C 2 ) • V ^ 2
C 1 G 2 
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or 

I n order to de-transform this equation i t must be 
expressed i n a standard form, so making the aubstitutiont-

2* • Rl°l+ U2pl* R2°2 and a 2 • n 2 » 1 giveat-

I 
R i R 2 C i C 2 VaVa 

C,( 1 • p R o0 o ) 
* R ^ C ^ L (p • a)* • n* J 

sp l i t t i n g this into p a r t i a l fractionsi-

I, -, « K . R2 C1°2 f o ± 2 a _ , ¥ 2 R1 C1 ] 
1 R,R~0,Co L(P • «-~n* (p • a)* • n* i 1"2 W1 W2 

and now transforming baokf-
I . * £ e foos nt • g. s i n nt - i s i n nt( 1 + 1 ) ] 

R x L n n R ^ R 2C 2 J 
or simplifying gives1-

- at I , * g, e ~ " f cos nt • i _ s i n nt ( 1 - X - )] 
R l 2 1 1 R 2 C 2 R 1 C 1 R 1 C ? •* 

the potential across R^ « I^R^ » 
.'. V, - X e " a t foos nt • s i n nt ( _1_ - - )} 15. 

A L 2n R 2C 2 RjC^ R X C 2 J 

This waveform posssses a B.C. exponentially deoaying 
oomponent of time oonstant » ^ 

2 R 1 R 2 C 1 C 2 
• • • sees. 

The time constant of the servo-motor i s given by the 
resistance of the slide 1, assuming the slide i s at i t ' s 
full-scale position, and the capacitance of the mill-girder 



37 

assembly to earth* This value, being only of the order of 
pioro-farads, was inoreased by plaoing a 20 /* F high 
voltage oapaoitor between s l i d e and earth, shown at 0 i n 
f i g * 6* Then 

^ » R C seos. 
So the oondition f o r no hunting can now be expressed byt -

H C > ^fftfl 
¥ l + R 2 C 1 + R2°2 

Let the s l i d e have a resistance of a megohm, then taking 
the worst possible oase when the p o t e n t i a l at one metra 
above the earth's surface i s 1 v o l t * Then w i t h 600 v o l t s 
aoross the potentiometer wire, the resistance of the s l i d e 
t o earth « 10^ ohms* 

6*00 
ri * ^20 seos* 

• 2 R i R * c i c ? < J L 
R l V R 2 C 1 * R 2 C 2 3 0 

> 60 
R 2 C 2 R 1 C 2 R 1 C 1 

a 
Taking Og - 260 ? and m 10 ohm then t h i s oondition 
becomes t -

38-46 • 1 0 1 2 * J L — > 60 
260R1 R ^ 
e 

so i f R 1 < 10 ohms then t h i s oondition i s s a t i s f i e d , 
independent of the value of C]L, a suitable value f o r R̂  i s 
•sen to be 10 ohm. ( S*3*l«) 

I n a r r i v i n g a t a sui t a b l e value f o r the only consider­
a t i o n i s that i t should have a small impedance a t the m i l l 
frequency compared w i t h Rg* M i l l output frequency « 
200 o*p*s* ( S.3.1. ) 

hencet 
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henoet- 1 ^ 10 8 

400 vr Q1 

•'• c i > 10~ 8 - 7-956.10" 1 2 farad* 400 rr 
taking a value of C1 « 10~ 9 f s a s i l y s a t i s f i e s t h i s 
condition* 
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CHAPTER IV 

4 . 1 . m j L d MiU> 
The construction of the m i l l waa based on an old s t e e l 

motor easing shown i n Fig* 8, whioh, when the b a l l rsoes 
were renewed serred admirably f o r t h i s purpose. The rota r y 
ranee were out out of 1/16" stainless s t e e l sheet, polished 
on both surfsees and mounted a t the ends of a |" diameter 
s i l v e r s t e e l s h a f t , mounted i n the motor casing* The drive 
i s transmitted t o t h i s shaft by a s i m i l a r shaft housed i n 
a brass tube securely bolted a t r i g h t angles to the oentre 
of the motor easing* This shaft has at one end a s t e e l 
p u l l e y of diameter 6*84" and a t the other* a bevel gear 
engaging a s i m i l a r gear on the vane s h a f t , g i v i n g a 1 i 1 
d r i v e . 

The o o l l e o t i n g plates are i d e n t i o a l to the r o t o r s , 
mounted on fo u r , J" diameter polystyrene i n s u l a t o r s , 
long. The i n s u l a t i n g property of polystyrene i s solely 
dependant on the nature of the surface f i n i s h of the material 
great care being taken w i t h t h i s work 1, and was rewarded by 
the i n s u l a t o r s behaving p e r f e c t l y i n a l l conditions, 
needing no p r o t e c t i o n , and only occasional cleaning w i t h 
t i s s u e . The stators were mounted f l u s h w i t h the case of the 

* I n working polystyrene, the t o o l s were kept very sharp and 
soapy water used as a l u b r i c a n t . A f t e r 'skimming* down i n 
the l a t h e , the in s u l a t o r s were polished successively w i t h 
*Vim%*Bras8o" and f i n a l l y very c a r e f u l l y w i t h * French 
ohalk». 
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m i l l , 6 M I below the rotors and secured through the 
insulators to ci r c u l a r aluminium plates* These are i n turn 
bolted to brass angle-girder extensions fixed to the sotor 
housing* 

The commutator system has to be Insulated from the rest 
of the m i l l (see 3*3*2*)» so the brushes are seated l a a 

block 

perapexAbolted onto one end of the vane shaft housing. To 
this blook l a fixed a second Tufnol block which sets as a 
brash guide* also keeping the brashes Insulated from one 
another and from the rest of the m i l l * The brashes are In 
two diametrically opposite pairs, only two brushes are 
necessary, but were duplicated to increase r e l i a b i l i t y . 
These bear onto a segmented brass dlso l e t Into the face 
of a perspem cylinder, thi s being easily v i s i b l e i n f i g * 8* 
The commutator has eight segments of whioh four are 
eonneoted together, leaving the other alternate four 
unconnected. 

The Whole structure i s bolted rigidly to s brass frame, 
oovered with aluminium sheet* and centred within this frame 
by judiciously Inserted washers en the securing bolts* 
When assembled the m i l l has horizontal dimensions of 22 by 
22 cms,, with 20 ems* seperating the rotating vanes. 

Co-axial cable i s used to oonneot the two brashes and 
the collecting plate outputs* to Pye oo-axlal plugs 
mounted en the m i l l esse* The sheath of the oable i s at 
m i l l potential, so i n the ease of the brush leads w i l l have 
to withstand a potential difference of the order of 600 
volts between sera and sheath* the sable used for this pur­
pose i s Uniradio "Teloon*, low capacitance P*Y.C. 
insulated oable* this was tasted with a megger generating 
1000 volte and no leak between core mad sheath oould be 
detested* 1 
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Sim i l a r cable i s used to make the connections from the 

m i l l to a 'junction box' situated a t the and of the gi r d e r * 
This i s deemed to be a suitable place to terminate the 
m i l l p o t e n t i a l on the cable sheath, and to s i t u a t e the 
blocking condensers i n the m i l l output leads* The box 
consists of a Tufnol base onto which i s f i x e d a metal p l a t e 
where the output and brush leads are terminated* The m i l l 
condenser Cg and r e s i s t o r R 2 (see Fig*7), are inserted a t 
t h i s p o i n t and the m i l l outputs then pass through the 
blocking condensers Ĉ * These l a t t e r are T*C.C* "Cathodray" 
'•lseonol' condensers having a D*C* working voltage o f 6 Kv 
and a oapaoity of 0-001/*F. The cover f o r t h i s box i s a t 
earth p o t e n t i a l , and the connections are mads to 
•Belling-Lee* ooaxial plugs f i x e d onto the side o f t h i s 
cover, thus the sheaths of a l l leads w i l l now be at earth 
p o t e n t i a l * A f u r t h e r lead, i n a d d i t i o n to the two brush 
and two output leads, was oonneoted d i r e o t t o the base-plat 
of the box, f o r the purpose of supplying the m i l l p o t e n t i a l 

Across each 200 A A * P (0^) condenser a small 20 /*/* F 
trimming oapaoitor was connected, f o r the purpose of 
•atohing up the upper and lower plate outputs* This I s 
necessary f o r two reasonst 

1) . I t i s essential that the gi r d e r be brought to the 
p o t e n t i a l of i t ' s surrounds, so any assymetry 
e x i s t i n g i n the p o s i t i o n o f the c o l l e c t i n g plates 
about a hor i z o n t a l plane through the g i r d e r , w i l l 
cause the two outputs to d i f f e r * 

2) . Although the nominal value of the condensers Cg i * 
200 /v«F there may be as much as 5# err o r i n t h i s 
value, also the connecting cables w i l l d i f f e r 
s l i g h t l y i n eapaoitanoe* 

I t may be noted here th a t another reason f o r the outputs 
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d i f f e r i n g from one another a t the correct g i r d e r p o t e n t i a l * 
i s that the surface o f the c o l l e c t i n g plates and rotors 
may be d i f f e r e n t f o r one p a i r than the other* t h i s g i v i n g 
a difference i n output w i t h zero applied f i e l d , due to a 
d i f f e r i n g contact p o t e n t i a l * Making the vanes of polished 
stainless s t e e l reduces t h i s contact p o t e n t i a l , but 
remains, as Whitlook (1955) found, equivalent to a f i e l d 
o f £ 10 T/m* 

A sur p r i s i n g r e s u l t arose from his measurement of t h i s 
zero output, i n th a t measurements from two i d e n t i c a l m i l l s 
indicated slow changes over a year which were the same f o r 
each m i l l ! This could be due to the nature o f the t e s t p l a t e 
whioh was used f o r both m i l l s , hence a ohange i n i t ' s sur­
face would a f f e c t both m i l l s equally* Wfcitlook thinks 
however* that i t i s more l i k e l y that the surface of the 
m i l l vanes *aged* i n a oomparable manner f o r each m i l l * I f 
the l a t t e r i s the oase then i t may be assumed that both sets 
o f vanes on the double m i l l w i l l give the same spurous zero 
output, and so the size of t h i s output w i l l not matter as 
regards the balancing property of the m i l l * However, i t 
w i l l have to be taken i n t o account f o r p o t e n t i a l gradient 
measurements* 

4*2* Cathode Followers Amplifiers and Power Supply. 

4.2*1. Cathode Followers and Add i t i o n Ampl i f i e r * 
The cable used to transmit the signals from the outside 

s i t e to the am p l i f i e r s Indoors, has to be approximately 
100 f t . long* The cable used f o r t h i s purpose was 
Radiospares "Hygrade" co-axial oable, having a oapaoltanoe 
of 22 /v*F / ' t * presenting a reactance of 362 K at the 
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m i l l frequency, to the m i l l output i f attaohed d l r e o t l y 
to the m i l l . Thus the 10 ohm r e s i s t o r i n the m i l l would 
be p r a c t i c a l l y showted out, and no output could be 
obtained from the m i l l * I n a d d i t i o n to t h i s , the capacitance 
of t h i s length of cable i s 2 ,200 /*-/*F. This would be i n 
p a r a l l e l w i t h the 200 • t a t o r oapaoitanoe, and so the 

condition given i n equation 4 (S»3*l.) would not be 
s a t i s f i e d * 

The method of matching the low cable impedance to the 
high s t a t o r impedance, and also i s o l a t i n g the cable from 
the s t a t e r capacitance, i s to use a cathode follower* The 
advantage of running the valve a t reduced heater and anode 
p o t e n t i a l s , has already been discussed i n 3 * 3 * 1 * Fig* 9 
shows the c i r c u i t diagram, the output resistance now being 
10 K which i s small compared w i t h the cable reactance. 

An i d e n t i c a l p a i r o f oathode followers were constructed, 
and mounted i n waterproof aluminium boxes measuring 
3" * 3" x ?** The working p o s i t i o n of these were half-way 
up the m i l l supporting posts, t h i s p o s i t i o n g i v i n g a 
minimum possible length to the cables connecting the 
oathode followers to the j u n c t i o n box* keeping the 
oapaoitanoe involved t h e r e i n as low as possible (see Fig*1 9 ) * 

To ensure that both cathode followers had I d e n t i o a l 
c h a r a c t e r i s t i c s , they were oonneoted to the power supply, 
g i v i n g an R*T* voltage of 95 v. The heater supply (b-b 
Fig* 1 2 ), because i t w i l l eventually have to supply four 
oathode f o l l o w e r s , had another two valves connected i n 
p a r a l l e l i n order to t e s t the oathode followers i n working 
conditions* An input o f 10 v o l t s a t 200 o.p.c. was obtained 
from a "Beat Frequency Osoilator" (B.F.O.), f r a c t i o n s of 
t h i s voltage down to 1 m V, were obtained using resistance 
boxes* The outputs being measured on a Cossor "Oathode Bay 
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Osoillosoope" (C.R.O.) 

Testing both w i t h a voltage tange 0 - 10 v o l t s , no 
difference i n output between the two could be detected 
w i t h i n the range of accuracy of the C.R.O., namely l£« 
The output begins to d i s t o r t a t 4 V input , whioh i s to 
be expeoted sinoe under these conditions the anode current 
i s approximately 0 *5 m A, thus g i v i n g a g r i d bias through 
the 10 K oatnode r e s i s t o r of - 5 v o l t s . The stage gain 
worked out to be 0*71, w i t h an input impedance o f the t e s t 
set of 20 K. 

The a d d i t i o n a m p l i f i e r w i l l not be dealt w i t h i n d e t a i l , 
because the use of t h i s was abandoned a f t e r preliminary 
t e s t i n g (see l a t e r t h i s s e c t i o n ) . The m i l l outputs wore 
fed onto the grids o f a double t r i o d e , both the oathodes 
and the two anodes were strapped together, and the output 
taken through two stages o f conventional resistance-
capacity coupled A.P. a m p l i f i e r . Since the only condition 
of i n t e r e s t i s when the r e s u l t a n t of the two inputs i s 
zero, t h i s a m p l i f i e r was not required to have a l i n e a r 
response, and the o v e r a l l gain need not be constant, hence 
no precautions were taken to these ends. 

To t e s t the eq u a l i t y of response of each side of the 
double t r i o d e , eaoh g r i d i n t u r n was connected to earth, 
and a variable p o t e n t i a l of 200 o.p.s. was applied to the 
other g r i d . Measuring the output w i t h the C.R.O. i t was 
found that the a m p l i f i e r saturated a t an input p o t e n t i a l 
of 10 m 7 , and eaoh side responded equally to w i t h i n lj£. 

To determine the o v e r a l l gain of the a m p l i f i e r , one 
g r i d was supplied w i t h a known f i x e d input ( 0 , 2 5 , 5 0 and 
100 a V) a t 200 o.p.s., and a variable input fed onto the 
other g r i d w i t h a phase difference of rr radians to the 
other input * The output versus "Input d i f f e r e n c e , f o r saoh 
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o f the four f i x e d inputs were then p l o t t e d on a graph, and 
the gain was found to be 7>000^00 i n each oase* The 
response being l i n e a r over the range - 10 to + 10 a V 
difference i n inputs* 

I n order to t e s t the operating c h a r a c t e r i s t i c s o f the 
m i l l and a m p l i f i e r * two h o r i z o n t a l insulated metal plates 
wars erected, one 56 cms* v e r t i c a l l y above the other* sash 
plate being one metre square* The m i l l was supported on two 
short lengths of 'Handy Angle' g i r d e r * c e n t r a l l y between 
the plates w i t h the g i r d e r 26 cms* above the bottom p l a t e * 
Because of the small size of the room available f o r t h i s 
t e s t , i t was impossible to remove the d r i v i n g motor to 
any great distance away from the m i l l * I t was hoped tha t 
p o s i t i o n i n g the motor below the l e v e l o f the lower p l a t e , 
would reduce any d i s t o r t i n g e f f e c t s the motor may have on 
the e l e o t r i o f i e l d between the plates* This arrangement 
necessitated the d r i v i n g b e l t running up to the m i l l a t 
an angle, and not, as i t should be, i n the plane of the 
supporting girder* 

Sinoe t h i s was only a t e s t of the m i l l and a m p l i f i e r , 
i t was decided not to simulate working conditions completely 
by having the lower p l a t e earthed, and b r i n g i n g the m i l l 
to the p o t e n t i a l o f i t ' s surroundings* Instead, the 
arrangement adopted was to earth the m i l l , so not r e q u i r i n g 
blocking condensers I n the output leads, and enabling the 
outputs to be fed through short leads, d i r e c t to the 
a m p l i f i e r * A high resistance potentiometer ( 500 K ) was 
oonneeted across the upper and lower t e s t p l a t e s , having 
i t ' s s l i d e oonneeted to the m i l l * Thus on applying a 
p o t e n t i a l difference to the p l a t e s , movement of the s l i d e 
w i l l vary the surrounding p o t e n t i a l w i t h respect to the 
m i l l * This p o t e n t i a l was registered by a voltmeter connected 



I 
m 

a) 

*r*p Mmrrmrr 

PoM/r/vt FIE LP 

C u A VM Ob) 

> 

: 
r 

: 

i 

Ft* to 



46 
between bottom t e s t plate and m i l l * 

The a m p l i f i e r output was taken through the commutator 
and connected through a 330 K r e s i s t o r to earth* I n i t i a l l y 
f o r the purpose o f a l i g n i n g the r o t a t i n g vanes oorreotly 
w i t h respect to the commutator, the C.R.O. was oonneoted 
aoross t h i s r e s i s t o r and adjustment made so that the 
negative half-cycles were exactly chopped out i n a po s i t i v e 
p o t e n t i a l gradient, when the m i l l was below i t ' s correot 
p o t e n t i a l . 

f o r the purpose of measurement, H.T. b a t t e r i e s were 
oonneoted aoross the t e s t plates g i v i n g a p o t e n t i a l of 
435 v o l t s . , which w i t h the stated p l a t e seperation ( 5 6 cms* 
corresponded to a f i e l d of 760 V/ra. The C.R.O* was 
replaced by an AVQ meter, model 8 having a resistance o f 
2 H on the 100 v o l t range* 

The r e o t i f i e d output voltage i s p l o t t e d against m i l l 
p o t e n t i a l w i t h respeot to the lower t e s t p l a t e , f o r both 
negative and p o s i t i v e p o t e n t i a l gradient values* f i g . 10 
shows the r e s u l t s obtained. I t i s seen that when the m i l l 
p o t e n t i a l d i f f e r s by more than 50 v o l t s from i t ' s 
surroundings, the a m p l i f i e r reaches a saturation value* 
but between these l i m i t s i t responds l i n e a r l y w i t h a 
s e n s i t i v i t y given by»-

P.D. between m i l l and surrounds • 1 
output voltage !• 9 

This means that to adjust the m i l l to w i t h i n 1 v o l t of i t ' s 
surrounding p o t e n t i a l , the servo motor must respond to a 
change i n output of 2 v o l t s , which condition should not be 
d i f f i c u l t to s a t i s f y . 

As regards accuracy of balancing, i t can be seen tha t 
the i n t e r c e p t on the X-axis f o r a p o s i t i v e p o t e n t i a l 
gradient i s 226 v o l t s , and f o r a negative value i s -231 
v o l t s . The calculated values* assuming a uniform f i e l d , 
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are 198 v o l t e and -227 v o l t * respectively. That t h i s 
discrepancy i s not serious, can be ssen by c a l c u l a t i n g 
the v e r t i c a l distance H. . corresponding to the p o t e n t i a l 
difference from the t h e o r e t i o a l value, e.g. f o r p o s i t i v e 
p o t e n t i a l g r a d i e n t s i -

*• • 226 - 198 • 3-7 cms. 
7-60 

This i s very probably due to d i s t o r t i o n of the f i e l d by 
charges picked up on the d r i v i n g b e l t , but also oould be 
due to assymetrioal d i s t o r t i o n by the m i l l . 

The operation of m i l l and a m p l i f i e r am a o o l l e o t o r i s 
quite s a t i s f a c t o r y , the only d i s t u r b i n g feature being the 
behavior of the commutator. The output measured on the 
voltmeter would remain quite steady f o r a few seconds, 
enabling an accurate reading to be taken, and then vary 
alarmingly f o r a f u r t h e r few seconds before s e t t l i n g baok 
to i t ' s former value, and so on* 

The urns of the C.R.O. enabled t h i s spurious output to 
be traoed down to the commutator, the •noise' being due 
to brush jumping. No matter what was done, t h i s undesirable 
noise oould not be eliminated or even reduced! The 
commutator was c a r e f u l l y tested f o r uneven running, 
brushes replaosd, brush springs lengthened to Increase 
brush pressure, and even running the m i l l continuously 
through the day, wore f l a t s on the brushes at the poi n t of 
contact, but a l l to no a v a i l * I t was deoided that the only 
t h i n g to do was to oonstruot a new, more robust brush and 
oommutator system, or to convert the method o f r e c t i f i c a t i o n 
i n t o a phase sensitive type* Since t h i s would mean a d r a s t i c 
a l t e r a t i o n of m i l l design and probably having to increase 
the m i l l dimensions, the whole question of r e c t i f i c a t i o n of 
the output warn reconsidered w i t h a view to disregarding the 
phase of the outputs altogether* 
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4»?*2* P o t e n t i a l Gradient Amplifiers and Power Supply* 

I f the two m i l l outputs are amplified equally and then 
r e c t i f i e d , both the same way* then a difference i n outputs 
from upper and lower c o l l e c t i n g plates i s proportional to 
the diverganoe i n m i l l p o t e n t i a l from that of i t * s 
surroundings, exoept i n one oasei when the s e l f oharge on 
the m i l l e (S*2*4»), i s greater than the induced oharge Q 
due to the f i e l d j the difference i n outputs i s then 
proportional to the f i e l d , and i f t h i s i s zero s r very 
small, then the m i l l may take up any p o t e n t i a l * These 
peculiar circumstances can be avoided by ensuring that the 
m i l l always e t a r t s o f f at zero p o t e n t i a l * 

Another c h a r a c t e r i s t i c o f having a servo-motor not 
recognising the sign of p o t e n t i a l gradient, i s that a 
centre-earthed s l i d e wire (Pig.6) cannot now be employed* 
Consulting Table I I i t can be seen that i f the d i r e c t i o n 
of drive i s correct f o r p o s i t i v e values of p o t e n t i a l 
gradient, then negative values give a drive i n the oppoeite 
sense, the output being no longer reversed by the commutator 
(3.3*3*)• I n t h i s ease then, one end of the s l i d e wire 
must remain earthed, and the p o l a r i t y o f the other end 
reversed when the p o t e n t i a l gradient changes sign* 

An advantage now gained over the system employing a 
commutator, i s t h a t f o r a given p o t e n t i a l across the s l i d e 
w i r e , the range o f balancing p o t e n t i a l s i s now doubled 
by v i r t u e of having a one-ended zero* The disadvantages 
are| that continuous notee have to be made of the p o l a r i t y 
of the s l i d e w i r e , to obtain the sign o f p o t e n t i a l gradient) 
also recordings are impracticable i n dieturbed conditions 
when the p o l a r i t y may have to be ohanged every few minutes* 

Table I I shows a l l possible combinations of p o t e n t i a l 
gradient and m i l l p o t e n t i a l values, using the same no t a t i o n 
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aft i n S.2.4., with the resulting servo-drive i n a 
»commutatorless» system* From this i t i s seen that the 
proposed system, working on the magnitude of the m i l l 
outputs alone. w i l l serve the required purpose* Thus the 
addition amplifier i s no longer necessary, the output for 
the servo-motor being taken from two matched *potential 
gradient amplifiers*• 

Fig*11 shows the c i r c u i t diagram of a two stage amplifier, 
u t i l i z i n g negative feedbaok over the two stages* The 
input transformer i s no longer essential for the operation 
of this amplifier, but was retained to safeguard the 
amplifier, i n the event of a breakdown of the blocking 
condenser* An input selector i s placed aoross the aeoondary 
of the transformer giving fractions of the input of 1,6,1/5* 
1/10, 1/50 and 1/100. 

Feedbaok i s effeoted from the anode of the second 
valve ( Brimar 6J7G ) through a 1 /* F capacitor} this 
value Introducing negligible reactance or phase s h i f t at 
the mi l l frequency^ and a resistor R^» The feedbaok 
voltage i s developed across Rg, which being i n the cathode 
lead of the f i r s t valve (Mullard E F 37 A), feeds the 
voltage baok i n opposite phase to the incoming signal on 
the grid. 

The fraction of the output voltage fed baok ys i s given 
byi-
A - *$ p 

R l * R 2 
since this voltage just divides i t s e l f aoross R^ and R^» 
I f A » amplification without feedback, then the voltage 
amplification with feedbaok 

- - 1 1 . 
1-A/S >B 1- 1 



50 
thus i f the feedback factor A/s » 1, then 

and i s independent of any amplifier characteristics* 
I n the present ease, for the f i r s t value stage Vout « 176 

and for the second stage Vout -140 
Y i n 

R j - 36-5K and R 2 - IK 
A m 24,640 and /8 37-5 

37- 5 
henoe 

Ay - 3 7- 5 • 
When a plot was made of output against input voltage, 

using a value of the input selector * 1 , 
Ay • 86-3 

henoe the transformer must hare a step-up ratio of li2 * 3 * 
The amplifier proved to be stable within the tested range 
0 - 1 0 volts input, and gave a perfectly linear output for 
inputs up to 1 volt* These measurements were performed 
measuring the peak to peak output with the C*R*0*, and 
using a B*F*0* at 200 o.p.a. for the input* 

A second similar amplifier was built on the same 
ohassis as the f i r s t , care being taken to match-up the 
resistors In the input selector, and feedbaok resistors 
Rj, and Rg. The input selector switches were * ganged* on the 
two amplifiers, to enable them to be operated by the same 
oontrol knob* This second amplifier was tested similarly 
to the f i r s t one, and i t was found necessary to adjust 
the value of R^ s l i g h t l y , presumably due to a slightly 
different transformer ratio, tp produce identical results* 
The amplifiers were b u i l t on a standard s i z e , 10* * 17", 
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duralumin panel, so that whan completed a l l the eleotroalo 
gear eould ha mounted i n a single rack thus being readily 
aooedslble. 

The power supply for the amplifiers and oathode followers 
l a ahown i n Fig* 1 2 . This l a a f u l l ware r e c t i f i e r using 
a Ifullard 6 2 3 2 double diode valve, giving a maximum ourrent 
of 33 a A at 350 volts* She staballsing oirouit employed l a 
shown I n the lower part of the diagram, and comprises of 
two OSram 8 T Y 2 8 0 / 4 0 "Stabilovolt" tabes, these are multi-
oontaot nson tubes, giving 70 volts potential drop aoross 
saeh seotion, eaoh tuba having 4 oat bodes. To provide the 
oathode followers with approximately 9 5 volts H.T., throe 
oathodea ware u t i l i s e d on the f i r s t tube and two on the 
eeeond, short oirouiting the remaining oathodea aa shown i n 
Fig* 1 2 * This arrangement w i l l give 1 4 0 volts between earth 
and the anode of the oeoond tube, whloh l a plaoed aoroos a 
potentiometer, whloh lo than set to the required oathode 
follower voltage• 

The s t a b i l i s i n g property of the neon tubes, i s due to 
thorn maintaining a oonatant P.D. aoross their eleotrodes 
independent of the ourrent flowing* The sum of the currents 
flowing through these tubes, and round through the external 
oirouit w i l l thus always be the same, and provided the 
external oirouit ourrent doeo not exceed the tube current 
when the root of the oirouit i s open ( 3 3 a A ) , then too 
voltage supply w i l l be constant. The 250 X resistor are 
placed aoroos the eleotrodeo to f a c i l i t a t e •firing* of the 
tubeo Oman switching on, a l l four parte can than f i r e 
individually. I f those resistors were not included, then a l l 
would have to f i r e simultaneously, requiring an I n i t i a l 
P*D» across the tube of 80 volte in exoeoo of the staballsed 
value* Individual f i r i n g however, only requires an excess 
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of 20 volts. 

The rectified ourrent output from the power paok i s 
shown plotted against the voltage i n Fig.14, where i t i a 
seen that up to 33 m A the voltage drops from 350 volts to 
349*2 volts, giving a variation i n output of 0-2336. The 
aotual H»T, ourrent flowing I n recording conditions i s 
given below, with bracketed figures indicating the 
number of units to be f i n a l l y connected to the power 
supplyt 

1) . Cathode followers (4) • 1 m A* 
2) . Potential gradient amplifiers (4) * 6 a A. 

Making a total ourrent of 28 m A, hence a voltage from 
Fig. 14 of 349-4 volts, this value was ohecked every month 
for 1^ years and remained steady at this figure throughout* 

Because of the high output lmpedanoe of the amplifiers 
(see Fig.11), i t was thought neoessary to couple the 
instruments following, to the amplifier through oathode 
follower stages. This i s not necessary for the recording 
galvanometers, which may be obtained with a sufficiently 
high impedance, but the servo devises were being obtained 
from the U.S.A., and at this stage i n the work no details 
of these instruments were available. The c i r c u i t diagram 
i s shown in Fig. 13, the valves used are again llullard 
E F 37A»s but in this oase normal voltages are used on 
H.T. and heaters* 

I t was mentioned in 3*4*1* that a small trimmer condenser 
was placed between stator and rotor of the m i l l , to balance 
up any assymetry existing between the upper and lower 
collecting plates or pairs of components* For this same 
purpose the 500 ohm potentiometer i s plaoed In the oathode 
leads of the output oathode followers, Fig.13* This 
provided a very useful adjustment of the balance point of 
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the mi l l and i n practice r after the i n i t i a l setting of the 
trimmers had been carried out, a l l subsequent adjustments 
were made by means of this control* The output i s then 
rectified through a Brimar G*D*3* Germanium diode, the 
50 /i F oondenser i s inserted i n series with this to blook 
the cathode bias voltage which otherwise, being positive 
with respect to earth, would also be recorded* Assualng 
that this steady voltage i s equal for both upper and lower 
halves of the cathode follower stage, no effect would be 
produoed on the servo-motor balance point* However taking 
off one output to record the potential gradient, would 
give an inconvenient sero output to this value* 

In order to monitor the outputs, a subsiduary monitoring 
c i r c u i t was incorporated i n the cathode follower stags, 
this oonsisted of a sensitive meter which could be switohed 
into either upper or lower output and when recording, 
removed from the c i r c u i t so as not to upset the balance 
point* The series meter resistance T?m was pr o v i s i o n a l l y 
given a value of 7-2K, this giving a f u l l scale deflection 
of 830 m V on the meter (meter resistance * 1 1 K). I t 
was l a t e r intended to a l t e r this resistor i f necessary, 
to give a meter reading directly equivalent to potential 
gradient valves. 

In order to oheok the properties of the upper (A) 
potential gradient amplifier against the lower one (B), 
an input from the B*F*0* was fed onto both amplifiers of 
30 m V r.m.s*. with both input seleoters on 1, the 500 ohm 
potentiometer was set so that the monitor meter gave an 
equal reading on A and B, the input was varied to give 7*S*D. 
on the meter giving maximum sensitivity of adjustment to 
this control* The meter reading for each amplifier was then 
plotted against input, using saoh valve of the input selector 
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in turn, for inputs from 0 to 5 volts* 

The graphs obtained for upper and lower amplifiers were 
identical to within If on a l l input seleotor Talmas. 
Although the resistor values i n the input selectors were 
calculated to give valuee of i , 1/5» 1/10, 1/50 and 1/lQO 
of the input, the graphs showed slight variations from 
these values, the actual values being 1/2*01, 1/4*5, 1/9, 
1/60 and 1/135* Pig*15» using an input eeleotor value of 
unity, i s typical of a l l theee plote. The ' t a i l off* which 
occurs for small inputs le due to the non-linearity of the 
Germanium r e c t i f i e r on small voltages, i . e . below 100 a V. 
The flattening of the curve at the upper end, i a due to 
the resistance 0 f the monitor meter not being auffiolently 
high oompared with the output resistance of the r e o t i f l e r 
oirouit. An increase i n the former however, would make the 
meter too insensitive. The elope of the graph i e 2*72 A/m T 
which corresponds to an overall amplification of 22*6. 
Comparing this with the value fo* the amplifier alone 86•3, 
a considerable loos has been sustained through the oathode 
follower and r e o t l f i e r stages. 

I t i s convenient at this point to see what the magnitude 
of the rectified output i s going to be approxiraately, for 
aglven potential gradientt-

From 8, 3.3.1. V« 1-4.10~4 F [ l - 7-7.10~2J volte 
stage gain of mill oathode followers • 0*71 
and amplifier gain * 22* 6. 

Hence assuming that the loea through the mi l l blocking 
condenser and a l l connecting cables i s zero, then the f i n a l 
output 

rn m 2-07.10"5 F volts U 
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thus a potential gradient of 1 v/m gives an output of 2 a T 
whioh oorresponds to a monitor meter deflection of 0*24/* A 
I n choosing a value of 7* 2 K for R^, i t waa estimated that 
unit f i e l d would give a deflection of 0«5/*A, this bringing 
a f a i r weather potential gradient deflection to approximate 
l y half scale* Rather than halve the value of R^, whloh 
would decrease the point where the monitor meter becomes 
non-linear from 80 /* A to 65 /* A % i t was decided to leave 

Rg at i t ' s present value* 
I t waa found from the previous m i l l test, using the 

addition amplifier (8*4*2*1*), that a potential difference 
of one volt between m i l l and surrounds, produced an 
amplified difference i n A and B outputs of 2 volts* The 
addition amplifier had an overall gain of 7*000 heneei-

VA^ VB - 2 «0-29 m Y* 
7000 

Proceeding i n the same way as for one output, and again 
assume no loss i n output through the blocking condenser and 
connecting oables, a difference i n the f i n a l outputs of 

r
o k ^ V o B - 4 * 6 m V • 

i s obtained for a 1 volt difference from the surroundings* 
Comparing this result with 1*, and bearing i n mind the 
fact that when the mill potential differs from i t ' s 
surroundings, V o A changes I n one direction and V o B equally 
i n the other, i t i s seen that a unit change i n potential 
gradient gives almost the same effect on the output, as a 
unit divergence of the m i l l potential from i t ' s surrounds. 

To test the balancing properties of the m i l l , the test 
plates previously employed were again set up, this time 

^ h i s i s an experimental result, found by decreasing R^ 
3 K* 
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however the potentiometer oonneeting the two teat plates 
was used to apply a variable potential to the top plate, 
the lower plate being earth oonneoted* The 0 « Q 0 1 / t * 
blooding condensers and m i l l oathode followers were 
inoluded i n the mil l output c i r c u i t , and a 1 M 
potentiometer used to apply a variable potential to the 
mi l l * This arrangement , apart from the length of oables 
employed, simulates the conditions under which the mill 
w i l l be f i n a l l y operated* For each plate potential value 
between - 5 0 0 and +500 volts, the m i l l potential was 
adjusted u n t i l the monitor meter reading was the same for 
both A and B outputs, this output was noted and the mi l l 
potential measured, I n i t i a l l y the 500 ohm ratio control 
was adjusted u n t i l the monitored outputs A and B 
equal, this was done with a potential of - 5 0 volts on 
the test plate, so that with a m i l l potential of 
- 5 0 . £ 3 m - 2 0 * 5 volts the m i l l i s at i t ' s surrounding 
potential* That this adjustment was inoorreot may be seen 
from the resulting graph f i g * 1 6 , where this point i s the 
only strongly deviating value, due very probably to f i e l d 
distortion produced by the charged belt, as noted in the 
previous test. This mlsadjustment thus gave the two 
amplifier outputs the wrong ra t i o , produoing a straight 
line of slope 0 * 3 5 instead of the theoretical value of 
0 * 4 1 * Apart from thi s , the li n e a r i t y shown by the graph 
indicates the satisfactory functioning of the double mil l 
as a collector* 

The range of potential gradients covered by this test 
were ± 8 9 0 T/m* Talcing care to switch down the Input 
seleotor when the monitor meter deflection approached 
80 /* A, and plotting the meter reading against potential 
gradient gave a sensivity of exaotly 2 m 7 per Y/m* 
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The fact that this i s almost exactly equal to the estimated 
value given I n 1* I s extremely fortuitous, and cannot be 
ascribed to the exactness of the calculations, considering 
the approximations Involved therein! 

As previously mentioned, the divergence from l i n e a r i t y 
In meter readings below 13/* A I s due to the rectifying 
diode characteristics, and i s Identical for both A and B 
outputs* The effect of this on the servo-motor w i l l thus be 
cancelled out, but when measuring potential gradient values 
this non-linearity w i l l have to be taken into account by 
means of a calibration of the m i l l , at values below 108 T/m 
when using the unity position of the Input selector switch* 
At other positions of the switch the • minimum linear 
potential gradient* w i l l be correspondingly higher, but 
the same calibration w i l l serve because the operating 
voltage range of the r e c t i f i e r c i r c u i t remains the same as 
the calibrated range* 

A l l was now ready for incorporating the servo-mechanism 
i n the m i l l c i r c u i t , but as these Instruments had not yet 
arrived, work went ahead i n the building of a seoond 
double f i e l d m i l l and i t ' s attendant apparatus* As explained 
i n S.?.%, for space charge measurements to be made between 
two heights i n the atmosphere, i t i s required that the 
potential gradient at these two heights be measured 
simultaneously, so a seoond m i l l i s required. 

fhe equipment constructed was identical to that of the 
f i r s t m i l l with the exception of the mi l l i t s e l f , which 
was designed without allowance being made for a commutator 
system, thus enabling the v e r t i c a l height of the m i l l to be 
considerably reduced. The vane shaft and driving shaft 
were mounted i n a duralumin rectangular block, oast 
specially for this purpose and making a much neater job 
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than the motor earning employed for the f i r s t mill* When 
assembled the seoond mill had the same horizontal dimensions 
as the f i r s t i*e* 22 x 22 cms., the v e r t i c a l height 
however being reduced to 14 cms* between rotating vanes* 
with the stators again 6 mms below the rotors* 

For convenience I n maintaining the electronic apparatus, 
the upper and lower potential gradient amplifiers were 
built on the same chassis* and the input selectors were 
• ganged* together so as to be operatable by the same rotary 
switch* They were constructed on an Demlumin panel, 
measuring 18" x 1 0 % and f i t t i n g into a rack constructed 
from "Handy-Angle" girder for this purpose* This may be 
seen i n Fig* 17, which d e a r l y shows the two mill amplifier 
panels* fhe power paok was f i t t e d onto a shelf below the 
amplifiers, the H*T. and heater leads plugging into the 
front of their respective panels* 

A l l earth connections were taken to a common earth line 
consisting of an §" diameter copper lead, this being 
• earthed* through a piece of oopper sheet buried firmly 
outside several feet below ground level* This method of 
earthing, ensures that the currents flowing to earth from 
the various parts of the apparatus i . e . amplifiers, 
cathode followers etc*, a l l have the same resistance to 
earth. I f this were not the oase, then spurious D*C* 
voltages would appear en the various components and upset 
any attempt to take aocurate readings* 
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4*3* P o t e n t i a l Balancing larvo-ltoohaniam* 

The instruments used f o r t h i s purpose are Honeywell-
Brown Eleo t ron ik "Continuous Balance" char t recorders, 
the o r i g i n a l purpose o f the instruments was to balance 
an inpu t voltage from a thermocouple o f the order 0 to 
25 1 7> against a standard voltage supplied by the 
instrument* B r i e f l y t h i s i s accomplished by a p o t e n t i o ­
meter method,, p l ac ing the unknown voltage on the s l i d e 
o f a resistance wire across which a ba t t e ry creates a 
known drop i n p o t e n t i a l * The vol tage d i f f e r e n c e between 
potentiometer s l i d e and input i s a m p l i f i e d through a two 
stage v i b r a t i n g reed D*C* a m p l i f i e r , and then actuates a 
servo-motor d r i v i n g the s l i d e to the cor rec t p o t e n t i a l . 
The s l i d e i s attached to a pan which thus records the 
input vol tage on a s t r i p c h a r t , the chart speed being 
va r iab le from 30 to 120 inches/hour* 

The s e n s i t i v i t y o f the a m p l i f i e r may be v a r i e d , the 
motor responding to a minimum change i n input o f 0-03 m V 
a t maximum s e n s i t i v i t y * Ths time o f t r a v e l o f the s l i d e 
f rom zero to f u l l scale p o s i t i o n i s 12 sees. So by 
modi fy ing the s l i d e wire o i r o u i t , t h i s instrument should 
e a s i l y f u l f i l the requirements f o r balancing the m i l l 
p o t e n t i a l * 

The most convenient way o f adapting the e x i s t i n g 
potentiometer would be simply to remove the low resistance 
wire and replace i t w i t h one o f higher res is tance . She 
deciding f a c t o r i n the choice o f s l i d e wire resistance i s 
the current which may be drawn from the H.T. supply* 
I t was o r i g i n a l l y decided to use a 2 KV power pack 
supplying a maximum current o f 4*5 m A, t h i s would mean 
a wire resistance o f 1 M i n order to supply two instruments 
from t h i s power pack* Unfor tuna te ly no wire i s obtainable 
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having t h i s resistance and o f the desired l eng th , so a 
composite resistance was constructed an a Tufno l s t r i p 
f i t t i n g i n the Brown Recorder i n plaoe o f the o l d wire* 

The s l i d e wire constructed, consisted o f 101, 8 B*A* , 
b o l t s screwed i n t o the Tufno l s t r i p * I n order to ensure 
smooth running o f the s l i d e orer the heads o f the b o l t s 
a gap o f only 1/32" was l e f t between eaoh b o l t head, 
t h i s meant tha t nuts eould not be used to secure them 
i n p lace , ao the holes f o r the b o l t s had to be accurately 
d r i l l e d and tapped, a task r e q u i r i n g endless patienoe 
and t en new taps* To the reverse side o f the b o l t s one 
hundred 10K r e s i s to r s were soldered, thus g i v i n g a wire 
o f 1 If res is tance . I n opera t ion i t was found necessary 
to short out 3 o f the oontaots a t one end and 4 a t the 
o ther , to b r i n g the pen aero and f u l l scale pos i t ions 
i n t o coincidence w i t h zero and maximum vo l t age , r e s u l t i n g 
i n a f i n a l resistance o f 930 K* The two completed s l ides 
w i l l thus have a resistance o f 465 K, drawing from the 
power supply a t I K T a current o f 4*3 m A* 

She s l i d e oontaots are insu la ted from the res t o f the 
instrument , one s l i d i n g along the b o l t heads and the 
other along a •co l lec tor* w i r e , plaoed p a r a l l e l to the 
resistance oontaots* F i g . 18 shows a sohematic diagram 
o f the balancing system* The R C c i r c u i t aoross the 
input i s the c i r c u i t recommended by the manufacturers 
to render the instrument s l i g h t l y overdamped, wi thout 
the components R~ and CL the * o X o r o s o i l l a t e d about the 
balance po in t w i t h an amplitude o f approximately 4£ 9*8*0 
The purpose o f the 150 K r e s i s t o r aoross eaoh input* i s 
to e l iminate the unbalancing whioh would r e s u l t from a 
•hange i n the resistance o f the p o t e n t i a l gradient 
reoording galvanometer o i r c u i t (whioh resistance i s h igh 
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compared w i t h 150 K) • 

Beoause the s l i d e wire has not a un i form v a r i a t i o n 
o f resistance along i t ' s l eng th i*e* i s composed o f 10 K 
s teps, the voltage supplied to the m i l l w i l l vary i n steps 
as the s l i d e progresses from one b o l t head to the next* 
This i s the reason why the theory i n S*3»4* was worked 
out f o r a step vol tage appl ied to the m i l l , and not f o r 
a sudden p o t e n t i a l gradient change. 

Another e f f e o t produced by. t h i s d i s c o n t i n u i t y i n the 
s l i d e wire i s to reduce the accuracy w i t h which the 
voltage i s f ed to the m i l l * For an estimate o f what e r r o r 
i s introduced by t h i s , l e t the m i l l be at a height o f 1 m, 
w i t h a p o t e n t i a l gradient F 7/n* I f the vol tage across 
the s l i d e wire i s V v o l t s , then the e r ro r i n the voltage 
appl ied to the m i l l E i s given by 

E * lpj& V , 
93 F 

thus f o r a permissible e r r o r o f l*08jC then 7 * F , which 
s i t u a t i o n would r e s u l t I n the s l i d e d e f l e c t i o n being 
always near f u l l scale* Shis only assumes a p o s i t i o n o f 
the s l i d i n g oontaot e i t h e r on one s tud or the next , 
wheree i n f a o t i t may be midway between the two, b r i d g i n g 
the gap between them* Coupled w i t h the f ao t tha t the 
p o t e n t i a l gradient very r a r e l y remains constant, the s l i d e 
voltage may be increased considerably above F* Taking a 
slow p o t e n t i a l gradient change to ooour a t the ra te o f 
1 7/m per min*, and 7 - 600 v o l t s , then i n i t i a l l y the 
Brown Recorder w i l l ind ica te a t 100 7/m a p o t e n t i a l o f 
100 v o l t s (midway between two oontaots)* The table over­
l e a f ind ica tes the pos i t ions a t eaoh minute i n t e r v a l up 
to 10 mins* 
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TIMK mlna 0 i Jt, s S 6 7 8 ? to 

POTENTIAL GRADIENT 7/m lOt IOI 10*. 103 /Of IOS tot tor 106 fOI HO 

POTENTIAL OK B.R. v o l t s too 100 103 103 t03 tots tow IOAS I06S /o*-7 /oir 

I f readings are taken from the record produced at 
minute i n t e r v a l s , i t i s c l ea r tha t the la rges t divergence 
i s 1*5 v o l t s w i t h t h i s ra te o f change, tha t i s an e r ro r o f 
1*4#* This value w i l l be correspondingly higher f o r less 
rap id f l u c t u a t i o n s and lower, f o r more rapid ones. Thus a 
s l i d e p o t e n t i a l o f 600 v o l t s i s qu i t e s a t i s f a c t o r y f o r 
f a i r weather condi t ions , w i t h the m i l l at 1 m, or higher* 

As prev ious ly s ta ted , i t was intended to use a 2 K V 
power paok to supply the s l i d e p o t e n t i a l , i t was not 
f i n a l l y used because p re l imina ry tes t s us ing t h i s gave an 
output from the m i l l due to mains r i p p l e on the H*T* supply* 
This output was approximately ten times l a rge r than the 
output due to the ambient f i e l d , and could not poss ibly 
be el iminated* I n a d d i t i o n to t h i s de fec t , the output 
from ths supply was found to wander by as much as + 50 
v o l t s per day from a mean value* so the use o f t h i s was 
abandoned and recourse made to H*T* ba t t e r i e s* 

The switches f o r revers ing the s l i d e wire p o t e n t i a l 
were mounted a t the bottom o f the a m p l i f i e r rack Fig* 17, 
on an ebonite board behind which, i n the base o f the 
rack, were f i x e d the H*T* ba t te r ies* The two 20^F 
smoothing condensers (Fig .18 and 3*3*4*) are pos i t ioned i n 
f r o n t o f the swi tch panel . The oonneotlons f rom the s l ides 
and the H*T* supply to the s l i d e wi re s , were unscreened 
Radlospares "E*H*T." leads, and run up the back o f the 
a m p l i f i e r rack to the Brown recorders ssen i n the upper 
r i g h t hand corner o f Fig*17» 
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4*4» Recording Galvanometers and Tine Synchronisation* 

As seen I n the previous flection, the Brown Reoorders 
give the p o t e n t i a l o f the two m i l l s and r e g i s t e r t h i s 
value on t h e i r respective char t s . For the purpose o f 
recording the p o t e n t i a l g rad ien t , the output from the 
upper (A) side o f the a m p l i f i e r I s taken i n eaoh ease to 
i t * a own galvanometer* Beoause the Input impedance o f the 
Brown Recorders i s 1-4 K , the galvanometers must have a 
h igh resistance oompared w i t h t h i s so as not to upset the 
balancing* This e n t a i l s e i t he r us ing a h igh resistance 
galvanometer o r a very sens i t ive one w i t h a h igh resistance 
I n series w i t h i t * The l a t t e r method was employed because a 
galvanometer o f the high res is tance. I n the region o f 
100 K, required by the former were not r e a d i l y avai lab le* 

The galvanometers used were Tinsley* suspension type 
4500/10 f , having a pe r iod ic time o f 2 sees* and a 
s e n s i t i v i t y o f 1500 mms//*A* The c o i l resistance i s 45 ohms 
and requires a shunt resistance o f 12 K to give c r i t i c a l 
damping. I t was decided to have a choice o f three series 
r e s i s to r s to give d i f f e r e n t galvanometer s e n s i t i v i t i e s , 
the values being chosen to give su i tab le s e n s i t i v i t i e s on 
the u n i t p o s i t i o n o f the a m p l i f i e r inpu t seleotor* 

T r i a l measurements showed tha t ino lud ing the Brown 
Recorders i n the c i r c u i t , reduced the estimated output 
C S*.4»2#) f rom 2 mV to 1 mT per ?/nu The wid th o f 
photographic paper used was 240 nuns and the f u l l w id th 
oan be used beoause the output i s always p o s i t i v e w i t h 
respect to ea r th , so a current o f 0*16 A* A i s needed to 
give f u l l scale d e f l e c t i o n * Using r e s i s t o r values o f 
1* 5.0*68 and 0*22 H give F.S.D, on the galvanometer trace 
o f 240. 109 end 35 V/m corresponding to s e n s i t i v i t i e s o f 
1, 2*3 and 6*8 ams per V/m re spec t ive ly , these s e n s i t i v i t i e s 
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w i l l be known as 'Low*, *Medium* and •High* i n a l l sub­
sequent references* 

f rom the s e n s i t i v i t i e s j u s t ca lcu la ted , the range o f 
p o t e n t i a l gradients covered by the recording c i r c u i t , 
u t i l i z i n g the input se lec tor i s £ 24,000 Y/m w i t h a 
maximum s e n s i t i v i t y o f 6*8 rams per V/ra* The l i m i t s o f 
the measured range however, are set by the maximum s l i d e 
wire vol tage obtainable i n combination w i t h the height 
o f the m i l l * TJsing 600 v o l t s on the s l i d e wire w i l l g ive 
a range o f ± 1,200 Y/m w i t h the m i l l a t a height o f h nt, 
but on ly £ 100 Y/m a t a height o f 6 m* 

The camera used f o r the p o t e n t i a l gradient recordings 
was mads i n the labora tory workshops* I t was equipped to 
take a 100 f t r o l l o f 240 rams wid th recording paper, 
d r i ven by a geared down motor powered from the mains, 
g i v i n g a paper speed o f 30 "/hourt The galvanometer lamps 
were focussed to give a p a r a l l e l beam o f l i g h t through 
a v e r t i c a l s l i t * t h i s i s r e f l e c t e d from a plane m i r r o r 
f i x e d to the galvanometer suspensions onto the camera 
lens which, being a c y l i n d r i c a l h o r i z o n t a l l en s , f o cussed 
the v e r t i c a l s l i t image to give a spot on the recording 
paper* 

I n a d d i t i o n to the two Tins ley p o t e n t i a l gradient 
recording galvanometers, a t h i r d galvanometer was i n h e r i t e d 
f rom a previous worker* This was connected to the Agrimeter 
(Chalmers 1953) , and gave a u s e f u l check on p o t e n t i a l 
gradient values a t the earth*s surfaoe* From November 1957 
to June 1958, when the double f i e l d m i l l s were i n an 
operatable c o n d i t i o n , the Agrimeter was c a r e f u l l y tended 
by another worker, Mr.J.W*Milner B*So*, who required t h i s 
instrument f o r h i s own measurements* 

Since recording was being done on photographic paper, 
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some zeroing check o f the galvanometers was needed, and 
also time marks must be recorded both I n the camera and 
on the two Brown Recorder charts* For t h i s purpose a £ 
minute pulse on the labora tory olook was made to operate 
a Post O f f l o e ' U n i s e l e c t o r ' , t h i s was connected to a 50 
v o l t D*C* supply i n suoh a way tha t i t supplied a § 
minute 'pulse* every f i v e minutes, and also by d r i v i n g 
a aeoond Uniselector w i t h t h i s f i v e minute pu lse , a h a l f 
hourly pulse was made avai lable* This was a standard 
supply and wired i n t o a l l the labora tory reoording rooms* 

The f i v e minute pulse was made to operate a Post O f f l o e 
5.000 type r e l a y , w i t h i t ' s oontaots arranged so tha t the 
A output from eaoh a m p l i f i e r was earthed f o r £ minute 
every 5 minutes, t h i s zeroed the p o t e n t i a l gradient 
reoording galvanometers, thus g i v i n g a zero l i n e on the 
photographic paper* I n a d d i t i o n to t h i s , the Brown Recorders 
saa t h i s ear th ing o f the upper outputs aa a decrease i n 
p o t e n t i a l gradient which they attempt to f o l l o w , and 
consequently move the s l i d e down to zero m i l l p o t e n t i a l , 
and thus provide time marks on the reoording charts* This i n ­
c i d e n t a l l y f u l f i l s the oond l t lon noted i n S*4*?«2*, where 
the m i l l must s t a r t o f f from aero p o t e n t i a l i f p o t e n t i a l 
gradient values are very small* 

The Brown Recorder charts were graduated l a t e r a l l y 
w i t h 1/3" d i v i s i o n s , thus enabling readings to be made a t 
40 zee. I n t e r v a l s , and d iv ided l o n g t i t u d i n a l l y i n t o 100 
d i v i s i o n s , a s l i d e wire p o t e n t i a l o f 600 v o l t s enabling 
a reading to be made ea s i l y to w i t h i n 0*6 v o l t s * For 
aase o f reading o f f values from the photographic paper 
a mm scale was ensorlbed on the camera lens* i t * a 'shadow* 
being recorded on the paper by means o f a fogging lamp 
placed as near aa possible to the galvanometers* This lamp 
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was connected to i t ' s supply through a seoond re lay 
worked again by the 5 minute pulse , being switched o f f 
a t the same time as the galvanometers are zeroed, thus 
leaving a white l i n e across the recording paper every 
5 minutes. A o e l l u l o i d scale was made w i t h i " d i v i s i o n s 
ru led along i t . enabling one minute readings to be taken 
from the record, which has a speed i d e n t i c a l to tha t o f 
the Brown Recorder charts i » e . 30 "/hour* 

Later a subsiduary t im ing o i r o u i t was constructed 
which in t e r rup ted the fogging lamp supply f o r two seconds, 
every \ minute s t i l l l eav ing the £ minute l i n e every 5 
minutes, t h i s , dispensed w i t h the use o f the c e l l u l o i d 
scale a l toge ther , and made the analysis o f recording* 
much quicker* 

The"Agrimeter galvanometer, having both p o s i t i v e and 
negative ind ica t ions was zeroed at approximately the centre 
o f the camera scale* I t was also earthed a t 5 minute 
I n t e r v a l s by means o f an earthed p la te covering the 
instrument* Every ha l f -hou r a known voltage was put on 
t h i s p l a t e au tomat ica l ly , g i v i n g a c a l i b r a t i o n d e f l e c t i o n 
o f the galvanometer* This Instrument had also three 
s e n s i t i v i t y values, h i g h , medium and low* having the values 
0 - l£5» 0*0305 end 0*00585 nuns per V/m respect ively* These 
values give corresponding f u l l scale d e f l e c t i o n s (120 mms) 
o f 960, 4,000 and 20,000 V/ra* The c a l i b r a t i o n voltage on 
the sh i e ld ing p la te was ± 12 v o l t s , which gave a correspon­
d ing p o t e n t i a l gradient o f £ 165 
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CHAPTER Y 

Syl* 3% girt* and Ereot i9n 9* j;he Apparatus, 
Unfor tuna te ly no oholoe eould be exeroiaed i n s i t i n g 

the apparatus, the only one ava i lab le being that shown 
i n Fig*20» As oan be seen from t h i s diagram the s i t e i s 
screened on the eastern side by a s ingle l i n e o f t r ee s , 
on the n o r t h by laboratory bu i ld ings and on the southern 
side by a b o i l e r house behind which i s a large wood. 
The ground slopes qui te s teeply upwards beyond the southern 
fence and because o f t h i s , no d i r e c t souther ly winds oould 
reach the p l o t o f ground where the apparatus i s i n s t a l l e d , 
To the West and East o f the s i t e the landscape cons i s t s , 
i n the main, of open meadows and on the North l i e s the 
major par t o f Durham c i t y . 

The p l o t i t s e l f slopes gen t ly downwards from South to 
Nor th , as may be seen from F ig ,19» The m i l l support ing 
posts were ereoted v e r t i c a l l y , and the method employed to 
f i x the Tufho l bars ( suppor t ing the m i l l g i rde r s ) t o thsss 
pos ts , necessitated d r i l l i n g holes through the posts to 
take metal pins securing the bars i n p o s i t i o n ) t h i s 
arrangement can be seen i n F ig ,4* The p o s i t i o n i n g o f these 
holes were such tha t the m i l l g i rde r s when f i x e d , were as 
near ly p a r a l l e l to the ground as poss ib le . Sets o f holes 
were d r i l l e d a t hal f -metre i n t e r v a l s from the ground, 
g i v i n g possible m i l l heights f rom | to 5 i metres. 

I n order to decrease the sag on the g i rde r s as muoh as 
poss ib le , the p i n holes i n the posts were not d r i l l e d 
p a r a l l e l to the ground, but s lop ing upwards towards the 
m i l l a t an angle o f approximately 5°» This * o f f s e t * appl ied 
a couple a t eaoh end o f the g i rde r tending to t u r n the 
m i l l i n an upward d i r e o t i o n , and reduced the sag f rom 45 ems 
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i n a n a t u r a l hanging p o s i t i o n , to 15 cms. This distance 
being measured v e r t i c a l l y a t the m i l l f rom a l i n e j o i n i n g 
the ends o f the gi rders* 

This 1 counter-couple* ao t ing on the g i rde r s put the 
metal securing p ins under a considerable s t r a i n and 
rendered an a l t e r a t i o n i n the height o f the m i l l s a 
d i f f i c u l t operation* I n order to withdraw the p i n s , the 
m i l l had to be supported, which support was ably tended 
by the author*s f e l l o w research workers wi thout whom, the 
operat ion of r a i s i n g the m i l l s would have been impossible* 
espec ia l ly to the higher pos i t i ons ! 

The space charge e f f e c t s tha t may be obtained due to 
the l o c a t i o n o f the measuring s i t e can be assessed aooordlng 
to wind d i r e c t i o n and p o t e n t i a l gradient values , but the 
disturbances caused by p r e c i p i t a t i o n w i l l not be considered 
a t t h i s juncture* With wester ly winds short bursts o f 
charge w i l l pass over the s i t e f rom passing locomotives, 
the ra i lway being approximately l i miles away, t h i s e f f e c t 
being not iced by Whitlook i n h i s p o t e n t i a l gradient 
measurements (1955)* Also vehic les passing along a road 
400 yards away may be near enough to give space charge 
e f f e c t s , but w i l l be bursts o f very short dura t ion and may 
not be detected* With no r the r ly winds the observed space 
oharge w i l l again be a r t i f i c i a l , t h i s time due to smoke 
ooming from domestio f i r e s and w i l l probably be s u f f i c i e n t 
to blanket out any e f f e c t s due to t r a f f i c passing along a 
read approximately 300 yards away to the North* 

With winds from the East and South no p e c u l i a r i t i e s 
should be detected exept i n circumstances when the p o t e n t i a l 
gradient i s such a value as to produce po in t discharge from 
the surrounding trees* The eas te r ly l i n e o f t rees when 
discharging, al though a f f e c t i n g the p o t e n t i a l gradient a t 
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the ground downwind, w i l l probably not give a space charge 
a t aa low a l e v e l as 6 m unless wind condi t ions are 
extremely turbulent* the height a t whioh p o i n t discharge 
ions are produced being approximately 18 m* The onset 
p o t e n t i a l gradient f o r a metal p o i n t mounted 2 m above 
one o f these trees i a I n the region o f 450 T/m (Klrkman 
1956){ f o r po in t discharge to ooour a t lower treea i n the 
neighbourhood such as to produce ions detectable w i t h the 
double f i e l d m i l l s , the p o t e n t i a l gradient w i l l have to 
exceed some ten times t h i s value a t which recording i a 
impossible anyway* On the o ther hand, i n p o i n t discharge 
condi t ions the mass o f t rees t o the south should give 
appreciable space charge w i t h i n the detectable he igh t , so 
w i t h a 3 E or S W wind t h i s e f f e c t I s to be expected* 

Zn f i g * 2 0 are also shown the pos i t ions o f the Agrimeter 
a t a h o r i z o n t a l distance o f 14 m, and two other items o f 
equipment to whioh reference w i l l be made l a t e r , namely 
a r a i n current measuring instrument (R.C.) a t a distance 
o f 13 m and an Obolenaky type f i l t e r (F*A*) a t 5 m, from 
the double m i l l s * 

g*2> f i e l d Operation* 
f o r the purpose o f c a l i b r a t i n g the m i l l s , an aluminium 

c a l i b r a t i n g p la t e was constructed to f i t c lose ly over the 
top o r bottom o f each double m i l l i n such a way tha t i t 
remained p a r a l l e l to the m i l l vanes a t a distance o f 3 cms 
from the s ta ter* The vol tage f a r t h i s p la te was supplied 
from b a t t e r i e s f i x e d onto i V s upper sur face , o f such a 
value tha t a p o t e n t i a l gradient o f ± €00 V/m, i n 50 T/m 
ateps, could be appl ied to the m i l l * 

Only one de t a i l ed c a l i b r a t i o n o f both f i e l d m i l l s was 
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ca r r i ed ou t , a l l subsequent cheeks consisted o f p lac ing the 
c a l i b r a t i n g p la te over eaoh side o f each m i l l i n t u r n , and 
measuring the d e f l e c t i o n s produced on the recording 
galvanometers w i t h p o t e n t i a l gradients o f 0, + 200» ± 400 
and + 600 V/m*,This check was ca r r i ed cut a t monthly 
i n t e r v a l s from Nov.1957 to May 1958, and d e f l e c t i o n s 
obtained only var ied by + 3 mms from the i n i t i a l c a l i b r a t i o n 
p l o t * On I n v e s t i g a t i o n , t h i s v a r i a t i o n proved to be 
systematic i n a way which w i l l be discussed i n the f o l l o w i n g 
paragraphs. 

Since the recording galvanometers are normally connected 
to the upper c o l l e c t i n g p la tes o f the m i l l s , i n order to 
oa l ib ra te the lower p la tes these connections were temporar i ly 
changed* To cover the necessary p o t e n t i a l gradient range 
used i n c a l i b r a t i o n , the galvanometer s e n s i t i v i t y was set 
a t low and the input se leo tc r a t £• Reading o f f the 
de f l ec t i ons tak ing 'galvanometer earthed 1 as sere, from 
the record produoed to the nearest m m , gave the c a l i b r a t i o n 
p l o t s f o r the upper and lower c o l l e c t i n g p la tes o f eaoh 
m i l l , one o f which ( f o r the upper p la t e output o f the •upper' 
m i l l ) i s reproduced i n P i g . 2 1 . 

Prom the graphs produced two main po in ts a r i s e , namely 
that below 220 V/m the galvanometer s e n s i t i v i t y decreases 
appreoiably, and there appears to be a negative zero 
output from the m i l l . * The ' t a i l o f f i n s e n s i t i v i t y occurs 
at a d e f l e c t i o n o f 60 mms, corresponding (3*4*4*) to an 
output o f 60 n V* Bearing I n mind the f a c t tha t the Brown 
Recorder damping c i r c u i t loses h a l f the output from the 
a m p l i f i e r (S*4*4*), t h i s t a i l o f f w i l l oommence a t an 
a m p l i f i e r output o f 120 ra V* The resistance o f the monitor 
meter i s 8«3 K t so 120 m V w i l l give a d e f l e c t i o n o f 14-5/*A. 
cn t h i s meter* Comparing t h i s w i t h the value found i n 
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S.4.2.?. of 13/< A, i t i s seen tha t t h i s t a i l o f f ooours 
at the expeoted value* The intercepts of the s t r a i g h t 
l i n e portions o f the graph on the p o t e n t i a l gradient 
axis are 75 Y/m and -105 V/m, oorrespondlng to a l a t e r a l 
displacement of 15 a V to the l e f t of the o r i g i n i . e . a 
sero m i l l output of 15 Y/ra. As stated i n S.4.I. t h i s zero 
output may be a property of the m i l l or of the c a l i b r a t i n g 
p l a t e , and the question was s e t t l e d simply by s u b s t i t u t i n g 
a seoond s i m i l a r p l a t e made of s t e e l i n plaoe of the 
aluminium one, and performing a r e o a l i b r a t i o n of one m i l l * 
This new c a l i b r a t i o n proved to be i d e n t i c a l to the f i r s t , 
only t h i s time displaesd 2 T/m t o the r i g h t of the o r i g i n 
thus i n d i c a t i n g a large sero output from the aluminium 
plat e and possibly a smaller one from the m i l l * 

The c a l i b r a t i o n of the other side of the upper m i l l , 
and also the two from the lower m i l l gave i d e n t i o a l graphs 
to Pig*21, so a t t h i s stage a l l sero outputs were equal. 
A grapg- of subsequent measurements o f the p o t e n t i a l gradient 
needed to reduce the respective m i l l outputs to sero, i s 
shown i n Pig.22* Because the sero output from the two 
halves of the same m i l l remained I d e n t i o a l throughout t h i s 
p e riod, i t i s d i f f i c u l t t o see why a difference should 
ooour between the upper and lower m i l l s . The m i l l referred 
to as 'upper* m i l l was placed i n i t ' s outside l o o a t i o n i n 
June 1957, and the 'lower* one i n September, both were 
kept covered up when not i n use u n t i l j u s t a f t e r the 
November c a l i b r a t i o n , a gale then removed the covers which 
ware not replaced. The fa o t that the upper m i l l had been 
i n use longer than the lower f o r a matter o f 11 weeks, 
may have affeoted the matter, but does not explain why they 
should give equal r e s u l t s i n November, ant f o l l o w the same 
sort of subsequent varatlon. Prom these r e s u l t s i t i s olear 
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t h a t , the large f l u c t u a t i o n s o f the order of18 V/m whloh 
both m i l l s f o l l o w i s oaused by a change I n the surface of 
the c a l i b r a t i n g p l a t e , and the smaller divergence o f 
± 2 V/ra i s due to the change i n r e l a t i v e aero outputs of 
the two m i l l s . 

A f u r t h e r oheok of the November c a l i b r a t i o n was made 
by supporting one o f the large t e s t plates used previously, 
at a height of 70 ems above the ground* She second earthed 
p l a t e was placed on the ground underneath the f i r s t , care 
being taken that they ware both p a r a l l e l to the m i l l which 
was supported I n I t ' s $ m p o s i t i o n c e n t r a l l y between the 
plates l*e» at a height of 35 oms. A variable p o t e n t i a l 
was applied to the t e s t plates and the m i l l allowed to 
balance automatically a t a series o f known p o t e n t i a l s , 
w i t h the Input selector s e t t i n g at & and using the Low 
galvanometer s e n s i t i v i t y * 

When the outdoor t e s t s on the m i l l were eonmenoed i n 
June, no reasonable balance point could be obtained on the 
Brown Recorder* Upon i n v e s t i g a t i o n t h i s was found to be 
due to excessive charges picked up by the p l a s t i c d r i v i n g 
b e l t and c a r r i e d towards the m i l l . The e f f e o t o f t h i s 
charge was eliminated by completely enclosing the b e l t * 
f o r a distance o f a metre from the m i l l * i n an aluminium 
case* The b e l t was prevented from rubbing against t h i s and 
also from h i t t i n g against the g i r d e r , by f i t t i n g small 
guides mid-way between m i l l and the end of the g i r d e r s * 

To avoid the d i f f i c u l t y experienced I n the Indoor tests 
(8*4*2*2*) where the 300 ohm r a t i o c o n t r o l was wrongly set, 
the maximum p o t e n t i a l was applied t o the t e s t plates and 
the r a t i o c o n t r o l adjusted t o give equal monitor meter 
readings when the Brown Recorder was set a t h a l f the t e s t 
plate p o t e n t i a l * On switching the Recorder balancing motor 
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i n t o the o i r o u i t , the s l i d e o s c i l l a t e d s l i g h t l y about 
t h i s p o t e n t i a l and was brought to rest by decreasing the 
s e n s i t i v i t y of the B.R. a m p l i f i e r * Reversing the p o l a r i t y 
of the te s t p l a t e voltage had the e f f e c t of d r i v i n g the 
s l i d e down to zero which, when the s l i d e p o t e n t i a l was 
reversed, drove up again to i t * a former reading. Hence i t 
can be safely assumed that the r a t i o c o n t r o l had been aet 
c o r r e c t l y . 

Recording m i l l p o t e n t i a l and p o t e n t i a l gradient f o r 
various t e s t plate voltages between -480 and 4-480 v o l t s 
i n 60 v o l t s steps, equivalent to a p o t e n t i a l gradient 
range o f £ 685 V/m, the p o t e n t i a l readings took up t h e i r 
t h e o r e t i c a l value on the B.R. w i t h i n + 3 v o l t s . As expected 
w i t h zero p o t e n t i a l gradient the s l i d e could be made to 
assume any desired value, but to obtain a zero p o t e n t i a l 
gradient reading i t was set on zero. 

I n order to f i n d the 'dead zone* of the B.R. i . e . the 
minimum p o t e n t i a l gradient required to give a correct 
p o t e n t i a l s e t t i n g , the p o t e n t i a l of the t e s t plate was 
raised from zero i n steps equivalent to 5 V/m. At a p o t e n t i a l 
gradient of 15 V/m the Recorder moved o f f zero but only 
very weakly, and i t was not u n t i l 25 V/m had been reached 
that the Reoorder registered i t * s oorreot p o t e n t i a l of 
9 v o l t s , r e s e t t i n g at t h i s value when deflooted to e i t h e r 
side by turning the balanoing motor by hand. This t e s t was 
repeated using negative p o t e n t i a l s and the same r e s u l t 
obtained g i v i n g a dead sons o f the instrument to be ± 25 V/m. 
This large value can be asoribed t o two causes| f i r s t l y 
that the s e n s i t i v i t y of the B.R. a m p l i f i e r was reduced 
below i t * s maximum value to eliminate o s c i l l a t i o n a t high 
p o t e n t i a l gradients) secondly the slope of the graph I n 
Pig. 21 at the point o f i n f l e c t i o n i s only 0*1625 ans per 
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Y/m, thus a p o t e n t i a l gradient of 25 V/m w i l l oorreepond 
to a d e f l e c t i o n o f 4 mme on Low s e n s i t i v i t y , or 4 m V 
output* At higher values of p o t e n t i a l gradient e.g. 
above 100 V/m* the slope of the graph approaches the 
value 0 *46 rams per V/m* Henoe at these hikher values the 
dead sane i s reduced to 8*7 V/ra, using an input selector 
of t h i s being equal to the observed aoouraoy of seating 
on the B*H. of ± 3 v o l t s . 

These tests showed tha t the Brown Recorder balanced the 
m i l l p o t e n t i a l a t the oorreot value, but had a rather l a r g e r 
e r r o r than was expected, t h i s was due mainly to reducing 
the a m p l i f i e r s e n s i t i v i t y too much. I n actual operation 
frequent adjustments of s e n s i t i v i t y were made to a poin t 
j u s t below that o f s l i d e o s o i l l a t i o n , thus maintaining the 
balancing e r r o r a t a value given by the t e s t adjustment of 
Q*6#* However a mean has to be chosen between, aooepting 
a higher balancing e r r o r at low p o t e n t i a l gradients, and 
an undue o s o i l l a t i o n o f the s l i d e a t high values as i t i s 
impracticable to f o l l o w varying p o t e n t i a l gradients w i t h 
B»R. s e n s i t i v i t y adjustments* 

The c a l i b r a t i o n curve obtained from the p o t e n t i l g r a d i e n t 
recording was i d e n t i c a l to the one obtained from the small 
c a l i b r a t i n g p l a t e t o w i t h i n ± 1 mm, or w i t h i n an aoouraoy 
of i 2 V/m a t p o t e n t i a l gradients above 100 V/m. 

Beoauoe both upper and lower t e s t p i s t e s ware made of 
the same m a t e r i a l , and were equidistant from the m i l l * 
they would give approximately the same aero output on each 
side which, i f i t i s assumed to be the same as f o r the 
c a l i b r a t i n g p l a t e * w i l l be o f the order of + 2 V/m. As near 
as oould bs ssen from the r e s u l t i n g c a l i b r a t i o n ourve, i t 
passed through the o r i g i n and the s t r a i g h t l i n e portions 
had intercepts of 90 + 1 V/m» Hence f o r comparison w i t h the 
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c a l i b r a t i n g plate graphs* 3 nuas d e f l e c t i o n was subtracted 
from the l a t t e r to compensate f o r the aero output d i f f e r e n c e . 

Between 25 and 100 V/m, three a d d i t i o n a l readings were 
taken at 25, 50 and 75 V/m and these were found to be 
w i t h i n ±2*5 mms of the oorreoted previous c a l i b r a t i o n 
r e s u l t s . This corresponds to an e r r o r i n p o t e n t i a l gradient 
of ^ 3 V/m which i s the expected value calculated from the 
•lope of the graph at zero p o t e n t i a l gradient, and also 
equal to the predicted e r r o r i n equation 2,3.4.2.2,. w i t h 
a balancing p o t e n t i a l uncertainty of ± 3 v o l t s , 
from t h i s t e s t , and also the evidence presented from Fig.22, 
I t i s now v e r i f i e d that the zero output obtained using the 
c a l i b r a t i n g p l a t e i s a property of t h i s p l a t e and not of 
the m i l l , so hereafter waa treated as suoh. 

Only one m i l l waa testsd i n t h i s way, i t being assumed 
that the other m i l l , because of i t ' s i d e n t i c a l c a l i b r a t i o n 
curve, would behave i n the same fashion under balancing 
conditions* I n operation i t waa found that t h i s m i l l had 
also a dead sone o f 25 V/m, ao i t may be concluded from 
t h i a that the assumption i s v a l i d . However, i n order to 
aet the r a t i o c o n t r o l on t h i a m i l l , the teat plates were 
erected as before* 

Am mentioned* the upper m i l l was placed outside I n June 
1957* i n it»s 1 m p o s i t i o n i . e . a t a height of 85 cms, 
and the lower one i n September. During the time t h a t the 
single m i l l was operating* the p o t e n t i a l gradient recording 
galvanometers were not yet I n s t a l l e d , but on several 
occasions short recordings wars taken and values compared 
w i t h a conventional type m i l l s i t u a t e d i n the plans of the 
earth* o surface a t R.C. ( Pig 20 ) , the Agrimeter not being 
i n operation a t t h i s time* 

A t y p i c a l f i n e weather reoording l a reproduced i n Pig 23, 
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where the agreement between the p o t e n t i a l gradient a t the 
ground and that oaloulated from the p o t e n t i a l a t 85 oma 
i a quite good* As expected, the p o t e n t i a l gradient i s 
lower on the average at a height of 85 oma, than at the 
ground. No advantage i e to be gained by a d i s c u s s i o n of the 
oharge values which can be obtained from t h i s recording, 
other than s t a t i n g i t has an average p o s i t i v e value o f * 
110 fjuft- G/nr over the recording time w i t h an average 
p o t e n t i a l gradient a t the ground of +91*6 Y/m* 

A recording made i n l i g h t ateady r a i n i s shown i n f i g . 
24, where the p o t e n t i a l gradient was negative and very 
much higher than i n the l a a t oaae. Here i t l a seen that 
the average p o t e n t i a l gradient a t the m i l l i a more negative 
than at the ground, again g i v i n g a p o s i t i v e spaoe charge 
but of a value 50 C/m . During t h i s recording measure­
ments of the r a i n current ware made at B.C. showing an 
average poai t i v e r a i n current, w i t h maximum values between 
11-57 a.m. and 12*08 p.m., becoming negative a t 12*35* 
Theae values agree w i t h the times of maximum space oharge 
and the time of change of s i g n , aa can be eaen by the 
upper p o t e n t i a l gradient becoming appreciably leaa than 
the value a t the ground a f t e r 12*35, and c l e a r l y ahow, 
even a t t h i s preliminary stage, the value o f space oharge 
measurements i n the study of p r e c i p i t a t i o n currents. 

The troubles experienced i n these preliminary tests} 
apart from the d i f f i c u l t i e s of a oharge being pioked up 
by the b e l t , which has already been discussed; mainly 
arose from the s t a r t i n g and stopping a f the d r i v i n g motor. 
This i s mounted on two ho r i z o n t a l r a i l s f i x e d f i r m l y to 
the ground, and l a y i n g along the l i n e o f the m i l l g i r d e r 
from the fo o t of two m i l l supporting posts, to a distance 
of 2 m outside them. This arrangement enabled the m i l l 



77 
height to be altered without having to replaoe the motor 
d r i v i n g b e l t , the motor simply being moved along i t ' s 
r a i l s u n t i l the b e l t was again s u f f i c i e n t l y t i g h t * 

The motor used* being a synchronous motor, did not 
gradually gain speed when switched on but immediately 
reached i t ' s running speed* Due to the i n e r t i a of the m i l l 
rotors*; they could not achieve maximum speed as quiokly 
as the motor, consequently the d r i v i n g b e l t tended to 
s l i p considerably over the pulleys* I n a d d i t i o n to t h i s 
s l i p p i n g , the b e l t s also stretched and would quite o f t e n 
f l y o f f the pulleys altogether* This s i t u a t i o n was dealt 
w i t h by inclu d i n g a T a r i a o " i n the motor supply, slowly 
tu r n i n g i t up to maximum voltage* This had the e f f e c t of 
s t a r t i n g the motor slowly, thus not placing the d r i v i n g 
b e l t under such a s t r a i n and being kinder to the gearing 
i n the m i l l i t s e l f , which had to be renewed a f t e r a month 
of 'sudden' s t a r t i n g * 

The only other trouble experienced was occasional 
snapping o f the d r i v i n g b e l t running along the g i r d e r , 
t h i s b e l t being quite e l a s t i o was t i g h t l y stretched to 
prevent the non-driving side from o s c i l l a t i n g unduly and 
running o f f the pulleys* Weak spots developed and as soon 
as a t e a r started the b e l t soon snapped, f o r t u n a t e l y i t 
was e a s i l y joined again by melting the two ends together, 
which prooess d i d not e n t a i l too much hardship a t the 
stage when the m i l l was I n an e a s i l y accessible p o s i t i o n * 
However, when the m i l l was raised to a higher l e v e l , 
replacing the b e l t became more arduous and not In f r e q u e n t l y , 
recording runs were completed w i t h only one m i l l operating* 
The stemsIon of both b e l t s snapping together occurred only 
onoe but needless to say, at a period when space charge 
values were i n an i n t e r e s t i n g condition! 



5.3. Reporting Procedure and Record Analyst*. 
At the commencement of a recording session a f t e r 

switching on the camera motor and f i e l d m i l l s , the camera 
was allowed to ran f o r f i r e minutes w i t h the a m p l i f i e r 
inputs earthed. This warming up period gave the recording 
paper i n the camera chance.to t i g h t e n and so take up a 
uniform spaed. Also by t h i s means, a oheok was obtained 
t h a t the galvanometer trace w i t h the a m p l i f i e r Inputs 
earthed, had the same value as that when the a m p l i f i e r 
output i s earthed by the automatic timing o i r o u l t . The 
power supplies to the p o t e n t i a l gradient a m p l i f i e r s and 
B.R. a m p l i f i e r s ware l e f t on permanently so these components 
needed no time allowed f o r s e t t l i n g down. 

During t h i s period the i n s u l a t o r s supporting the m i l l 
girders were cleaned and t h e i r i n s u l a t i o n checked by 
connecting an AVO meter from each g i r d e r i n t u r n to earth. 
The H.T* ba t t e r i e s providing the m i l l p o t e n t i a l were 
oonneoted, and the corresponding Brown Reoorder s l i d e 
turned r a p i d l y by hand to f u l l scale p o s i t i o n . Observing 
the subsequent r i s e i n p o t e n t i a l on the AVO meter indicated 
the effectiveness, or otherwise, o f the i n s u l a t i o n by the 
time taken to reach maximum p o t e n t i a l which was usually 
of the order of 30 to 40 sees. I f the time was appeolably 
less than t h i s , steps were taken to locate the leak before 
proceeding f u r t h e r . The cleaning of the i n s u l a t o r s p r i o r 
to t e s t i n g was not a t f i r s t c a r r i e d out, and was only 
done i f the te s t indicated the necessity of t h i s . On one 
oocasion a workman engaged on r e p a i r i n g a nearby fence, 
l e f t a c o l l of wire looped over one end of the lower m i l l 
g i r d e r e f f e c t i v e l y shorting i t to earth, a f a c t which was 
not discovered u n t i l 600 v o l t s had been applied to the 
g i r d e r . The upper seotlon of the resistance s l i d e was 
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replaced, and i n future greater oare waa given to examining 
the i n s u l a t o r s before t e s t i n g * 

The sign o f the p o t e n t i a l gradient was established; 
e i t h e r by r e f e r r i n g to the Agrimeter, or by switohing on 
the B*R* and noting the d i r e c t i o n o f d r i v e * i f i t stayed 
on zero and attempted to drive downwards the R*T* supply 
to the s l i d e was reversed* However* i f i t showed no 
tendency to drive and could be set i n any desired p o s i t i o n 
then the p o t e n t i a l gradient had a value less than 25 T/m 
( o r 12 y/s w i t h the input selector a t u n i t y ) and recording 
was abandoned* 

When the twp B.R.'s were balancing the s e n s i t i v i t y o f 
each was adjusted aa described i n 3*5*2* The p o t e n t i a l 
gradient recording galvanometers were now observed and 
t h e i r respective input selectors were changed u n t i l they 
were recording on the camera* using the highest possible 
selector value to obtain a reasonable d e f l e o t i o n * The 
galvanometer s e n s i t i v i t y adjustment was very seldom used, 
i t remaining set on Low f o r the m a j o r i t y of recordings. 
Bseause the operation of the input aeleotor switch, i f 
changed from i t ' s previous s e t t i n g * w i l l have altered the 
B*R. s e n s i t i v i t y , t h i s c o n t r o l has to be reset a t each 
change* 

A f t e r completion of these checks, the time of the next 
h minute e x t i n c t i o n of the fogging lamp was noted together 
w i t h the sign of the p o t e n t i a l gradient on each B.R* chart, 
and the record counted as beginning a t t h i s point.Throughout 
the recording session note was taken of wind d i r e o t i o n 
and approximate atrength, time of p o t e n t i a l gradient 
changes* p r e c i p i t a t i o n d e t a i l s , and the s t a t s of overhead 
cloud* I n f a c t any occurrence which may have a bearing on 
space charge or p o t e n t i a l gradient values. 
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With regard to analysis of the records obtained from the 

oaraera and Brown Recorders, i t has already been mentioned 
i n 3*4*4* how timing marks and zeroes are undioated on 
the records* Readings are taken to the nearest mm on the 
photographic paper* the thickness of the traoe being 
approximately f mm* and to the nearest t e n t h of a d i v i s i o n 
on the Recorder charts* This gives an accuracy of reading 
p o t e n t i a l gradients to ± 1 V/m and o f m i l l p o t e n t i a l s to 
± 1 v o l t * w i t h an input selector of 1 and Low galvanometer 
s e n s i t i v i t y * To d i s t i n g u i s h between upper and lower m i l l 
traces on the photographic recording* the galvanometer 
zeroes were act approximately 1 cm apart and i n a d d i t i o n , 
the upper m i l l galvanometer lamp waa s l i g h t l y o f f s e t to 
give a f a i n t e r traoe* thus no e r r o r could possible ooour 
by reading o f f the wrong trace* 

A choice of three methods of reading o f f values from 
the records are possiblet 

1) * Taking values a t •major features* e*g* maximum and 
minimum values* 

2) » f a k i n g average values over minute i n t e r v a l s * 
3) * Instantaneous readings a t minute i n t e r v a l s * 

The f i r s t method has the advantage over the other two 
that a true p i c t u r e o f the order o f changes i s obtained, 
but has a b i g disadvantage t h a t not enough readings w i l l 
be obtained to make accurate s t a t i s t i c a l deductions from 
the r e s u l t s * The second method s t i l l gives quite a reasonable 
p i c t u r e of events, but i n rapid f l u c t u a t i o n s ( > 5 Y/m per 
minute) i t w i l l become d i f f i c u l t to judge by eye the corroot 
mean value* The t h i r d method, although missing the main 
features of a short p o t e n t i a l gradient change e n t i r e l y , 
gives r e s u l t s which are more accurate than the second 
and s t a t i s t i c a l analysis can be applied more easily than 
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to the f i r s t , so f o r these reasons t h i s method was chosen* 

From the r e s u l t o f analysis of a record, the p o t e n t i a l 
a t each of the two m i l l s was calculated, the p o t e n t i a l 
gradients were read o f f from the c a l i b r a t i o n ourwe, 
m u l t i p l y i n g by the appropriate input selector value, and 
the p o t e n t i a l gradient a t the ground calculated from the 
Agrimeter galvanometer d e f l e c t i o n * From these readings 
the average space charge between the two f i e l d m i l l s a t 
minute i n t e r v a l s may be obtained by using p o t e n t i a l or 
p o t e n t i a l gradient differences* These two r e s u l t s were 
usuall y i d e n t i c a l to w i t h i n ± 10 /*/* 0/a 5. Average space 
oharge may also be calculated I n the region between ground 
and lower m i l l , by using the Agrimeter readings or by 
f i n d i n g the difference between the p o t e n t i a l gradient a t 
the lower m i l l , and the calculated average p o t e n t i a l 
gradient over the f l r a t metre using m i l l p o t e n t i a l s * 
These l a s t mentioned methods w i l l not i n general agree 
becauset 

1) * The e f f e c t i v e ,sampling• height d i f f e r s i n the two 
eases* 

2) * The Agrimeter i s a t a h o r i z o n t a l distance of 14 a 
from the m i l l s , and a small v a r i a t i o n i n p o t e n t i a l 
gradient can be expaoted over t h i s distanoe* 

3) * The response time o f the Agrimeter galvanometer l a 
vary long (20 oeos) compared w i t h the response time 
o f the m i l l s , nance short period v a r i a t i o n s w i l l 
a how leas amplitude on the Agrimeter than the m i l l * * 
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6.1» The Apparatus* 
Having oonetruoted and brought i n t o operation an 

apparatus f o r the i n d i r e c t measurement of opaoe charge, 
i t was thought that an instrument taking d i r e c t readings, 
would be us e f u l f o r comparison of r e s u l t s obtained by 
these two methods. I n a d d i t i o n t o t h i s , the two methods 
oould be used i n conjunction f o r i n v e s t i g a t i o n o f 
p r e c i p i t a t i o n currents. 

An Obolensky type f i l t e r was constructed along the 
ssrae l i n e s as that made by Kinman (1954). This consisted 
of an insulated brass cylinder packed t i g h t l y w i t h f i n e 
s t s e l wool and e f f e c t i v e l y screened from any effeots of 
p o t e n t i a l gradient changes by enclosing the cyl i n d e r i n 
a brass box. The a i r i n l e t was shielded to prevent any 
p o s s i b i l i t y of p r e c i p i t a t i o n entering the i n l e t or 
splashing i n the near v i c i n i t y g i v i n g spurious effeots 
due to the splashing or Lenard e f f e c t (Adkins 1958). 

A i r was drawn through the f i l t e r by a motor d r i v i n g 
an old "Hoover" fan u n i t , t h i s motor was driven by the 
mains through a •Variac* enabling the a i r speed to be 
varied up to 0*6 I / s . The 'suction motor* was connected 
to the a i r f i l t e r by 6 m of f l e x i b l e rubber hose and a 
reservoir Interposed between the two to smooth out small 
changes i n the rate o f a i r f l o w , due to short period 
v a r i a t i o n s i n mains voltage* The purpose of using the 
long length o f hose was to suable the suction motor to 
be moved down-wind o f the f i l t e r , ensuring t h a t the a i r 
expelled from the motor would not re-enter the f i l t e r or 
the l a t t e r piok up any charges which may be generated at 
the motor brushes* To eliminate v a r i a t i o n s I n a i r flow 
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which nay arise from changes i n wind speed, the motor 
o u t l e t and f i l t e r I n l e t were made to face i n the same 
d i r e o t i o n * 

To measure the charge collected by the f i l t e r an 
EKCO Vi b r a t i n g Reed Electrometer (VSK) Type K 572 waa 
employed* The • Head U n i t 1 of t h i s instrument waa bolted 
onto the screening case of the f i l t e r and a d i r e c t r i g i d 
connection made from the c o l l e c t i n g c y l i n d e r t o the input 
terminal of t h i s u n i t * thus e l i m i n a t i n g any trouble due 
to the pieso-eleetrio e f f e c t produced i n a connecting 
cable* An input selector switch on the Head Unit gives a 

12 10 8 
choice of 10 % 10 or 10 ohms f o r the input r e s i s t o r , 
and the output from the V.R*E. l a read o f f from a meter* 
mounted on the I n d i c a t o r U n i t , i n a V having choice of 4 
ranges i * e * 0-30, 0-100, 0-300 and 0-1000 m V» 

I n i t * a moat sensitive condition, the instrument gives 
a f u l l aoale reading f o r a current o f 0*03•10* amps* 
The day to day s t a b i l i t y i s given by the manufacturers as 
i 1 m 7 w i t h a short term s t a b i l i t y "considerably b e t t e r 
than t h i s * * 

The precautions to be observed w i t h the use of the V*R*E» 
were quite s t r a i g h t forward* A 24 hour s t a b i l i s i n g , p e r i o d 
was allowed a f t e r switching on the instrument* and no 
readinge were taken f o r an hour a f t e r having turned the 
selector switch on the I n d i c a t o r U n i t t o i t * a *3et Zero* 
p o s i t i o n * f o r the purpose o f adjusting the Instrument 
••so output* I n t h i s p o s i t i o n a relay i s operated I n the 
Head TTnit which • h a r t * out the Input r e s i s t o r , t h i s 
operation gives a mechanical shook to the i n s u l a t o r s i n 
t h i s u n i t which must be given time to recover* The hour 
recovery time also applies to operation o f the selector 
•witch on the head u n i t , but as t h i s was act permanently 
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on the 10 ohm position the condition was not applicable. 
The f i l t e r , when c a l i b r a t i o n and t e s t i n g had been 

carr i e d out I n the laboratory, was mounted at F*A* (Fl g . 2 0 ) , 
at a distanoe of 5 a h o r i z o n t a l l y from the double f i e l d 
m i l l s . The a i r i n l e t was set facing west at a height of 
65 oms above the ground, bringing the height of the top 
of the instrument to 80 cms* I n t h i s p o s i t i o n Benndorf's 
c r i t e r i o n (S.3»2») i s s a t i s f i e d , so the e f f e c t on p o t e n t i a l 
gradient valmes at the double m i l l w i l l be l e s s than 1# 
when the m i l l i s at 1 m or higher* 

6.2 C a l i b r a t i o n and Tasting* 
For the purpose of recording the V.R.E. output, a Nivoo 

suspension type galvanometer was s e t up to giro a 
photographic traoe on the camera* I t was positioned to 
zero approximately i n the centre of the recording paper, 
off s e t by a cm from the Agrimeter zero so as not to 
confuse the two, and when c a l i b r a t e d i n conjunction with 
the V.R*E*, had a s e n s i t i v i t y of 4*21 mms/m V using the 
0-30 m V range* This gives a f u l l s c a l e d e f l e c t i o n of 12 oms 
corresponding to 29^5 m V , which was i n t e n t i o n a l l y made 
s l i g h t l y smaller than the meter range because the V.R.E. i s 
not intended for use I n measuring negative Inputs and an 
overload devise operates s l i g h t l y below meter f u l l s c ale 
d e f l e c t i o n ( a t a meter reading of -29*8 m V on the 
0-30 m V range), t h i s rendering the f u l l s c ale reading 
of -30 a V to be inaccurate* 

The f i l t e r was set up i n a small room i n the laboratory 
with the sucker motor situated outside, connected by i t * s 
rubber boss to the f i l t e r , and mounted i n sueh a way that 
precluded the p o s s i b i l i t y of any * feed-back* of f i l t e r e d 
a i r . 
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A 4" anemometer was mounted olose to the f i l t e r I n l e t 
and a c a l i b r a t i o n made of the a i r flow through the f i l t e r , 
against the s e t t i n g of the Variao c o n t r o l l i n g the voltage, 
and henoe the speed, of the suction motor* The r e s u l t i n g 
c a l i b r a t i o n , v e r i f i e d on three successive days i s shown 
i n Pig,25, the s e t t i n g on the Variao was then marked 
corresponding to rates of flow from 0 - 0 * 6 L/seo. i n steps 
of 0 * 1 I / s e e . 

After removing the anemometer, a t e s t was then made to 
see i f a l i n e a r r e l a t i o n existed between a i r flow and Y.R.E* 
output» This was performed by plaoing a,fan i n the room i n 
such a p o s i t i o n that the a i r stream was not directed at 
the f i l t e r i n l e t , and suspending a smouldering pleoe of 
s t r i n g i n front of the fan thus producing a uniformly 
distr i b u t e d smoke cloud i n the room* The door was l e f t 
open s l i g h t l y so that the smoke concentration would not 
increase with time*. After allowing the recording to 
prooede f o r 5 minutes with an a i r flow of 0*5 L/seoj during 
whioh time the Y*.R*E* output was observed, to v e r i f y that 
no a l t e r a t i o n occurred i n the reading; the rate of flow 
was a l t e r e d , two minutes being allowed on cash s e t t i n g * 
At the conclusion of the measurements the reading f o r 
0*5 L/seo* was repeated, checking f o r any a l t e r a t i o n 
during the recording time* The graph produced i s shown i n 
fig*26, and as oan be seen the r e l a t i o n i s l i n e a r within 
the measured range* the slope of the l i n e i s 1 1 0 m V per 
L/seo*, corresponding to a space charge of + 1 * 1 * 1 0 ~ 1 0 C/m', 

1 2 
with a YtfUT.ft input r e s i s t o r of 10 ohms* Th i s space 
oharge morresponds to a concentration of approximately 
60 0 elementary e l e c t r o n i c oharges/om , whioh i s of the 
same order as found by Kinman who tested h i s apparatus 
using oigarette smoke* 
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1 2 Using an a i r flow of 0*5 L/aeo and the 10 ohms input 

r e s i s t o r , the r e l a t i o n between spaoe eharge measured £ , 
and the V*R*E» output v i a t 

2 e - T 1 0 ~ 1 5 C/m3 

or expressing the output i n m V w i l l give the space 
charge I n 1 0 ~ 1 2 C/m3* I n 8.2*3? i t was shown that i f the 
p o t e n t i a l gradient can be measured to an aocuracy of 
i n f a i r weather conditions, than a measure of spaoe charge 

— 1 1 % 
to within ± 3*10 C A r i s obtainable. However using the 
f i l t r a t i o n method and taking the s t a b i l i t y of the T.R.E. 
to be 1 m an ao curacy of more than ten times t h i s 
value i s obtained, but subject to the objections stated 
i n 3*2*1* 

Because of the o i r o u i t employed i n the V.R.E*j where 
the input r e s i s t o r has i t ' s lower end connected, not to 
earth, but to a feedback l i n e } a sero for the galvanometer 
cannot be obtained by simply earthing the f i l t e r output* 
f o r t h i a purpose the suction motor was switched off f o r 
approximately 5 mine* every h a l f hour, giving a aero for 
no a i r flow* To cheek that t h i s ooinolded with the sero 
input reading, the range seleotor switch was turned to i t ' s 
»Set Zero* p o s i t i o n f i v e minutes before the recording 
camera was turned o f f i n each recording session* 

Since the f i l t r a t i o n apparatus was not i n s t a l l e d and 
working u n t i l 14 March 1958, i t waa not possible to 
compare r e s u l t s obtained before t h i a date, for the two 
methods* 



RESULTS OBTAINED IN FAIR WEATHTR CONDITIONS 

7»1. Introduction* 
Sin»e only 7 months remained avai l a b l e for recording 

a f t e r the apparatus had been erected reedy for operation, 
i t was decided to make a general study of space charge i n 
various weather conditions, rather than to ooncentrate on 
a few selected aspects* This meant that for any given 
meteorological condition only a few recordings would be 
av a i l a b l e f o r study* The average length of a recording 
session was from two to throe hours giving approximately 
150 readings from each reoord* 

The records are c l a s s i f i e d according to the p r e v a i l i n g 
conditions of p o t e n t i a l gradient and weather* F a i r .weather 
recordings are those where no p r e o i p i t a t i o n f e l l at any 
time i n the recording period, no mist was present and the 
potential gradient remained within the range 0 - +400 Y/m* 
These l a s t two conditions were r e a l l y synonymous and the 
recordings were classed as f a i r weather unless mist or 
fog was s u f f i c i e n t to cause the p o t e n t i a l gradient to 
beoome negative* 

I n a large number of cases the p o t e n t i a l gradient 
traces showed v a r i a t i o n s of the order of 10 to 20 mms., 
corresponding to ehangee of 10 to 20 Y/m i n a matter of 
2 seos* Because of the d i f f i c u l t y of reading o f f the exact 
value a t the appropriate minute I n t e r v a l , the mean of 
these changes was estimated introducing a reading error 
of not more than ± 2 V/m* This e r r o r w i l l be random and 
w i l l not introduce a serious inaccuracy when a s t a t i s t i c a l 
average i s obtained from a number of readings* 

Space charge values are calculated from Poisson's 
equation!-
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x where 7 - ohamge i n p o t e n t i a l gradient 
oyer height ohange dx, i n V/m* 

d*« 8- 854.10*" 1 2 farads / a . 
giving the mean spaoa oharge i n Goulorabs/m oyer a height 
dx. I n the majority of oaaea t h i s equation becomesi-

h 
where f y and are p o t e n t i a l gradlenta registered by 
upper and lower m i l l s respectively* and h i s the v e r t i c a l 
height between the m i l l s * This value w i l l be referred to 
as f l - 3 i o r f l - 5 a , even though the a c t u a l heighta 
of the m i l l s are 1 5 oms below these values* 

I n a few eases the space oharge between ground and 
lower m i l l was calculated using the potential gradient 
difference between Agrimeter and lower m i l l , also using 
the difference between lower m i l l p o t e n t i a l gradient and 
that calculated from i t ' s p o t e n t i a l i*e» the average 
potential gradient over 0 - 1 m* Theae values are both 
referred to as * ̂ o-lm"' **** t h e »°uree of the information 
i s indicated to avoid confusion, where t h i s i s not 
obvious* 

I n discussing the r e s u l t s obtained, the a c t u a l records 
w i l l not, i n the main, be referred to beoauae of the 
d i f f i c u l t y of i n t e r p r e t i n g from pot e n t i a l gradient 
changes what i a the oharaoter of apace oharge v a r i a t i o n * 
Thia w i l l a l s o be complicated by the two traces not 
n e c e s s a r i l y showing the same s e n s i t i v i t y nor having the 
same aero point* f o r a n a l y s i s therefore p l o t s are shewn 
of spaoe oharge values against time, with alao the p o t e n t i a l 
gradient shown whioh i s , unless stated otherwiee, the 
mean value over the height 0 - 8 5 ems calculated from the 
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p o t e n t i a l of the lower f i e l d m i l l , whioh remained at a 
height of 85 oma throughout. These p l o t s w i l l be referred 
to by t h e i r o r i g i n a l record number and not given a figure 
number* 

7>2» Bffeots of Wind Speed and D i r e c t i o n . 
I n f a i r weather oonditiona i t i s reasonable to assume 

that most of the spaoe oharge e x i s t i n g i n the a i r olose 
to the ground resides on large ions i . e . ions of mobility 
i n the order 10~' G.G.S. u n i t s , since the only natural 
sources of small ions, mobility approximately 1 C.G.S. 
u n i t s , are i o n i z a t i o n of the a i r due to oosmio ra d i a t i o n 
and possibly r a d i o a c t i v i t y i n the earth'a c r u s t . This 
being so, then i t i s to be expected that charge w i l l 
pass overhead with approximately surface wind v e l o c i t y , 
and the v a r i a t i o n s w i l l increase i n frequency and 
consequently amplitude with increasing wind speed. 

This effect can be c l e a r l y seen by comparing Fig.27 
with 28, which are actual records of the two potential 
gradient traces* Pig*27 i» a record taken i n fine sunny 
conditions, c l e a r sky and a very s l i g h t westerly wind of 
not more than two or three f t / s e c v e l o c i t y . Compared with 
t h i s . Pig.23 was taken when a c e r t a i n amount of Cumulus 
cloud was evident, the wind was again westerly but t h i s 
time much stronger with a speed of approximately 15 f t / s e c . 
The short period fluctuations are much la r g e r on the 
upper m i l l trace where the B»B. s e n s i t i v i t y i s the same 
as i n F i g . 27* The lower m i l l i s operating on a reduoed 
s e n s i t i v i t y and shows approximately the same degree of 
f l u c t u a t i o n . On the l a t t e r record the a i r f i l t e r trace 
can also be seen to poseos quite large f l u c t u a t i o n s , even 
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though the Y.R fE« was s e t a t I t * a lowest s e n s i t i v i t y * 

The automatic earthing of the galvanometers by the 
timing c i r c u i t , was not i n operation on Pig* 27 and the 
zeroes had to be drawn i n from t h e i r p o s i t i o n at the end 
of the recording* Comparing t h i s with the zeroes obtained 
i n Fig*28, i t i s seen that a l t e r a t i o n s of ± 1 mm can e a s i l y 
occur within the recording time, leading to a systematic 
error i f the timing c i r c u i t were not employed* 

On examining the s i z e of space charge v a r i a t i o n s to 
which these short period fluctuations of p o t e n t i a l gradient 
correspond, i t was found that the average value i n Pig*27 
was 10 /*/* C/m' compared with 40 /*/* 0/m̂  from Pig* 28, 
which i s a r a t i o of 1 t 4 compared with a wind speed r a t i o 
of 1 t 5 approximately* These values are quite good i n 
agreement considering the d i f f i c u l t y of estimating average 
wind speed, and also that the amplitude of the fluctuations 
was taken to represent the frequenoy*9aking the values 
from Pig*28, and the period of o s c i l l a t i o n to be 2 sees., 
then i n a volume of a i r 30 f t long an a l t e r a t i o n i n space 
charge of 40 /*/- C/n? may take place during the passage of 
t h i s volume overhead* This means that i n a horizontal 
distance of one metre, considering the a i r at r e s t , a 
v a r i a t i o n of approximately 4 C/m can be expected* 

Considering how t h i s e f f e c t w i l l Influence the 
comparison of recordings made with the other instruments 
erected on the s i t e (see Plg*20), and taking the 
unfavourable condition when the wind direotion i s along 
a l i n e from the double m i l l s to the Instrument concerned 
I n each ease them 

1) * The F i l t r a t i o n Apparatus may r e g i s t e r <* 20 ^y* C/m' 
difference i n space charge to the f i e l d m i l l s * 

2) . The conventional f i e l d m i l l at R*C*, with which a 
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t r i a l p otential gradient comparison was made i n 
Fi g * 23, may r e g i s t e r a difference of as much as 
5-9 T/m. 

3 ) . The Agrlmeterj a difference of £ 6*3 T/m. 
I t i s assumed i n oases 2) and 3) that the space oharge 
difference between the two points e x i s t only f o r one 
metre i n height, whioh i s not n e c e s s a r i l y the oase. 

A t o t a l of s i x f a i r weather recordings were made, f i r e 
with westerly wind directions and one with a wind from 
the North. For comparison purposes a part of reoord T 
(with a northerly wind) i s shown together with a portion 
of a ty p i o a l westerly wind records I n addition to the 
Individual points indicated by c i r c l e s , averages over 10 
minute periods are indioated by crosses. 

The two reoords cover roughly the same time of the day 
and on both oooasions the sky was cloudless. Record T was 
taken i n November and i t can be seen that the pot e n t i a l 
gradient i s of a muoh lower value than reoord 171 taken 
i n January, but the apace oharge values i n the former 
are much higher than I n the l a t t e r * A possible explanation 
of t h i s w i l l be proposed i n the next section, but the 
s i g n i f i c a n t point i s that, although the order of 
fluctuations occurring i n a time of 2 or 3 minutes are 
comparable f o r the two recordings, the average value of 
oharge found from the whole of the recording i n each oase, 
i s • 66* 9 C/m' for the former and - 58*7/*/* C/m' f o r 
the l a t t e r * The explanation of t h i s phenomenon comes f r o * 
the f a c t , mentioned i n 3*5.1., that to the north of the 
s i t e i s Durham C i t y and the source of the high p o s i t i v e 
oharge i s the smoke originating mainly from domestic f i r e s * . 
There are, of course, sources of smoke to the west of the 
s i t e a l s o , but not i n s u f f i c i e n t quantity or near enough 
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to give the same concentration, as from the northerly 
sources* 

7i5fY»r*»tt9q wj.th g o y m ^ a l gradient* 
I n a l l the records taken no sign of the 'Eleotrode 

e f f e c t ' , as defined i n S * l * l . , could be detected* 
Adkins (1958) showed that i n normal values of p o t e n t i a l 
gradient the n a t u r a l l y occurring fluctuations i n small ion 
density, w i l l obsoure t h i s effeot and i t can only be 
detected up to a height of 2 m i n potential gradients 
exceeding 5 0 0 V/m, or at greater heights with correspond­
i n g l y higher potential gradients* Since the lower m i l l was 
sot at 85 oms, i t was possible i n the highest values of 
po t e n t i a l gradient enoountened i . e . 280 V/m, that the 
a f f e c t would j u s t be apparent between the two m i l l s , but 
since t h i s value was not sustained for more than one or 
two minutes no aggregate increase i n space charge could be 
expeoted to occur. 

I t i s seen i n the portion of record XVI shown, and also 
occurring l e s s frequently i n reoord V, that fluctuations 
i n space oharge taking place over one or two minutes 
produce corresponding fluctuations i n p o t e n t i a l gradient 
a t the ground* I n longer times, of the order of 10 or 20 
rnins*, no agreement seems to e x i s t . Reoord XVI f o r instance, 
indicates a general decrease i n spaoe oharge values with 
the potential gradient remaining generally i n the region 
of 180 V/m when i t might be expeoted to decrease corres­
pondingly. 

Considering the v e r t i c a l p o t e n t i a l gradient a t a point, 
height h above the earth's surface, a t a horizontal 
distance 8 from a v e r t i c a l l i n e of oharge q/ u n i t length, 
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gf length 2 € w i t h i t ' s oentre a t a height y above the 
earth's surface r i t ean be shown by simple e l e o t r o s t a t l o 
theory t h a t r -

Fy . o. r _ i - < + if 
M S 2 • ( y - h - l ) 2 ] * |> 2 •(y-h«.l)2J * [ s 2 *.(y+h-l) 2J * 

[ s 2 + ( y * h * l ) 2 J * ] 
Comparing the e f f e c t a t f i e l d m i l l s plaoed at heights o f one 
and three metres, produced by a charge o f + 1 /*/* C of 
length 1 m at a height of 10 m, s u b s t i t u t i n g thes values i n 
the formula give the v e r t i c a l p o t e n t i a l gradients at the 
lower and upper m i l l s respectively o f i -

F Y m 1.10~4 V/m 
* 9*5»10 T/m when S • 20 m 

but when 8 . 0 , ? L » 1-7.10~4 V/m 
? u - 1-7.10"3 V/m. 

With the charge a t a height of 2 m however, 
when S - 20 P^ * * 0. 
and S - 0 Fj, « -0817 V/m 

P^ . -0776 V/au 
No advantage i s achieved i n working out f u r t h e r values, 

because the concept o f a space charge cloud as a l i n e of 
oharge I s extremely tenuous* This consideration however i s 
s u f f i c i e n t to give an idea o f the nature of the changes i n 
p o t e n t i a l gradient as a cloud of oharge approaches the 
apparatus. I f the oharge passes over the m i l l s , then the 
r i s e (considering p o s i t i v e oharge) i n p o t e n t i a l gradients 
at the two m i l l s i s a gradual one, sac Pig*29• Whan the 
cloud i s d i r e o t l y overhead, the upper m i l l w i l l show a 
larger value than the lower m i l l , i n d i c a t i n g an apparent 
negative charge passing between the two* This apparent 
negative oharge w i l l decrease w i t h Increasing height of 
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the oloud. 

The r e s u l t s of analysis o f the p o r t i o n of record shown 
i n Pig.27, are p l o t t e d i n Fig.30. This i l l u s t r a t e s the 
e f f e c t s produoed i n the passage of a f a i r weather cumulus 
cloud overhead, the charge associated w i t h t h i s type of 
cloud can be a t t r i b u t e d ( w h i t l o c k and Chalmers 1956) to 
the connective c e l l produced beneath the cloud, containing 
p o s i t i v e charge* The analysis shows a very marked 
agreement w i t h the predicted r e s u l t from Pig. 29. Other 
explanations are of course possible to account f o r t h i s 
*mirror image- e f f e c t shown i n f l u c t u a t i o n s occurring l a 
times o f the order o f 10 mine., and w i l l be discussed i n 
the f o l l o w i n g paragraphs* Prom Pig.29 i t i s now obvious 
that the 1-2 min. f l u c t u a t i o n s shown i n records XVI and 
T r where the space charge produces the correct change i n 
p o t e n t i a l gradient, r e s u l t from charge passing between the 
two m i l l s * 

To investigate f u r t h e r the m i r r o r image e f f e c t produoed 
i n long period p o t e n t i a l gradient changesj and also to 
a r r i v e a t a possible explanation o f the number of records 
whioh shown an average negative spaoe oharge, when, as 
pointed out i n 5.1.1., a net p o s i t i v e charge should e x i s t 
in the a i r close to the ground, a p l o t was made o f average 
space charge against average p o t e n t i a l gradient f o r the 
mix records taken* This p l o t i s shown i n Pig. 31, the 
fi g u r e s on the record average points give the number o f 
one minute readings whioh contribute t o the average* Zt i s 
perhaps a coincidence th a t f i v e o f the s i x record averages 
l i e exaotly on a s t r a i g h t l i n e , but the p l o t indioates 
anyway the tendency to give a l i n e o f negative slope* 
Neglecting the r e s u l t s from record V, where the p o s i t i v e 
oharge arises from smoke as explained i n S.7.2., the mean 
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* 

oharge given by the other f i v e records i s -19*15 C/ar 
This negative value of oharge i n the region 1-3 a may-

have i t ' s o r i g i n i n the Reduotlon Faotor (S*3*2.) f o r the 
lower m i l l being larger than th a t f o r the upper m i l l , thus 
i n a f a i r weather p o t e n t i a l gradient indicate a negative 
spaee oharge* 

Let ~ * r a t i o of lower m i l l to upper m i l l reduction 
f a c t o r s , or H * r a t i o of 'exposure f a c t o r s ' * 

and P^ be p o t e n t i a l gradients Indicated by upper 
and lower m i l l s r e spectively, and an average 
spaoe oharge between the m i l l s o f p /*/*C/m'. 

Then Polsson's equation g i v e s t -
* u 8-854 

where the m i l l s are 2 m apart* This indicates a s t r a i g h t 
l i n e s i m i l a r to the one obtained i n Pig* 31 i f £ i s 
assumed constant* The average spaoe oharge from a l l the 
recordings i s • 2-97 ̂ /*C/a't and the average p o t e n t i a l 
gradient F j * 140 Y/m, hencei-

? T - P n - 2*2-97 » 0-771 y/m (2) 
* 8*854 

assuming R to be u n i t y * 
Solving aquations (1) and (2) f o r R gives a value of 

1*011* i f an aotual spaoe oharge o f +10 C/m' i s taken 
to be correct. Such an exposure f a o t o r i s not at a l l 
improbable due to the shi e l d i n g e f f e o t of the posts and 
weald, i f present, render the argument put forward f o r 
a r a d i o a c t i v i t y e f f e o t less probable* 

I n v e s t i g a t i o n o f the r e l a t i v e reduotlon fac t o r s f o r the 
two m i l l s would not be d i f f i c u l t i f they oould be raised 
and lowered quiokly, enabling a r e l a t i o n to be obtained 
between measured p o t e n t i a l gradient and height, i n s s t t l e d 
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weather conditions* f o r the apparatus i n use, t h i s 
prooedure would not be possible i n a time short enough 
oompared w i t h the time taken f o r conditions to a l t e r 
appreciably, however • s e t t l e d * , thus i n v a l i d a t i n g the 
re s u l t s obtained* 

I t was shown i n 3*5*2. t h a t the B*R* balancing e r r o r i n 
p o t e n t i a l gradients greater than 100 V/m was $3 vOlts, f o r 
an input selector value o f 1, and the m i l l a t 1 m height* 
So to investigate the presence, or otherwise, of a shie l d i n g 
e f f e c t by the supporting posts, an occasion was ohosen when 
the p o t e n t i a l gradient was i n the region of 400 V/m, The 
lower m i l l was set i n operation and the Brown Reoorder 
observed w h i l s t an earthed metal post 6 m long was 
a l t e r n a t e l y raised and lowered, w i t h i t ' s base i n i t i a l l y 
6 ra from the m i l l and moved towards the m i l l i n h a l f metre 
steps* No movement i n the B.R* s l i d e oould be deteoted to 
coincide w i t h a r a i s i n g or lowering o f the post, u n t i l i t 
approaohed w i t h i n a distanoe o f 5 m from the m i l l * This 
t e s t then g i v i n g a r e s u l t , t h a t f o r a metal post a t 5 m, 
the exposure f a c t o r i s less than 1*008* 

How f a r a metal post at 5 m, can be held to be equivalent 
to four wooden posts of an equal height a t 4* m i s not 
o e r t a i n , but i t i s a safe assumption that the screening 
e f f e o t o f the wooden posts w i l l be less than the single 
metal post, so the exposure f a c t o r w i l l be less than 1*009* 
This brings the er r o r introduced by soreenlng, I n the 
measured p o t e n t i a l gradient to on a single m i l l , and 
the e f f e o t on the r e l a t i v e exposure f a c t o r o f the lower 
to the upper m i l l w i l l be lass than t h i s value* 

Although the screening e f f e c t of the posts introduces 
an e r r o r whioh i s quite low oompared w i t h the aoouraoy of 
balanoing the m i l l p o t e n t i a l , i t must be remembered that 
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the l a t t e r i s a random e r r o r whioh i s reducible by 
performing a large number of readings, wheras the former 
i s a systematic e r r o r g i v i n g an apparent space charge 
opposite i n sign to th a t o f the p o t e n t i a l gradient, and 
of a size proportional to the p o t e n t i a l gradient and 
inversely proportional to the measured space charge* Thus 
allowing f o r a maximum r e l a t i v e exposure f a c t o r of 1*005* 
the average space charge found oould be as high as +6*51 
f*.f*. C/nr i*e * more than double the determined value of 
•2*97 ^ C / i \ 

Examining the graph produced i n Fig*3! o f measured 
space oharge against p o t e n t i a l gradient* to determine the 
e f f e o t on the slope o f d i f f e r e n t values of R* poisson's 
equation g i v e s t - t 

t a " V * 
*l h 

where and (> M are the actual and measured (assuming R«l) 
space charge values* The slope ̂  m - 1 * 25 ̂  0/a? per V/m* 

h 
so a value of R « 1* 28 would be necessary to reduce ̂  to 

h 
sero*. 

I n other words* to account f o r the mirror image e f f e c t 
by a difference i n exposure fact o r s o f the f i e l d m i l l s 
alone, the r a t i o of lower to upper must be a t l e a s t l * 2 8 t 

whioh would require a s h i e l d i n g e f f e o t of the posts 50 
times l a r g e r than the estimated one and so i t i s most 
improbable t h a t the whole o f the e f f e c t can be accounted 
f o r i n t h i s way* 

An explanation o f the negative charge found between 
cms and three metres arises from the e f f e c t o f radio-
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active materials i n the earth's c r u s t . I o n i z a t i o n of the 
a i r i n oontact with the earth's surface takes place by a 
combined action of ionized a i r d i f f u s i n g from the earth, 
and probably d i r e c t i o n i z a t i o n of the a i r * By t h i s prooees 
small ions of both signs are produoed and under the 
influence of the f i e l d at the earth's surfaoe, positive 
ions pass into the ground and negative ions move upwards. 
Taking a value of mobility of a negative small ion to be 
1*10~ 4 m/seo. for a pot e n t i a l gradient of 1 Y/tn (Chalmers 
1957, P»55)» and the average l i f e to be 40 sees,- assuming 
an average degree of a i r polutlon* I f a l l the negative 
ions are destroyed by capture with large ions or uncharged 
nuclei^., i . e * no recombination of small ions, then a l l the 
negative small ions w i l l be destroyed at an average height 
of 40 oms with a p o t e n t i a l gradient of 100 V/m* Henoe a 
la y e r of both large and small ions w i l l be formed, extending 
to a height of 40 cms. Because of spurious effeots due to 
di f f u s i o n and eddy currents present i n the a i r , and also 
the small ion mobi l i t i e s being distributed about the mean 
of 10~* m/seo per V/m, the upper boundery of t h i s l a y e r 
can only be approximated i n t h i s way* 

An explanation of the graph obtained i n Fig*31 i s now 
possible on t h i s basis because the height of the negative 
charge l a y e r w i l l vary d l r e o t l y with potential gradient* 
Prom t h i s graph the pot e n t i a l gradient required to srive 
zero mean charge between 1 and 3 m i s 150 V/au Now t h i s 
value w i l l give a height of 0*60 m to the negative chains 
l a y e r , and w i l l not extend up to the height of the lower 
m i l l * I t i s obvious that the average value of mobility 
taken i s too low, and 2*10""^ m/seo per Y/m i s a much more 
l i k e l y value, bringing the negative oharge up to 1*20 m* 
The amount of t h i s l a y e r above the lower m i l l w i l l then 
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j u s t balance the •normally e x i s t i n g * p o s i t i v e oharge, 
g i v i n g zero average charge between the m i l l s * 

To gain an estimate of what rate of i o n p a i r production 
i s necessary tp produce the negative oharge l a y e r , assume 
that the 'normally e x i s t i n g ' p o s i t i v e oharge has a oonoen-
t r a t i o n of • 10 C/m • Thus w i t h i n a v e r t i c a l column 1 a 
square between the m i l l s , there exists a oharge of + 20/u/<C* 
To give sero net oharge w i t h i n t h i s column a oharge of 
- 20 0 w i l l have t o be concentrated i n t o a height 
(1*20 - 0*85) taking the higher m o b i l i t y value, g i v i n g 
a negative oharge concentration of - 5 7 C / s • I t may be 
safely assumed t h a t t h i s oharge i s uniformly d i s t r i b u t e d 
over 1*2 m height (whether on large or small I o n s ) , and 
corresponds to a oharge of -350.10 elementary electronic 
charges /m'. I f the small ions are sin g l y charged then the 
rate of p a i r production i s 350 per oo/seo* This i s rather 
a high value to expect, but i t may w e l l be that the average 
value of p o s i t i v e oharge i s ten times smaller than the 
assumed one, reducing the neeessary rate to 55 i o n pa i r s 
per oo/seo. 

Looking again at Fig*30, a time l a g of 2 minutes i s 
apparent between p o t e n t i a l gradient maximum and spaoe 
oharge minimum, which f a s t favours the production o f the 
negative oharge by the r a d i o a c t i v i t y e f f e o t rather than 
the postulated apparent negative oharge due to the passage 
of a oloud over the f i e l d m i l l s * Record H I also shows the 
operation o f the r a d i o a o t i v i t y e f f e o t i n the f i r s t p a r t 
quite n i c e l y , but towards the end of the record an i n ­
crease i n p o s i t i v e spaoe oharge causes a corresponding 
p o t e n t i a l gradient increase and obscures the e f f e o t * The 
divergence of the average r e s u l t s obtained from record 
XXXVIII, whioh show a negative spaoe oharge i n p o t e n t i a l 
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gradients much lower than i s expeoted, i s probably due 
to very heavy r a i n which f e l l p r i o r to t h i s recording. 
7he e f f e c t of the r a i n was to wash out most large ions 
and uncharged n u o l e l l , i n the absence of whioh, the 
negative small Ions w i l l t r a v e l a much greater v e r t i c a l 
distance before being captured, thus r a i s i n g the negative 
charge layer to a much higher l e v e l than normally i s the 
ease. 

Because the *mirror image' o f f e s t i s dependant on the 
upper boundary o f the negative charge layer being l i f t e d 
above, or depressed below, the lower m i l l by v a r i a t i o n s 
l a p o t e n t i a l gradient, then studies o f spaoe charge 
density between the lower m i l l and earth should reveal the 
opposite e f f e c t i . e . an agreement between p o t e n t i a l gradient 
and spaoe charge f l u c t u a t i o n s * I n an attempt to investigate 
t h i s , the spaoe charge between the lower m i l l and earth 
warn calculated using the p o t e n t i a l gradient difference 
between the lower m i l l and the Agrimeter. As pointed out 
i n S.5.3** because of the ho r i z o n t a l distance between the 
two instruments mod the difference i n time constants, 
f l u c t u a t i o n s o f the order 1 - 2 rain may not give true 
space charge value* but I n times long compared w i t h t h i s , 
the e r r o r involved I n t h i s measurement should not be too 
serious* ^ 

A part of record XXXVIII (afternoon A) i s given showing 
t h i s apace charge p l o t t e d against the p o t e n t i a l gradient 
shown by the Agrimeter. I n t h i s recording the upper m i l l 
warn i n i t ' s 5 m p o s i t i o n and the space charge between the 
two m i l l s i s also p l o t t e d * A very good agreement I s seen 
to e x i s t between p o t e n t i a l gradient and space charge from 
ground to one metre* am expected from the previous argument, 
but the «mirror image» e f f e c t i s not at a l l as c l e a r l y 
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shown as expeoted i n the absence of large Ions and 
uncharged n u c l e i * * 

7*4* Comparison, o{ flesu^s witfr the A i r f i l t e r . 
Because the height o f the a i r intake of the f i l t e r I s 

at 65 was, then i n view o f the r e s u l t s obtained i n 3*7*3*• 
the spaoe oharge -values obtained from p o t e n t i a l gradient 
measurements w i l l , f o r comparison purposes, hare to give 
am i n d i c a t i o n of the oharge at approximately t h i s height* 
To t h i s end therefore, the spaoe oharge was calculated 
from the difference i n p o t e n t i a l gradient between the 
value given by the lower m i l l , and the value calculated 
from the p o t e n t i a l of the lower m i l l * Assuming a uniform 
change i n p o t e n t i a l gradient between ground and 85 ems, 
the value calculated i n the l a t t e r case w i l l be t h a t at 
42*5 ems* Thus the spaoe oharge determined w i l l be the 
mean value between 42*5 and 85 ems i * e * at approximately 
65 cms| which should agree w i t h the f i l t e r measurements* 

Record XLII shows the r e s u l t o f a recording obtaining 
spaoe oharge values i n t h i s way, to avoid complicating the 
p l o t too much, the p o t e n t i a l gradient i s only shown as 
average values and i s t h a t calculated from the p o t e n t i a l 
of the lower m i l l * The agreement between spaoe oharge 
measured by the two d i f f e r e n t methods i s quite w e l l marked, 
except between 12*15 and 12*36 where the f i l t e r shows muoh 
la r g e r f l u c t u a t i o n s than the corresponding f i e l d m i l l 
v a r i a t i o n s * From the average r e s u l t s i t would seem th a t the 
f i l t e r measurements give spaoe charge sampling from a 
s l i g h t l y higher l e v e l than the lower m i l l p o t e n t i a l r e s u l t s , 
i n d i c a t i n g the incorrectness ofHhe assumption th a t the 
p o t e n t i a l gradient bet* for m i l l and ground varies 
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uniformly w i t h height* This has been shown i n ft*7*5* not 
to be the ease anyway, so the f i l t e r r e s u l t s i n t h i s 
recording appear to confirm the r e s u l t s of t h i s l a s t section* 

A f u r t h e r comparison w i t h the f i l t e r i s shown i n record 
XXXVIII (afternoon B) where the space charge obtained from 
m i l l and Agrimeter readings i s again shown over the same 
times as i n XXXVIII (afternoon A), together w i t h the a i r 
f i l t e r r e s u l t s * Although the agreement i s reasonable f o r 
short period f l u c t u a t i o n s , the average r e s u l t s show no 
such agreement. Comparing the A and B records i t appears, 
tha t as f a r as average r e s u l t s are concerned, the a i r f l i t e r 
curve l i e s much closer to the space oharge ourve between 
one and f i v e metres* 

One of the major disadvantages Inherent i n the use o f 
the Obolensky-type a i r f i l t e r ( S . 2 . I . ) . i s the probable 
selective f i l t e r i n g due to the bound oharge on the earthed 
case of the instrument* This w i l l lead to a higher value 
of space oharge than a o t u a l l y e x i s t s i n a p o s i t i v e p o t e n t i a l 
gradient, and t h i s e f f e o t w i l l take place to a much 
greater degree f o r small Ions than f o r large ones. The 
res u l t s obtained i n t h i s recording, where small ions 
constituted the main p a r t o f space oharge values, confirm 
tha t t h i s i s i n f a c t happening* 

The average value given by the a i r f i l t e r f o r the whole 
recording i s 484* 1/«./* C/m' and £or£Q L M * -54*9 / * ^ C A ' , 
showing a very large discrepancy between the r e s u l t s given 
by the two methods* The actual divergence w i l l be lass 
than t h i s amount because a t the height a t which the f i l t e r 
samples the charge, the space oharge concentration w i l l be 
less than -54-9 ^./tC/m' which i s an average value between 
ground and 85 cms. 

I n conclusion then, the f i l t e r gives space charge 
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readings whioh are i n good agreement with those obtained 
from p o t e n t i a l gradient measurements, but i n conditions 
where small ions are present i n any number, a difference 
between the r e s u l t s i s to be expeoted of an amount 
depending upon the s i z e of the p o t e n t i a l gradient* 



CHAPTER T i l l 
r e s u l t s o b t a i n e d i n d ^ s t t o ^ d ^ h e b , c o i t o s o t , 

d t i t m i t t * 
As prerious l y mentioned ( S . 4 . I . ) , the f i e l d m i l l i t s e l f 

behaved p e r f e c t l y even i n the strongest r a i n , and the m i l l 
output, although becoming a l i t t l e * grassy* due to splash­
ing on the vanes, did nothing abnormal, indi c a t i n g the 
effioienoy of the oolleoting plate i n s u l a t o r s * However two 
e f f e c t s did besoms apparent namelyt 

1) . The Tufnsl i n s u l a t i n g bars for the m i l l girder 
co l l e c t e d s u f f i c i e n t water on t h e i r surfaces to 
short out the girders to earth through the junction 
box covers, which are mounted on these i n s u l a t o r s * 
This effeot became immediately apparent by the 
Brown Recorders beoomlng suddenly unstable, due 
to the girder time constant being reduced* The 
s i t u a t i o n was restored to normal by simply wiping 
o f f the surface moisture from the i n s u l a t o r s * 

2) » Large charged drops of water f a l l i n g from the upper 
m i l l impinged d i r e c t l y on the uppmr vanes of the 
lower m i l l , giving such a shook to the Brown Reoorder 
that i t required up to 10 sees to return to it»s 
balanoe point* This effeot was not apparent i n 
medium or strong winds because the drops wave 
blown c l e a r , but with l i g h t winds and heavy r a i n 
a balanoe point was impossible for the lower m i l l . 
A temporary oure could be effeoted by pushing the 
upper m i l l to one side, but i t would soon work 
baok to i t * s normal po s i t i o n and splashing would 
resume* I f the heavy r a i n persisted then ultimately 
recording would be abandoned* 
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By shielding the a i r f i l t e r to prevent r a i n splashing 

d i r e c t l y on the a i r i n l e t and producing probable 
undesirable r e s u l t s , i t was hoped to measure the 
•background' space charge* The double f i e l d m i l l s would 
give the t o t a l space charge, the difference between the 
two giving the charge on the r a i n w h i l s t descending* By 
comparing t h i s r e s u l t with the r a i n current obtained at 
R*C* (Pig.20), valuable information would be obtained on 
any e l e c t r i c a l e f f e c t s due to splashing a t the ground* 
However, according to Adkins (1958) the a c t i o n of splash­
ing i n heavy r a i n i s to produce small ions of opposite 
sign to that of the potential gradient. 

As shown i n S.7.4. i n the presence of these small ions 
a • background* charge measured by the a i r f i l t e r would be 
biased towards a space charge of the same sign as the 
p o t e n t i a l gradient at the f i l t e r * T his must be taken into 
account when an attempt i s made to deduoe r a i n oharge 
from these measurements* 

A portion of record XXXVIII (morning A) i s shown where 
the r a i n current may be compared with the space oharge 
measured by the two d i f f e r e n t methods with r e l a t i o n to r a t s 
of r a i n f a l l and p o t e n t i a l gradient values* The f i r s t point 
to be noted from t h i s record i s that the space oharge 
between 1 and 5 m shows no abnormally high values compared 
with f a i r weather conditions* i n d i c a t i n g that even when 
the rate of r a i n f a l l i s of the order 0*08 mms/min, no 
space oharge due to splashing i s detectable between these 
heights* 

The indications given by the a i r f i l t e r however* seem to 
point to a negative oharge of the order 1000 /«/* C/m5 being 
generated a t the highest rates of r a i n f a l l i . e . a t a time 
of 11,08 a*m. on the reoord. At t h i s time the p o t e n t i a l 
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gradient at the ground l a seen to be approximately -100 V/m 
which, i f production of email lone a r i s e s from an Adkins 
splashing e f f e c t , would give a p o s i t i v e spaoe charge and 
a negative current passing into the ground* To account 
for t h i s opposition i n sign of the spaoe charge produced, 
i t might be supposed that i t i s not the p o t e n t i a l gradient 
at the ground which determines the sign, but that 
measured higher up ( e»g* Adkins measured t h i s value at 
2 m height)• I n t h i s ease, a spaoe charge within the f i r s t 
metre of -1000 /-./cC/m' would give a p o t e n t i a l gradient at 
1 m Of +11 V/m. 

The p l o t of t h i s record would besome too oonfused i f the 
po t e n t i a l gradient a t the lower m i l l was also indicated, 
or the equivalent spaoe oharge between ground and lower 
m i l l , so a second plot - XXXVIII morning B - i s shown 
between the times of 11*00 and 11*30 a.m. giving the 
calculated spaoe oharge from 0 - 1 m and the r a i n current* 
From t h i s plot i t may be seen that the form of the spaoe 
oharge curve follows more c l o s e l y that of _ ^ than 
but the order of changes shown are a l i t t l e over a h a l f 
£ 2 A at the time of heaviest r a i n * Taking a value of spaoe 
oharge a t t h i s point to be -TOO C/m' gives a p o t e n t i a l 
gradient a t 1 m of -11 T/a, s t i l l not bringing the p o t e n t i a l 
gradient to the required p o s i t i v e value* At t h i s point the 
value at 5 m i s -22 V/m, showing a p o s i t i v e mean spaoe 
oharge between 1 and 5 m* 

I f i t i s assumed that the space charge i s due e n t i r e l y 
to small Ions, then a t 11*10 a»m* the current due to small 
ions entering the earth i s +7 ^ A/a , where the p o t e n t i a l 
gradient i s 100 T/m, disregarding f o r the moment the d i s ­
crepancy i n sign* At t h i s time the measured r a i n current 
i s 4-20 /»/4. A/m , thus although part of the r a i n current can 
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be attributed to splashing, the greater part i s c a r r i e d on 
the r a i n i t s e l f * 

During the heavy r a i n and afterwards t h i s space oharge 
( indicated by the a i r f i l t e r ) was i n general, more than 
that calculated from the po t e n t i a l gradient* As can be 
seen from the record up to 11*50 a.m., where the potential 
gradient remained negative, a lower value i s obtained* 
However, a t 11*52 the po t e n t i a l gradient changed sign and 
stayed positive for the remainder of the day, when the a i r 
f i l t e r registered a more p o s i t i v e space oharge than the 
f i e l d m i l l s * T h i s , as already mentioned, prohibits the use 
of the f i l t e r readings i n estimating r a i n oharge a f t e r a 
rate of r a i n f a l l exceeding 0-06 mms/mln, depending upon 
the nature of the ground which i n t h i s case was grass. A 
harder surface w i l l probably require l e s s heavy r a i n to 
produce the splashing e f f e c t . 

I n the e a r l i e r part of the recording, the rate of r a i n ­
f a l l hardly exceeded 0*02 mms/min* so taking average values 
from 10*20 - 10*50 g i v e s t -

P F A « -170 /yc C/m5 i - +5 • 667 ^ A / m 2 

/*/* CVm' r « 0*006 mms/mln 
I * •182 7/m * 0*36 mms/hr« 

Beat (1950) found a r e l a t i o n between drop s i z e and rate of 
r a i n f a l l which can be expressedt-

W « C * l r where W * amount of l i q u i d water 
i n u n i t v o l * of a i r , i n 

C m 67 mm5/m5. 
r m 0-846 Z • r a t s of r a i n f a l l * i n 

mms/hr 
manipulating t h i s equation gives a r e l a t i o n between space 
oharge due to r a i n and r a i n current t -
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jO-154 
3. 

expressing 1 i n A/m gives a value of p i n /y*C/m . 
Substituting the average values of 1 and I i n equation 3 
gives 

£ « +1- 6 ̂ «./*G/m' 
and comparing t h i s value with 

? 0 - 1m ~ e P A " • S l / V c C / a 3 

i t i s seen that the apace charge a r i s i n g from the r a i n i s 
ne g l i g i b l e compared with the anaoouraoy introduced by 
assuming that the f i e l d m i l l s and a i r f i l t e r sample space 
charge a t the same height* 

Record XV shows the ooourenoe of a very heavy shower, 
unfortunately no r a i n current or rate of r a i n f a l l measure­
ments were av a i l a b l e on t h i s occasion, but at the point of 
heaviest r a i n the rate of r a i n f a l l was estimated to be 
0*2 - 0*3 mms/min* The r a i n commenced a t 9*53 a.m. but did 
not beoome r e a l l y heavy u n t i l 10*10, a t 10*12 i t became 
perceptibly l e s s , f i n i s h i n g altogether by 10*21* 

Relating these events to space charge v a r i a t i o n s , i t i s 
seen that immediately following the heaviest part of the 
shower the space charge between ground and 1 m decreased, 
reaching a very high negative value approximately s i x 
minutes a f t e r the heaviest r a i n * Here again the large 
negative charge produces a depression of potential gradient 
a t the ground, the value at 1 m remaining i n the region of 
-30 V/m, but the space charge produced, as i n the previous 
record* being of the same sign as the p o t e n t i a l gradient* 
The space charge reoovers i t ' s o r i g i n a l value 10 mine a f t e r 
the negative maximum, presumably by the small negative ions 
ascending above the l e v e l of the lower m i l l , and being cap* 
tured by l a r g e r n u o l e l i * 
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The -variations I n spaee charge i n the region 1 - 3 m 

are not at a l l so marked, remaining i n the region +200 ̂ C/m 
u n t i l the r a i n had ceased* However as the lower space 
oharge recovers, a f a l l ooours i n the upper value reaching 
a minimum value of -600 /*/*C/m'. This oharge i s present i n 
the second and t h i r d metrss above the ground, and so w i l l 
account for roughly a h a l f of the oharge e x i s t i n g o r i g i n a l l y 
I n the f i r s t metre* 

This record was taken I n December compared with record 
XXXTXII (morning) which was taken I n A p r i l * An explanation 
f o r the much greater charges fount on t h i s occasion* I n 
addition to a greater rate of r a i n f a l l * may a r i s e from the 
s t a t e of the ground* I n December the grass w i l l present a 
much harder surface than i n A p r i l , and' so enhance the 
shattering of a raindrop whan i t s t r i k e s the ground* 

P a r t of record XXII i s shown merely to show the magni­
tudes of space oharge i n medium r a i n compared with the 
previous records i n heavy r a i n * I n t h i s case the space 
oharge does not exceed -130 /y*C/m , whloh value i s com­
parable with f i n e weather magnitudes* 

A t y p i c a l snow recording i s shown i n record TJX A and B, 
where the space oharge i s compared with p o t e n t i a l gradient 
a t the lower m i l l and with the current brought down by the 
snow a t R*C* (Pig*20)* Snow was f a l l i n g continuously through 
the recording quits heavily up to approximately 12*00 noon 
wfasn the snow decreased, and had ceased altogether by 12*10* 
The negative peaks i n space charge could bo i d e n t i f i e d 
c l o s e l y with v i s u a l Increases i n rate of snowfall* and 
agree with negative peaks i n snow current e*g* a t 10.55, 
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11*44*. By f a r the heaviest enow occurred at 11.10, with 
one almost as heavy as 11.24* Unfortunately at t h i s l a t t e r 
point the upper m i l l d r i v i n g b e l t was under repair* and 
the camera recording the current was being reloaded. 

The spaoe oharge present during the snowfall i s mainly 
negative and of a s i z e comparable with that produoed i n 
heavy r a i n * the o r i g i n a f t h i s oharge I s due to the oharge 
on the snow i t s e l f , and oharge produced by shattering or 
rubbing of the snow-flakes e i t h e r i n the a i r or a t the 
ground* This l a t t e r w i l l be mainly c a r r i e d by small ions* 
Since quite a thiok l a y e r of snow ( 4 - 6*) l a y on the 
ground during t h i s recording, I t i s very u n l i k e l y that the 
r a d i o a c t i v i t y e f f e c t (S.7»3.) contributed towards the 
measured spaoe obarge* 

Measurements made by Chalmers (1956) show that t h i s 
recording shows conditions whioh p r e v a i l i n snow i n the 
greater number of oases i . e . a p o s i t i v e p o t e n t i a l gradient 
and negative snow current* He also investigated the e f f e c t 
of sh a t t e r i n g , or rubbing together of snow p a r t i c l e s (1952a), 
and found that a positive space oharge i s produced, leaving 
a negative charge on the snow* These p o s i t i v e small ions 
would t r a v e l to the ground i n the p r e v a i l i n g p o s i t i v e 
p o t e n t i a l gradient, and may explain the difference i n order 
of snow current and space charge found i n t h i s recording* 
For example* the negative peak shown a t 10*55 f o r snow 
current i s -13 A/a 2 and f o r spaoe oharge i s -650 /»/* C/m', 
but a t 11*10 when the snow was a t i t ' s heaviest, the snow 

_ o 
current descends to -63 MM A/m wheras the spaoe oharge 
only reaches -550 /«/*C/m • This l a t t e r point i s not de­
f i n i t e because of the break i n the recording, but s i m i l a r 
discrepancies occur p a r t i c u l a r l y a t 12*00 when the snow 
current i s only -1 /y*A/m , yet a space oharge of 
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-1100 ^/*C/*' i s reoorded. T h i s seems to Indicate that 
when the enow i s at I t * a heaviest, a greater amount of 
shattering or rubbing takes plaoe, producing a p o s i t i v e 
•pace charge which n e u t r a l i s e s to a c e r t a i n extent the 
charge due to the snow i t s e l f . Unfortunately t h i s pheno­
menon can only be discussed i n a very general aspect 
because i t i s impossible to form even a rough estimate 
of the magnitude of the charge c a r r i e d by the snow when 
i t i s f a l l i n g , from the r e s u l t i n g snow current. This 
theory of positive ions being produced i n the heaviest 
f a l l s seems to be substantiated by the space charge under* 
going a considerable r i s e a f t e r each rate of snowfall maxi­
mum i . e . a t 11*03 and 11*59 a f t e r the maxima of 10*55 and 
11*44, caused by the p o s i t i v e small ions being brought 
downwards into the region covered by the f i e l d m i l l s . 

Record XVIII shows another recording taken i n snow, 
the morning f a l l (broken at two points by m i l l r e pairs) 
i s of the same type as the previous record showing a 
positive p o t e n t i a l gradient and negative space oharge* 
I n oontrast, the afternoon f a l l i s of a much st e a d i e r 
and quieter nature* commencing with a negative potential 
gradient, positive snow current and negative space charge*. 
The snow current changes to s negative value at 2*43 p.m. 
changing back to positive at 3*07, a t t a i n i n g a maximum 
velue a t 3.10. The space oharge on the other hand, changes 
i n sign at 2.54 and reaches i t ' s maximum at 3«06, no 
v i s i b l e a l t e r a t i o n i n snowfall accompanying these changes. 

I n i t i a l l y conditions are as expected i f l i t t l e or no 
positive oharge i s l i b e r a t e d by the rubbing or shattering 
process* When the conditions change and the snow charge 
becomes negative, a positive oharge i s l i b e r a t e d by f r i c t i o n 
and a s s e r t s i t s e l f a f t e r 5 minutes, as shown by the previous 
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record, giving a p o s i t i v e spaoe charge. A f t e r the p o t e n t i a l 
gradient ohange at 2*54, the p o s i t i v e ions w i l l end to 
move upwards, thus reducing the spaoe charge onoe more to 
aero at % 0 4 * From t h i s point the predominating charge i s 
contributed by the charge on the snow i t s e l f , reaching a 
current of +8 ^A/m * I t seems evident that the large 
increase i n p o t e n t i a l gradient produces a corresponding 
p o s i t i v e charge on the snow because of the time l a g of 
approximately 5 minutes, but why t h i s should happen i s not 
very c l e a r , A possible explanation i s that the e f f e c t of 
rubbing of the snow p a r t i c l e s produce a negative charge i n 
the high p o t e n t i a l gradient e x i s t i n g a t t h i s time, the 
negative ions w i l l move upwards and not be detected as a 
spaoe charge, but a high p o s i t i v e charge w i l l be l e f t on 
the snow and registered as a snow current when the snow 
l a t e r reaohes the ground* 

No fqg or very thick mist ooourred i n Durham during the 
time recording was p o s s i b l e , however record XXXI shows the 
spaoe charge and p o t e n t i a l gradient when a wet mist was 
present reducing v i s i b i l i t y to approximately 20 yards* 
I n i t i a l l y where the p o t e n t i a l gradient shows a large v a r i ­
a t i o n , the lower spaoe charge i s more negative than the 
upper, l a t e r the p o t e n t i a l gradient becomes much more steady 
at -50 V/m and* the lower spaoe oharge becomes approximately 
+100 and the upper +50 /*/* C/m'» 

I n a mist of t h i s s o r t , small ions are captured mors 
e a s i l y than i n f a i r weather conditions, rendering the con­
d u c t i v i t y lower than i n olear a i r * As discussed i n 8*1*1* 
t h i s ohange i n conductivity w i l l give r i s e to a negative 
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charge a t the upper boundary of the mist l a y e r * assuming 
a negative value of p o t e n t i a l gradient at the ground* 
The change I n oonduotlvity I s not of course s u f f i c i e n t 
to produce a p o s i t i v e p o t e n t i a l gradient above the mist 
l a y e r , and i f t h i s i s the case then a much higher negative 
charge must be associated with the mist* I n the oase of a 
negative p o t e n t i a l gradient, the r a d i o a c t i v i t y e f f e c t w i l l 
produce a p o s i t i v e spaoe charge near the ground but beoause 
of the e a r l y capture of the p o s i t i v e ions, t h i s charge w i l l 
reside mainly on water droplets which have a much lower 
mobility* 

This effeot dan c l e a r l y be seen a t 11*32 a.m. when the 
p o t e n t i a l gradient becomes p o s i t i v e f o r 9 minutes* The 
space charge i n the f i r s t metre does not undergo a corre­
sponding sign change u n t i l 11*46* and then remains negative 
for 19 minutes* The spaoe charge I n the next two metres 
assumes a negative value a t 11*49 $ but changes again to 
po s i t i v e a f t e r only 14 minutes due to only a small amount 
of negative charge t r a v e l l i n g above the lower m i l l i n the 
time a v a i l a b l e before the effeot of p o s i t i v e charge 
becomes again pronounced. 

These r e s u l t s show that an approximate time taken f o r 
the charge to t r a v e l from earth to 1 a i s 14 mine, but 
t h i s assumes the p o t e n t i a l gradient remaining p o s i t i v e over 
t h i s time* Actually i t only remains p o s i t i v e f o r 9 mine 
a f t e r which presumably * the negative ions tend to return 
to the ground* Reducing t h i s time than to 11 mlns and 
assuming a oonstant p o t e n t i a l gradient of 10 V/m, gives a 
value of mobility for the negative ions of 1- 5.10**4 m/seo 
per V/m, which corresponds quite well with small ion 
mobility values. 
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During the recording period the wind was very l i g h t 

and westerly, so the negative potential gradient at the 
ground i s d i f f i c u l t to aooount for i n terns of the mist 
having a negative charge. No power l i n e s or transformer 
st a t i o n s e x i s t i n t h i s d i r e c t i o n close enough to give the 
e f f e c t observed by Chalmers (1952b) and Adlcins (1958)* I t 
must be assumed that although the mist may possess a net 
negative charge, the p o t e n t i a l gradient above the mist 
layer must have been very small p o s i t i v e , or negative* 

The average space charge from 1 to 3 m i s +50 /*/«.C/m , 
and the average p o t e n t i a l gradient, -40 V/m. This space 
charge may be oompared with a typioal f a i r weather reoord-
ing e»g, XYT, giving a space charge of -58*7 /*/*C/i*r 
with an average po t e n t i a l gradient of 192*8 V/nu Comparing 
these two recordings, i t can also be seen that the record­
ing i n mist shows much steadier space charge values, even 
allowing for a difference i n scale of the two plots# 



CHAPTER H 

^ i 1 l "liOTIfy of Results» 
I n f a i r weather the average space charge i n the region 

1 to 3 m i s +2-97 /*/* C/m' i n an average po t e n t i a l gradient 
of 140 V/m* This value i s taken from a t o t a l reoording 
time of 10 hours, and indicates a rate of ion p a i r production 
of approximately 35 per oo/seo at the earth's surface 
giving a oonduotlon current downwards of the order of 

—12 2 
5*10 A/ra • This value assumes that a l l i o n i z i n g 
processes take plaos within 10 cms of the surface and a l l 
p o s i t i v e ions produoed re-enter the earth's s u r f a c e 9 which 
i n actual faot i s not so, because of capture occurring by 
large ions or uncharged n u o l e i i , leading to a value l e s s 

•12 2 
than 5*10 A/m • This figure compares favoroubly with 
the usual values obtained i n f a i r weather, and adds 
support to the aoouraoy of the r e s u l t s quoted i n S«7*3* 
Thus an upper l i m i t of 3*6»10""1>* ohms*"1/* i s arrived at 
fo r the conductivity of the a i r i n the lowest ora, being 
approximately double the value deduced by 6 i s h and Walt 
(1950) from a i r o r a f t measurements for p o s i t i v e ions. 

I n the lowest metre an average charge of -66*2 /*/*C/m5 

watt found, but i s only the r e s u l t from 3 hours reoording, 
and may have an err o r as great as ±20 /*/* C/m , due to the 
horizontal sepsration of the double m i l l s and the 
Agrimeter with which p o t e n t i a l gradient comparisons were 
made* 

The v a r i a t i o n s i n spaoe charge a r i s e from changes i n 
pot e n t i a l gradient a l t e r i n g the small ion density between 
the m i l l s , superimposed on normal fluctuations i n large 
ion density* The r a p i d i t y of ohanges i n t h i s l a t t e r value 
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were found to depend on wind speed and evidence was found 
f o r a r t i f i c i a l spaoe charge of a p o s i t i v e s i g n being 
produoed by smoke. 

No d e f i n i t e i n d i c a t i o n was obtained of e f f e c t s produced 
from the exhaust gases of passing v e h i c l e s , because of lack 
of s u f f i c i e n t data* 

Comparing these r e s u l t s , with those obtained by previous 
workers i n t h i s f i e l d 3.2,1., i t i s seen that the negative 
charge found i n the f i r s t metre agrees quite well with 
Norinder*s measurements. Above t h i s height, the negative 
charge can be considered to be •diluted* s u c c e s s i v e l y more 
and more with the * normally* present p o s i t i v e space charge. 
Performing a rough extrapolation with the a i d of Fig.31* 
from which the spaoe charge which should be present between 
one and three metres, i n a p o t e n t i a l gradient of 140 T/m, 
i s +15 p./*.Q/vP% gives a value of space oharge of +40 C/m 
i n higher regions. This value agrees with the average 
r e s u l t s of Kahler, Daunderer,etc, whioh, stated i n M,K,S, 
u n i t s , i s + 54 /*/*G/m', 

Comparison of the r e s u l t s obtained from the apparatus 
with those from the a i r f i l t e r method were i n reasonably 
good agreement, except i n conditions where small ions con­
tribute appreciably to spaoe charge d e n s i t i e s e.g. i n or 
a f t e r heavy r a i n , of s i m i l a r s i g n to the p o t e n t i a l gradient 
and of a degree dependant on the magnitude of the po t e n t i a l 
gradient* 

I n heavy r a i n large negative spaoe charges of the order 
of 1000 /*•/* C/m' are recorded, and sines the p o t e n t i a l 
gradient I s a l s o negative a t these times, the splashing of 
the r a i n producing t h i s oharge seems to be of a Lenard 
(1392) type, rather than an Adkins (1958) type* I n normal 
r a i n , below 0*08 rams/rain, no abnormal charges were 
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detcoted I n the lowest metre of the a i r , whioh were of a 
magnitude and sign to be expeoted i n f a i r weather conditions 
showing the abssnoe of any splashing i f f s e t s * Ho consistent 
r e l a t i o n was found between r a i n current and spaoe charge i n 
normal r a i n , and c a l c u l a t i o n s show that the spaoe charge 
due to the r a i n i s only of the order 1 /•*/<-C/m , whioh 
small r a l u e i s obscured by normal fluctuations* 

Results obtained i n snowfalls show charges of the order 
1000 /yiC/m • The charge on the snow i t s e l f and a positive 
oharge produced i n the form of small ions, by a rubbing or 
shattering process, contribute equally to the net space 
charge* 

9*2* Further Work* 
A l l of the topios discussed i n Chapters 7 and 6, obvious­

l y require the evidence of more recordings to v e r i f y , or 
contradict, the conclusions drawn from the av a i l a b l e 
records* 

To investigate,further the r a d i o a c t i v i t y effeot, a 
systematic study with the present apparatus of the d i s t r i ­
bution of space oharge with height should show the e f f e c t s 
diminishing appreciably i n the region 1 to 2 metres* Above 
t h i s height the numbers of p o s i t i v e and negative small ions 
should become more equal, the rate of ion production i n 
t h i s region due to cosmic r a d i a t i o n i s approximately 10 per 
oo/seo. At 2 m height and above the large ion content w i l l 
predominate, showing the *normal* expeoted p o s i t i v e value 
i n average f a i r weather po t e n t i a l gradients* 

T e r t i o a l d i s t r i b u t i o n of spaee oharge i n mist and fog 
would also repay i n v e s t i g a t i o n to determine the net sign of 
oharge*. E s p e c i a l l y with e a s t e r l y winds, because two 9 r i d 
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li n e 8 running approximately North - South pass three Km to 
the East of the recording s i t e , and i t i s of i n t e r e s t to 
investigate the extent of the negative charges produced by 
these l i n e s * 

To investigate charges produced by exhaust gases from 
passing vehiclesp a note of t r a f f i c density willvhave to 
bs made i n conjunction with wind speed, wind d i r e c t i o n and 
space charge values, with regard to time of day* This w i l l 
give an ind i c a t i o n of any resultan t e f f e c t s , but care w i l l 
be necessary not to confuse r e s u l t i n g Variations i n spaoe 
charge with other phenomena also f l u c t u a t i n g with time 
which may a f f e c t spaoe charge d i s t r i b u t i o n s e.g. time of 
l i g h t i n g domestic f i r e s * 

I n using the apparatus s e v e r a l disadvantages have be­
come apparenti 

1) * The driv i n g b e l t of one or other m i l l snapped on the 
average every two hours* The use of a leather 
instead of p l a s t i c material w i l l remedy t h i s defect* 
but disadvantages may be encountered due to 8tretch­
ing, and the conductivity may beoome inconveniently 
high i n wet weather* 

2) * The a l t e r a t i o n of m i l l heights i s extremely d i f f i o u l t 
The adoption of soma so r t of pulley arrangement 
should not be too complicated^ and would give the 
apparatus a much wider application* 

3) • The m i l l p o t e n t i a l bad to be manually reversed each 
time a sign change occurred i n p o t e n t i a l gradient* 
-$n automatic devise could quite e a s i l y be f i t t e d to 
the Brown Beoorder such that, sash time the s l i d e 
was driven down to aero and stayed there f o r a 
period exceeding 30 sees* a switch would be operated 
causing the s l i d e voltage to be reversed* 
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The advantages of having 2)« modified have already been 

stated* As regards 1)» and 3)•« recordings could be made 
to extend over much longer times than have been accomplished 
and e f f e c t s l e s s »miorosoopic» reoorded e.g» diurnal 
v a r i a t i o n s , recording over a complete rainstorm, e t c . 

Apart from these l i m i t a t i o n s , the apparatus functioned 
s u c c e s s f u l l y and gave an o v e r a l l accuracy to in d i v i d u a l 
readings of + 10 ^C/m • The absolute accuracy cannot be 
found owing to the uncertain reduction f a c t o r for the 
surrounding trees and buildings, t h i s w i l l be the same for 
both m i l l s and should not cause the spaoe oharge values 
to be low by more than 2jC» 
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