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ABSTRACT' 

A double. f i e l d m i l l i s described which, when, placed 
at a point above the earth's surface,, i s automatically 
brought to the p o t e n t i a l of that point and registers 
the p o t e n t i a l gradient* Two such instruments are 
employed to study space charge values i n the f i r s t f i v e 
metres, of the atmosphere • 

Comparison i s made between re 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 incorrect readings i n the presence of large small-
io n concentrations- Space charge studies i n f a i r weather 
conditions, indicate the presence of. a negative charge 
close to the ground of. approximately -50 f*/iG/va. r 

decreasing i n the f i r s t two metres to aero and having 
an average value between one and three metres of 
+3 /ytC/m - The average height to which t h i s charge 
extends- i s s?hown to be proportional to the p o t e n t i a l 
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 radioactive 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 space charge of. the order of 
—1000 /v*C/m a r i s i n g from a splashing e f f e c t at the 
earth's surface. I n snowfalls; charges of +500 /y*C/m̂  
orig i n a t e from the charge on the i n d i v i d u a l snowflakes 
and a po s i t i v e charge l e f t i n the a i r due to rubbing 
or splattering of the snow as; i t . i a f a l l i n g * . 

The fai£' weather r e s u l t s i n the f i r s t metre show 
a good agreement w i t h those of Norinder, but higher up 
show the usual p o s i t i v e charge found by Kahler, 
Daunderer, Scraae, Obolensky and Brown. 



EOREWOED 

I n t h i s work the r a t i o n a l i z e d M.K.S. system of 
units- i s used throughout. References to o r i g i n a l 
papers are made i n the usual way except w i t h regard 
to the book by Chalmers (1957) % where page numbers 
are given d i r e c t l y i n the t e x t . 

Cross: references are given i n a shortened form 
e.g. "S.3-2." refers to Chapter I I I f section 2 r 

and not w r i t t e n out i n Sfccll. To avoid the large 
numbers whiah would be. 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 cliapter reference w i l l merely 
be made to the equation number„ i f however i n a 
subsequent ahapter the equation i s referred t o , 
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 r e p i t i o n o f the word "ohm" or use 
of the Greek l e t t e r n T 10 ohms w i l l be expressed as 
"K" and. 10 6 ohms, as »M". 



CONTENTS 
Page 

CHAPTER I INTRODUCTION 
1.1. General 1 
1.2. Methods of Measurement 6 

CHAPTER I I SPACE CHARGE DETERMINATION 
2 . 1 . . Summary of Results Previously 

Obtained 10 
2 . 2 . Diurnal V a r i a t i o n o f P o t e n t i a l ~ ~ 

Gradient 14 
2..3- Space Charge Measurement _ _- _ 15 
2 . 4 . P r i n c i p l e o f the Double Eield 

Machine 19 
2-5- Choice of f i e l d Machine 2 1 

CHAPTER I I I THE DOUBLE. EIELD MILL 
3.1. Design Considerations 23 
3.. 2* Mounting and D r i v i n g of the M i l l 27 
3.3- Operation as a Collector 32 
3- 4. Time Constant of. the Collector "~ 

System 33 
CHAPTER I T APPARATUS AND ETgERBMEAX-

PERFORMANCE 
4.1. F i e l d M i l l 39; 

4*2* JCathode Followers.. Amplifiers and 
Power Supply 42 

4.2.1 Cathode followers and Addition 
A m p l i f i e r 42 

4*2.2 P o t e n t i a l Gradient~Ainplifiers and 
Power Supply 48 

4...3.- P o t e n t i a l Balanclng"Servo-Meehanism _ 59 
4- 4- Recording Galvanometers and Time 

Synchronisation 63 
CHAPTER V OPERATION. AND BEHAVIOUR OF THE 

COLLECTORS 
5-1. The. Site and Erection of the Apparatus67 
5-2. F i e l d Operation • 69 
5-3* Recording Procedure and Record 

Analysis ._ 78 



CHAPTER VT 

CONTENT'S (continued) 

. APPARATUS EOR THE DIRECT: 
MEASUREMENT: OF SPACE CHARGE 

6.1.. The Apparatus: 82 
6.-2., Calibration, and. Testing 84' 

CHAPTER V I I RESULTS OBTAINED IN FAIR 
WEATHER CONDITIONS' 

7.1. Introduction. 87 
7.2.. ' Ef f e c t s o f Wind. Speed, and D i r e c t i o n _ 69 
7.'3. V a r i a t i o n w i t h P o t e n t i a l Gradient, 925 

7.4* Comparison o f Results w i t h 
the A i r F i l t e r 101 

CHAPTER V I I I RESULTS OBTAINED IN DISTURBED 
WEATHER CONDITIONS 

8*1.. Rain. 104 
8„2. Snow _ ~ ~ ~ 109 
8., 3- Mist " 112 

CHAPTER IX CONCLUSIONS 
. * * 

9.1- Summary o f Results 115 
9-2. Further Work ~ 117. 



CHAPTER I 
INTRODUCTION 

General 
The part of the atmosphere which has. been of prime 

concern i n the study of atmospheric e l e c t r i c i t y up to the 
present, day* is: that part e x i s t i n g between the earth and. 
Ionosphere. rIonosphere* is. used, to denote the layer of 
Ionized gas surroundilng the earth„ w i t h a r e l a x a t i o n time 
( the time needed f o r the charge on an exposed conductor 
to leak away t o H» of i t ' s ; I n i t i a l value ) of less than 
10 " 9 sees*.,, thus to a l l i n t e n t s and. purposes c o n s t i t u t i n g 
a conducting medium, Tine height above the earth's, surface. 
Q)f. t h i s layer i s approximately ID Km.P but i s very Inde
f i n i t e because o£ the conception of. a 'good.' conductor; 
I t has been defined here as one which has a r e l a x a t i o n 
time of less than 10" 8 aecs.,, but one could eas i l y use the 
c r i t e r i o n of 10"* sees, or even longer, thus bringing the 
Ionosphere down to a height of 50 Kin. 

The p o t e n t i a l of the Ionosphere has been calculated, i n 
various ways and values ranging from 270 to 400 Kv=. 
po s i t i v e w i t h respect to the earth have been obtained* 
This p o t e n t i a l appears to vary d i u r n a l l y and shows also an 
annual variation„ these have been extensively studied and 
related to world wide thunderstorm a c t i v i t y r which i s held 
to be the chief mechanism maintaining the p o s i t i v e 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 r the a i r 
not. being a perfect insulator,, 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 is. approxi
mately 100 v/m.. (' 'Fair 1 being used to di.enote 

V . • / 
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aancliltions which do not involve p r e c i p i t a t i o n s , charge 
s.eperating clouds, such as; thunderclouds:,, etc*) 
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 c a l l i t ' p o t e n t i a l gradient'„ 
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 p o t e n t i a l gradient e x i s t i n g at 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 w i t h an 
increase i n height. F a i r weather conditions can be treatecL 
as being i n a qua&I-S;tatic s;tate, that i s the formulae o>f 
current e l e c t r i c i t y can. be applied so long as any change 
i n conditions, of. a section, of. the atmosphere take place 
in . a time which i s long compared, w i t h the r e l a x a t i o n time 
of. t h a t section.. 

Now applying Ohm's, law over u n i t height of. a column 
of. a i r of u n i t c;ross-s.ec.tion£-

I = E where i = downward current i n 
f 

OT i = 1. amps/m* 
E = average p o t e n t i a l gradient 

over metre height, 
r = resistance of a i r (m*). 
A = conductivity of a i r ('m3)... 

i must necessarily be constant, over each section of a i r 
between earth and Ionosphere i n the q u a s i - s t a t i c state 
stipulated,, hencex-

= - = = E^A^for each succeslve 
m.. height* 

So i f E decreases v e r t i c a l l y , , then A must Increase w i t h 
increasing height, : which increase i s confirmed by measurement* 



3 
Fow Poisson's equation gives:-

dE 
e " ~ £ e d x 2' 

f d = p e r m i t t i v i t y of free space = 8:854» 10"'* Farads/ra. 
i n MJK'.S;., u n i t s . 
§b a decrease i n p o t e n t i a l gradient v e r t i c a l l y gives r i s e 
to a p o s i t i v e space charge- This conclusion i s easy to aee 
i f one considers lines; of. f o r c e , the number per u n i t area 
must decrease on ascending, and so must end. on p o s i t i v e 
charges i n the a i r . 

Looking at some typ i c a l , f a i r weather conductivity 
measurements, such as those carried out by Sagalyn and 
Foucher ( 1954 ) r the conductivity increase i s very s l i g h t 
up to one Km., then progressively more and 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 ( 5 Km..).» 
The abrupt change i n gradient at 3 Km. was i d e n t i f i e d , by 
Mrs. Sagalyn,., using temperature measurements, w i t h the upper 
boundary of the ' Austausch*., or mixing region, and so by 
the previous deductions: concerning the quasi-static state 
the upper part o f the Austauseh region must contain a high 
p o s i t i v e charge. Results from balloon f l i g h t s and. aeroplane, 
soundings, by other observers e..g. Vonnegut and Moore (.1958), 
confirm t h i s r e s u l t , leading to the conclusion that free 
space charge i n f a i r weather exists mainly i n the Austaustfsh 
region i . e . below 3 Km. 

Measurements' of p o t e n t i a l gradient on balloon and a i r 
craft, f l i g h t s give r e s u l t s in. f a i r weather confirming the 
expected r e l a t i o n EX= constant, but near the earth,, w i t h i n 
approximately 100 m.. of the surface, r e s u l t s are anomalous.. 
A l l observers seem to agree that over the sea the p o t e n t i a l 
gradient decreases over the f i r s t 100 m. thus g i v i n g a 
po s i t i v e space charge, but over land on some occasions 
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in.GTeas.es are found., on other occasions „ decreases. 

To i n t e r p r e t e these r e s u l t s two phenominon must be. 
considered, the 'electrode e f f e c t ' and the e f f e c t of radio
active sources i n the earth. The electrode e f f e c t arises 
because i n say r f a i r weather conditions, considering u n i t 
volume o f a i r at the earth's, surface:,- p o s i t i v e ions are 
moving i n t o 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 this- i n the atmosphere „. 
assuming a uniform i o n i z i n g process, equal numbers of ions:-: 
©f 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 a t the earth's 
surface giv i n g a calculated (.Chalmers 195 7 r p!48) reduction 
i n p o t e n t i a l gradient between the earth and. one met-re,, of 

The e f f e c t o f 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 g i v i n g r i s e to a negative space charge close 
to the earth. I t i s thus possible that the one e f f e c t might 
cancel out the other ,> because both depend on s t i l l a i r 
conditions to gifce. any detectable effect,,-, any a i r d i s t u r b 
ances would eliminate both. This-. Is: probably an explanation 
of. why no successful measurements have been carried out. to 
detect the electrode 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 (195.8) measuring p o t e n t i a l gradient simultanAousily 
w i t h space charge using an Obolensky type a i r f i l t e r (S.1.2.) 
reasons that the electrode e f f e c t cannot be detected at a 
height, of 2 m. w i t h p o t e n t i a l gradient values, less 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 charge were obtained i n f i n e weather,, 

http://in.GTeas.es


5 
seeming to indicate the appearance of the electrode e f f e c t . 
That t h i s was indeed the case was shown by a time lag occur
r i n g between p o t e n t i a l gradient f l u c t u a t i o n s and the r e s u l t 
i n g space charge changes. I f . the space charge f l u c t u a t i o n s 
were bringing about changes i n p o t e n t i a l gradient., then the 
two would occur simultaneously. 

Another space charge e f f e c t due to conductivity changes,,, 
i s that produced i n a:mon-preclpitating cloud bp 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,, according to Vonnegut and. 
Moore ( 1 9 5 8 ) ) , t h i s change produces a negative charge on 
the lower cloud-air i n t e r f a c e andaaUpositlve charge on. the 
upper. 

I n a d d i t i o n to the v a r i a t i o n of. space charge w i t h height.* 
an observer a t r or near r the ground would note short period-
variations: w i t h time. These are due to two. main causes i n 
f a i r weather* a i r of d i f f e r e n t conductivity passing over 
the observers man-made charges carried by surface winds* 
Miihleisen (1 9 5 3 ) ,:and. Whitlock. and Chalmers C.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 var i a t i o n s a t the ground.,, and i d e n t i f i e d passage 
of p o s i t i v e charge w i t h smoke or steam from, locomotives. 
These *pockets;r o f charge could, also be i d e n t i f i e d , w i t h 
convective cells; beneath small cumulus clouds and the rate 
of passing agreed; w i t h wind, speed, measurements. 

Without going i n t o more d e t a i l of the charges associated 
w i t h d i f f e r e n t , meteorological conditions such as mist,,, raln„ 
snow e t c . i t . is. clear that the most d i f f i c u l t p a r t of the 
atmosphere i n which to study space charge 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 accessible p a r t has been in. the past the most 
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extensively studied.. 

1.2.. Methods of Measurement. 
A method of measurement of. e l e c t r i c charges present i n 

the atmosphere Just above the surface of the earth,, was, 
f i r s t suggested by Lord Kelvin (1859* 60 and 62). He 
describes the use of & s p i r i t lamp whoe'er flame acts as. a 
'c o l l e c t o r * ,, bringing the. metal lamp to the p o t e n t i a l of 
i t ' s surroundings.; then measuring the p o t e n t i a l of the 
lamp by means: of a sensitive electrometer,, he was able to 
trace the presence of charged smoke,, emitted from a 
s i m i l a r lamp connected to a Wimshurst machine,, from one 
room i n a b u i l d i n g to another.. 

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

This suggested method, was used by Chauveau (1902), 
Mache (1903) and much more c a r e f u l l y by Eahler (.1927), who 
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made observations over a year at Potsdam. 

Two other methods of. measuring space charge were evolved! 
i n the early 20 century. Daunderer (1907 and 1909) at 
Fad A i b l i n g c a r e f u l l y selected a f l a t meadow,, and mounted 
three w e l l insulated s p i r i t lamps; at the earth surface 
and. on poles at one metre and two metres above the earth's 
surface „ these he connected to two double gold leaf, 
electroscopes, i s o l a t e d from earth. He thus obtained the 
p o t e n t i a l differences,, one electroscope showing earth t o 
1 m..„ and the other,, earth to 2 m*, and by using Poiason's 
equation was able to get a measure of average space charge 
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 p o t e n t i a l 
at fixed, heights of one, two and three metres above the 
ground.,, but he used f o r his, c o l l e c t o r s water droppers 
apraying water h o r i z o n t a l l y . These were f i x e d at the centre, 
of h o r i z o n t a l wired;,, insulated at the ends and provided 
w i t h an automatic, tensioning device to keep the collectoras 
at a f i x e d height- I n a d d i t i o n to t h i s f i x e d system he had, 
a s i m i l a r movable system of. two collectors,, 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-

He. made very c a r e f u l calibrations of both systems, 
suspending them i n an a r t i f i c i a l f i e l d between two horizon
t a l p lates; also comparing one system w i t h the other in. 
operating conditions.. Comparison was: also made between the 
ef f i c i e n c i e s , of his water droppers and spe c i a l l y prepared 
polonium, collectors,., but at the s t a r t of his measurements 
the water dropper was the more s a t i s f a c t o r y of the two 
because of. the weakness of the radioactive source. Later 
measurements^ w i t h stronger sources compared more favourably 
w i t h the water dropper. 
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Obolensky (1925) at 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 cylinder 
was connected te a Dolezalek type electrometer. The cotton 
wool cylinder was c a r e f u l l y screened from p o t e n t i a l gradient 
changes^,, no variat i o n s i n electrometer reading being 
observed, w i t h the sucking motor turned o f f . The e f f i c i 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.mercury) was observed; 
across the cylinder; a change i n a i r flow above a minimum 
of 1.-5 f t / min. produced no change i n electrometer reading; 
mounting a second s i m i l a r tube i n series w i t h the f i r s t , 
between i t and the pump,, and connecting t h i s second cylinder 
to an electrometer gave a continuous zero reading. 

The whole apparatus was mounted, i n a room w i t h the intake 
extending through a window a t a height of one metre above 
the. grounds, i n f r o n t of wich was a f l a t meadow. 

More recent work has been done by Mufileisen and. H o l l 
( 1 9 5 2 ) using a modified, foam. of. Kahler's apparatus,, where the 
d:rops are allowed to f a l l from an earthed, needle inside an 
earthed cage ('VFaraday cage"), thus receiving a charge by 
induction from the space charge 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.. Scrase ( 1 9 3 5 ) 

working at Kew used Nortnder's; type o f movable apparatus 
w i t h polonium c o l l e c t o r s adjustable up to a height o f 10 m.,.. 
and. Brown ( 1 9 3 0 ) at Stanford, U n i v e r s i t y , San Francisco, 
used an Obolensky type apparatus f i l l e d w i t h s t e e l wool anal 
mounted at a height of. 7 i nu above the ground. 

Vonnegut and Moore ( 1 9 5 8 ) have recently published a 
review of instruments and techniques used i n space charge 
determination, i n which the instruments, already mentioned 
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are examined- I n add i t i o n they describe ion counters of. 
the type f i r s t used by Ebert ( 1901 ) a n d developed, by 
Swann,., Langevin,, Gockel and. Pollock, a difference i n the 
p o s i t i v e and negative counts g i v i n g the mean space eharge 
over the recording time. This type of. instrument w i l l not 
be discussed f u r t h e r apart from quoting two t y p i c a l r e s u l t s 
given i n the f o l l o w i n g chapter,, because to get a r e l i a b l e 
space charge estimate four instruments have to be used 
simultaneously namely r 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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CHAPTER I I 
SPACE CHARGE DETERMINATION 

1.1. Summary of Results previously obtained.* 
Table I shows summer, winter and mean values of space 

charge found by various observers. I t would appear from 
these r e s u l t s that,, w i t h the exeption of Norinder, a l l 
observers found a p o s i t i v e mean annaial value of charge of 
app-rox 0*1 E s u'/ni"* (3*33 •10"" coulombs/m3) over the 
f i r s . t " 3 nu of the atmosphere., Considering the v a 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 results, becoming p o s i t i v e but. Norinder's 
remaining small negative;; Kahler,, Obolensky and Brown get 
p o s i t i v e results, 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 i c l e s raised, up at the surface o f the earth. Clark (1958) 
observed t h i s phenomina to a very marked degree i n New 
Mexico,, U-S.A.,, where the dust raised up by a person walking 
could be detected by an Obolensky type apparatus, as; much 
as 100 yards down wind from the source, and i n dust storms 
negative charges greater than 1000 E s u /hi 3 have been 
recorded. 

Norinder a t t r i b u t e d his high negative winter values to 
a lay e r i n g of' a i r near the ground,, and observed an. immediate 
increase i n p o t e n t i a l gradient from 0 to 1 m. as the 
temperature increased,, thus creating conaectlon c e l l s and 
producing a mixing of the a i r * 

A l l the differences could possiblgr be explained by the 
di f f e r e n t , locations, of. the observing s t a t i o n s , one o f the 
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main f a c t o r s being the p o s i t i o n w i t h respect t o near l a r g e 
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 
a t least,, a s t a t i o n down wind o f a town would rec o r d a 
h i g h e r than normal average o f p o s i t i v e space charge. 

I t i s also n o t i c a b l e t h a t Kahler and Daunderer, u s i n g 
the wire cage and flame c o l l e c t o r methods r e s p e c t i v e l y , 
o b t a i n r e s u l t s which are about a f a c t o r o f t e n higher than 
those given by the s t r e t c h e d w i r e or a i r f i l t e r methods.. 
I t i s of. i n t e r e s t , t o examine these r e s u l t s more c l o s e l y , 
e s p e c i a l l y Daunderer* s,, because his. r e s u l t s are w i d e l y 
quoted when, r e f e r i n g t o space charge magnitudes, 

Daunderer notes t h a t he had t o keep the wires connecting 
h i s c o l l e c t o r s t o the electroscopes t i g h t l y s t r e t c h e d . I f 
they were allowed t o become slack,, then, the electroscope 
gave a v a r i a t i o n o f as much as 3$. This: seems: to i n d i c a t e 
t h a t the lamps„ instead, of. t a k i n g up a p o t e n t i a l „ as 
supposed f l o f the a i r a t the h e i g h t of. the c o l l e c t o r , took 
up a s l i g h t l y lower one, due t o the connecting w i r e running 
down i n t o a lower po t e n t i a l .This i s , the case o f t he lamps, 
being above the electroscopes t but the opposite holds: n f o r 
lamps:, below the electroscopes* 

Using Daunderer*a mean value o f «> = 0 *616 E S U/m3 , 
f a r March-June then u s i n g h i s formula g i v i n g *a average far-
h e i g h t 0 - 2 m.::-

e = i c v, - * v z ) 
6 7T 

where V, = P.D. between, one metre and. ground. 
T z= P.D •> between two metres and ground, 

i t can be seen t h a t t h i s - value o f space charge gives t -
v, - $ Yt = 11-6 v o l t s . 

Now over t h i s p e r i o d March-June,, the average value of. 
T z i s . approximately 270 "v., so axi e r r o r o f 9$ i n the value 
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o f Tg would, reduce the space charge t o zero. Hence the 
combination: o f the ground, l e v e l c o l l e c t o r g i v i n g a h i g h 
reading and the two metre c o l l e c t o r g i v i n g a low r e a d i n g v 

r e s u l t i n a value o f which i s too Low, hence a h i g h 
space charge v a l u e . 

The use o f the wire cage r e q u i r e s c a r e , a f r e e f l o w o f 
a i r i s e s s e n t i a l otherwise the f i e l d , s et up between the 
water dropper and. the cage w i l l be s u f f i c i e n t l y h i g h t o 
remove some o f the sm a l l i o n s , Muhleisen and F o i l ' s , mod
i f i c a t i o n removes t h i s , d i f f i c u l t y . Another requirement is-, 
t h a t the c o l l e c t o r should not be influenced, by the p o t e n t i a l 
g r a d i e n t e x t e r n a l t o the cage, t h i s , can happen i n two wayst 

1) . High values of. p o t e n t i a l g r a d i e n t may cause the w i r e 
mesh o f the cage t o * l e a k * , hence f i n e mesh i s needed t o 
prevent t h i s , b ut w i l l impede the a i r f l o w t o a c e r t a i n 
e x t e n t * 

2) - A bound charge on the cage created by the earth's; f teldL 
may lead t o a s e l e c t i v e f i l t e r i n g o f charges e n t e r i n g the 
cage.,, e..g.. a- f a i r weather p o t e n t i a l g r a d i e n t would induee a 
negative charge on the cage, thus a l l o w i n g more p o s i t i v e 
charge t o e n t e r , t h a n n e g a t i v e * 

Both these e f f e c t s lead, t o a h i g h space charge measure
ment and. so may account f o r the h i g h values found by K a h l e r . 

The a i r f i l t e r , , as used by Obolensky and Brown, also 
has. the disadvantage o f induced, charges producing a probable 
s e l e c t i v e f i l t e r i n g e f f e c t * I n a d d i t i o n i t i s not u n l i k e l y 
that, l a r g e ions o r uncharged p a r t i c l e s w i l l produce some 
impaction e f f e c t w i t h i n the f i l t e r . A f u r t h e r e f f e c t g i v i n g 
erroneous space charge readings„may be produced, by the fiel d ! , 
set: up a t the a i r i n l e t a r i s i n g from the p o t e n t i a l present 
on the f i l t e r . 

Most o f the d i f f i c u l t i e s a ssociated w i t h the measurement. 
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of- space charge \ by methods no t i n v o l v i n g p o t e n t i a l o r 
p o t e n t i a l g r a d i e n t measurements\ a r i s e from e f f e c t s due t o 
the p o t e n t i a l g r a d i e n t . These e f f e c t s are e l i m i n a t e d by 
a r t i f i c i a l screening,, s i t u a t i n g the apparatus i n s i d e 
b u i l d i n g s , or mounting the instruments under n a t u r a l o b j e c t s 
such as t r e e s . But these s h i e l d i n g 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 o f 
e l e c t r i c , charges and r as p o i n t e d out by Chalmers (1957 p!17 ) 
make i t most u n l i k e l y t h a t such' phenomenanas the e l e c t r o d e 
e f f e c t w i l l be dietected. 

As regards the i o n counting methods t o determine space 
charge,, no s a t i s f a c t o r y measurements have been c a r r i e d out,, 
p r i n c i p a l l y due t o the d i f f i c u l t y o f c o l l e c 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 v e r y 
extensive examination o f t h i s type o f instrument has been 
c a r r i e d out by Vonnegut and Moore (1958). 

Two. observers, Norinder (1921) and Scrase ( 1 9 3 5 ) , b o t h 
u s i n g the s t r e t c h e d wire method, have c a r r i e d 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 g r a d i e n t s f o r summer, spring-autumn and winter,,, 
found, a t v a r i o u s h e i g h t s . For the w i n t e r and spring-autumn 
r e s u l t s , , an increase i n p o t e n t i a l g r a d i e n t ( a l l averages 
gave p o s i t i v e values) up t o 5 m. * and. a decrease above t h i s , 
h e i g h t up t o 9g- ni- The summer r e s u l t s : however show a steadiy 
increase over the measured range o f h e i g h t s . 

Scrase, : also p l o t t i n g average values T f o r s t i l l a i r and 
t u r b u l e n t a i r , , found f o r s t i l l a i r , , an increase up t o 5m.. 
and. then a very pronounced decrease above t h i s height,, 
wheras f o r t u r b u l e n t air„ a continuous decrease was found. 
The p l o t s f o r s t i l l a i r , , a l t h o u g h based on an average o f 
only 5 or 6 readings per p o i n t , agree v e r y c l o s e l y w i t h 
N o r i n d e r 1 s w i n t e r and spring-autumn r e s u l t s , when calm a i r 
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can be expected t o produce t h i s l a y e r i n g e f f e c t - The o r i g i n 
o f the negative charge may be due t o r a d i o a c t i v e m a t e r i a l 
as discussed i n Chapter I , , s e c t i o n 1 . 

2.2. D i u r n a l V a r i a t i o n , o f P o t e n t i a l Gradient-
Synoptic i n v e s t i g a t i o n s o f the magnitude o>f. p o t e n t i a l 

g r a d i e n t over oceans and land s t a t i o n s where no sources o f 
p o l l u t i o n exist„ 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 o c c u r r i n g 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 e s harply through the day reaching 
a maximum a t 6 p.m. then f a l l i n g through the n i g h t t o the 
3 a.m., minimum.. Although the terms n i g h t and day are 'used' I n 

p 
respect, o f Greenwich time,, the o p o s i t e a p p l i e s t o places, 
180 W.. of. Greenwich, thus these v a r i a t i o n s can have n o t h i n g 
to do w i t h an e f f e c t , o f the sun- TShipple (1929) assuming no 
change i n c o n d u c t i v i t y , , re l a t e d : the evening maximum w i t h the. 
time o f g r e a t e s t w o r l d 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 
possible„ u s u a l l y o b t a i n values o f p o t e n t i a l g r a d i e n t w i t h 
a double maximum o c c u r r i n g a t 8 a.m... and 6 p.m., l o c a l t i m e . 
Several d i f f e r e n t reasons are g i v e n f o r l o c a l effects:, but 
a l l a t t r i b u t e the v a r i a t i o n s t o changes i n space charge 
above the observing s t a t i o n -

Brown (1930) r e l a t e s magnitude of. space charge w i t h 
temperature, h e a t i n g o f the e a r t h producing convectlve 
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 o f water vapour and smoke but only as "secondary 
f a c t o r s 1 1 . Muhleisen, on the other hand, proposes the 
presence o f water vapour i n the a i r , t o g e t h e r w i t h p u r e l y 
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l o c a l e f f e c t s o f smoke from towns, : t o account f o r the 
d i u r n a l v a r i a t i o n . I s r a e l (1953) maintains t h a t change 
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 
c o n d i t i o n s cause the d i u r n a l v a r i a t i o n , and explains 
Brown'Si r e s u l t a on t h i s , b a s i s . 

I t i s d i f f i c u l t t o ass-ess the c o n t r i b u t i o n o f space 
charge produced from smoke,; o r o t h e r p o l l u t i o n on the one 
hand,, and changes i n l o c a l c o n d u c t i v i t y 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 t o space charge on the o t h e r , thus 
b o t h concepts p l a y a p a r t 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 . 

^ T o t a l r e s i s t a n c e o f a column o f a i r , c r o s s - s e c t i o n one 
metre square, between e a r t h and. ionosphere. 

2.3. Space Charge Measurement. 
From c o n s i d e r a t i o n o f the p r e v i o u s l y used apparatus.,, 

described i n the I n t r o d u c t i o n , i t i a c l e a r t h a t to avoid 
disturbance o f the natui-al space charge d i s t r i b u t i o n near 
t o the ground,., the o n l y s u i t a b l e method i s t h a t o f Noririder 
and Sc-rase, where the c o l l e c t o r and s u p p o r t i n g wires are 
brought t o the p o t e n t i a l o f the surrounding aisr. The sup— 
p o r t i n g wires are kept, as near p a r a l l e l t o the ground. as: 

p o s s i b l e and hence w i l l l i e i n e q u i p o t e n t i a l planes. 
T.ne main d i f f i c u l t y however, l i e s i n the ' s t r e n g t h ' o f 

the c o l l e c t o r , which must be s u f f i c i e n t t o f o l l o w changes 
I n p o t e n t i a l g r a d i e n t w i t h a time l a g o f the order of. a few 
seconds, coupled w i t h s t r i c t precautions, t o keep the i n 
s u l a t o r s c l e a n and dry.. That t h i s : I s a problem i n i t s e l f , 
can be seen by t a k i n g a value of. c o n d u c t i v i t y near the 
ground ('Chalmers' 1957, Appendix I I ) f o r land s t a t i o n s o f 

—14 - 1 
1*8.10 ohm , which i s a r e s i s t a n e e ^ o f 
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1 3 

5 - 6 . 1 0 ohm/m* Hence any i n s u l a t o r s used must- have a 
14 

r e s i s t a n c e g r e a t e r t h a n 1 0 ohms a t l e a s t , so. as not to. 
•short c i r c u i t * the a i r between e a r t h and c o l l e c 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. 
r a d i o a c t i v e c o l l e c t o r s have been discussed a t l e n g t h by 
Chalmers ( 1 9 5 7 p 8 2 - 9 0 ) . He deduces t h a t the water dropper,, 
al t h o u g h 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 
aerious disadvantage that. i t ' s speed o f response cannot 
be lower than 3 0 sees*, thus i s not. of. use i n measuring 
p o t e n t i a l g r a d i e n t changes o f the order of. a few minutes*. 
However, the r a d i o a c t i v e c o l l e c t o r has a response time o f 
the order o f seconds, but. has- two o b j e c t i o n a b l e f e a t u r e s 
t o o f f s e t t h i s advantage: 

1 ) The ions produced by a s t r o n g source must modify 
the p o t e n t i a l g r a d i e n t t o an extent dependent on wind, speed.. 

p 
2) . The e f f e c t i v e r e s i s t a n c e tends; t o v a r y w i t h 

p o t e n t i a l g r a d i e n t . 
The d i f f i c u l t i e s i n v o l v i n g the use o f a flame or fuse 

c o l l e c t o r w o u l d , be comparable w i t h the r a d i o a c t i v e 
c o l l e c t o r , , w i t h the added d i f f i c u l t y o f m a i n t a i n i n g these 
at; a constant temperature w i t h respect t o the surrounding 
a i r * 

A coramen ob j e c t i o n t o the use o f a l l instruments which 
measure the p o t e n t i a l a t a g i v e n h e i g h t above the earth's 
s u r f a c e % as opposed t o measuring the p o t e n t i a l g r a d i e n t at. 
p 
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 V „ then a c u r r e n t i w i l l f l o w from,„ o r t o , the collector» 
V—$ 

R= a i s : termed the e f f e c t i v e r e s i s t a n c e assuming T - V 
il 

i s . c o n s t a n t . This, gives a measure o f the e f f i c i e n c y o f 
a c o l l e c t o r , , the lower R be i n g , the more e f f i c i e n t c o l l e c t o r . . 
For a new r a d i o a c t i v e source t h i s i s approx. I O ^ A ( S c r a s e 1 9 3 4 ) . 
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t h i s h e i g h t , i s that, the measurement o f p o t e n t i a l can o n l y 
give the average p o t e n t i a l g r a d i e n t over the h e i g h t 
measured'.. That t h i s , w i l l g ive erroneous space charge 
measurements- can be seen from the f o l l o w i n g c o n s i d e r a t i o n s * 

Let the c o n d u c t i v i t y o f the a i r up t o a h e i g h t x = Aa% 

and c o n d u c t i v i t y of. the a i r above t h i s h e i g h t = A^. 
With a 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 E Q below x: 
and F above x„ t h e n downward c u r r e n t i = P A = E A, * o o - .' ' 1 

.\ F = E Ao 1 
0 * i 

Assuming a l l space charge present t o be due o n l y td» t h i s ; 
change"; i n ' c:o hduc t i v i t y . 

P o t e n t i a l a t h e i g h t x = = E Q x 
P o t e n t i a l , a t h e i g h t h>x = T = E('h-x) + Y.. = F(h-x) + F x 

_L O'. 
and s u b s t i t u t i n g the value of. P from 1 . g i v e s r -

V = E Ao (h-x) + P x 2 
°Ai ° 

Front Poisson's e$* ; £ = - £ dp ; the n the average apace 
dx 

charge, over h e i g h t h, 

h ° 
again s u b s t i t u t i n g the value o f E from 1 * i-

p = foi E ( 1 - Ao ) 3 
CE ~ O: XT 

Now c a l c u l a t i n g the p o t e n t i a l g r a d i e n t over h e i g h t h,: 

u s i n g the value o f T g i v e n by ef*2\. 

ETT - T _ ?° C ( h-x ) + x } 
v " h " h A l 

hence the average space charge,, c a l c u l a t e d u s i n g E^ i s t — 

fr - €| ( r„ - *T ). fcHi- (i -f > ft - f } _ 4 . 



18 
Front equations 3 and 4. 

e w - *V = E o C U - k2) ~ ( 1 - ho + Xo x - x ) ] * V h A l A l A i h h 

P - PTT = CfiL Eo x (.1 - Ao. ) 5-
* v h l i XT 

Now examining equations 3-> and 5» i * i s seen t h a t 

hence I f . x i s : s m a l l compared w i t h h,, then (p^, - ? v )̂ Q-v. I f 
the change i n c o n d u c t i v i t y takes, place w i t h i n 50 cms,, of. 
the earth's s u r f a c e , then measuring p o t e n t i a l a t 5 m., 
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 , g i v e n by measuring the p o t e n t i a l g r a d i e n t 
a t the e a r t h ' s: s u r f ace and. a t 5"m~ But as x h, then 
( f p - »> o r 6 v ° » 8 0 measuring the p o t e n t i a l a t 
1 m. i n the previous case, would, give a value o f £ which 
I s only h a l f the a c t u a l v a l u e . 

This treatment,, although based, on an i d e a l i z e d s t a t e , 
assuming an abrupt change i n c o n d u c t i v i t y , and t h a t a l l 
space charge arises, from t h i s : c o n d u c t i v i t y change, does 
show t h a t space charge values based on. p o t e n t i a l measure
ments, depend on how and where c o n d u c t i v i t y changes take 
place.. Basing r e s u l t s , on p o t e n t i a l g r a d i e n t measurements, 

h 
give r e s u l t s wich s o l e l y depend on. the values o f 
c o n d u c t i v i t y a t the he i g h t s where readings, are taken, and 
not, on what, happens between these h e i g h t s . 

Hence some form of. instrument must be sought which 
w i l l , , not. o n l y a d j u s t i t ' s p o t e n t i a l t o t h a t o f the 
surrounding a i r , , but w i l l t h e n also r e g i s t e r the p o t e n t i a l 
g r a d i e n t at. t h i s h e i g h t . The only s u i t a b l e 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 machfc ne. 

At t i l l s stage i t i s convenient, t o consider what o r d e r 
o f p o t e n t i a l g r a d i e n t changes w i l l have t o be measured, 
t o give a r e q u i r e d degree o f accuracy t o space charge 
de t e r m i n a t i o n s • 

Taking the value o f 0*1 EKd' s/ma, as. a n average value 
of. charge t o be expected,, then. BO'lason1"© e^* r t a k i n g 
the p e r m i t t i v i t y o f f r e e space t o be 8-854*10"'* farads/nt* 
glves,::-

1 ESU" = 3- 3 3-10 coulombs 
0-1 ESIT = 3-33.10"" c. 

sL£ = =J£ = - 3-33. /o-" = - 3 . 76 volts/m/m. 
JL*. f 0 a s s * . /•"'* 

So over a metre change i n height,, a p o t e n t i a l g r a d i e n t 
change o f 3i v/ra. must be measured, that, i s i n f a i r weather, 
the p o t e n t i a l g r a d i e n t should be measured w i t h an accuracy 
b e t t e r than 3$. 

2.4. P r i n c i p l e o f the Double F i e l d Machine. 
Consider a t h i n conducting d i s c o f area A placed 

h o r i z o n t a l l y i n . a u n i f o r m v e r t i c a l p o t e n t i a l g r a d i e n t F P 

t h e n I f the dissc c a r r i e s zero chiarges 
The vupper surface has. an induced charge - Q = — £ e F A , 
and the lower surface a charge + Q = f 0 E A , 

Assuming 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 . I f . , however, the d i s c 
be placed, i n zero f i e l d . , t h e n a charge o f 2q on the d i s c 
w i l l , r e s u l t i n a charge o f + q on each s u r f a c e . 

Combining the two c o n d i t i o n s where the d i s c i s . s i t u a t e d . 
i n a f i e l d F, and c a r r i e s a s e l f charge 2q t h e n i -

Charge on upper surface X = -Q + q = q - £ c FA 
Charge on l o w e r surface y = + Q + q = .q + £ »FA. 
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The measurement of. thus gives 2 £©EA, i r r e s p e c t i v e 

o f the value of. q, and so w i l l g i v e a measure o f p o t e n t i a l 
g r a d i e n t above the earth's s u r f a c e . Methods based on t h i s -
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 o t h e r s , u s i n g s y m m e t r i c a l l y placed. 
f i e l d . m i l l s . Demon ("1953) has used a double f i e l d m i l l 
close t o the ground.. 

As shown i n s.2.3«,. i n order t o measure space charge 
succesfullp,, the e f f e c t due t o the charge q on the conduc
t o r has t o be zero i . e . q = 0. F i g . l . a . shows the 
d i s t o r t i o n produced on a u n i f o r m f i e l d , when q = -Q, i n t h i s -
case X = -2Q and Y = 0. F i g . l . b . shows the opposite 
e f f e c t when q = Q, when X = 0 and Y = 2Q. 

Considering now how the r e l a t i v e values o f X. and Y: can 
be used t o r e g u l a t e the p o t e n t i a l o f the d i s c , l e t the 
a p p l i e d p o t e n t i a l g r a d i e n t be p o s i t i v e . When q i s p o s i t i v e 

I X 1. < i y 1 , i r r e s p e c t i v e of. whether q i s g r e a t e r or-
l e s s than Q. On the o t h e r hand, when q i s negative t h e n 
I X 1 > l Y l . Thus a mechanism c o n t r o l l i n g d i s c p o t e n t i a l 
would; operate on the magnitude o f I X 1 - 1.Yl» Moreover,, 
since X + Y = 2q, i t i s c l e a r t h a t when X + Y i s p o s i t i v e 
the p o t e n t i a l o f the disc: must be decreased r e l a t i v e t o 
earth,, and increased when X + Y i s . n e g a t i v e . 

I n the. case of. a negative p o t e n t i a l g r a d i e n t when q i s 
p o s i t i v e I X 1 > i X l , and w i t h q negative I X 1 < l / l , 
i r r e s p e c t i v e o f whether q i s g r e a t e r or l e s s t h a n Q. So 
when X + Y is? p o s i t i v e the p o t e n t i a l o f the d i s c again 
has t o be decreased w i t h respect, t o earth,, and increased 
when X + Y i s - n e g a t i v e . Thus when the f i e l d changes s i g n 
then the r e g u l a t i n g p o t e n t i a l must change a l s o . 
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2Y5. Choice o f F i e l d Machine.. 

F i e l d , machines; can be d i v i d e d i n t o two main groups., t h e 
' E l e c t r o s t a t i c Fluxmeter* type and the ' f i e l d M i l l ' type. 
I n the former an i n s u l a t e d t e s t p l a t e moves a l t e r n a t e l y 
i n t o , and. out o f , the f i e l d t o be measured,wheras 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 t o the ambient f i e l d . 

Of the numerous, v a r i a t i o n s o f each type the 'Agrimeter' 
described by Chalmers (1957 p 100-104) i s ; t y p i c a l of. the 
fl u x m e t e r t y p e , and. a f i e l d m i l l o f the s e c t o r type i s 
described by Mapleson and Whitlock (1955)- I n b o t h 
instruments; the t e s t p l a t e gives an a l t e r n a t i n g c u r r e n t 
output which, i n the r a t h e r s p e c i a l i z e d case o f the 
Agrimeter „ is . r e c t i f i e d by u t i l i s i n g a commutator mounted, 
an the machine„ which earth's the t e s t p l a t e i n i t ' s 
exposed p o s i t i o n , , and connects the p l a t e t o e a r t h through 
a measuring instrument i n the sh i e l d e d p o s i t i o n . 

Considering which type o f instrument w i l l be most 
s u i t a b l e f o r use as a double machine , n o t h i n g can be found 
which w i l l make one eminently more s u i t a b l e than the o t h e r . 
Both have the same outputs, f o r corresponding p l a t e areas,, 
and. b o t h r e q u i r e the same form o f c o n s t r u c t i o n . Bearing 
i n mind the important c o n s i d e r a t i o n t h a t the machine, when 
c o n s t r u c t e d , w i l l have t o be supported i n some way, such 
t h a t i t ' s h e i g h t can be v a r i e d w i t h o u t too much t r o u b l e , 
the machine w i l l not have t o be too heavy nor too bu l k y . 

I n the f l u x m e t e r machine,, because the output has t o be 
taken from a moving part,, then the use o f a b r u s h - s l i p 
r i n g system i s necessary t o t h i s type of. machine. I t was 
thought t h a t c o n s t r u c t i o n o f a system l i k e t h i s , t o ensure 
a s u f f i c i e n t l y good contact w i t h a h i g h speed o f 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: needed i n the f i e l d , m i l l type of. i n s t r u m e n t * 

F.or t h i s reason, and a l s o having the advantage t h a t 
a l l previous- workers, i n t h i s department a t Durham have used, 
f i e l d , m i l l s , i t was decided t o use t h i s i n s t r u m e n t * 
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CHAPTER I I I 
THE DOUBLE "PTTgriD MTT.T. 

3->l* Design Considerations., 
I t was: decided t o c o n s t r u c t a sector-type f i e l d m i l l * 

the t h e o r y o f which has been worked out by Lffapleson and. 
W h i t l o c k (.1955 ) • T h e i r m i l l had. an. accuracy o f measurement 
o£ p o t e n t i a l g r a d i e n t t o +. 1 V/m. over a range -75 t o +75 
V/m„ w i t h a background noise e q u i v a l e n t t o £ V/m w i t h i n a 
frequency range 0*,1. t o 10 o/s:, so the machine as used by 
them seems-, eminently s u i t a b l e f o r o b t a i n i n g the desired, 
accuracy o£ 3$ i n f a i r weather c o n d i t i o n s , 

Eig.= 2 .a. shows the shape o f the r o l a t i n g and f i x e d 
vanes,, shown a t A and B i n . F i g . 2.b. g i v i n g the'fundementaX 
output c i r c u i t o f the m i l l . The f o l l o w i n g t h e o r y i s . 
worked out on the same l i n e s as t h a t used by Whitlock. 
('1955') - and. eq.,1. i s t h a t worked out by him f o r the s e c t o r 
type f i e l d m i l l . 

Theory gives t h a t the m i l l output v has a t r i a n g u l a r 
waveform superimposed on an e x p o n e n t i a l l y decaying D.C. 
voltage,.. a p p l y i n g a f i e l d E a t time t = 0 . By c o n s i d e r i n g 
the c u r r e n t l e through the s t a t e r f i x e d capacitance C, and. 
i H t h r o u g h the r e s i s t a n c e t o e a r t h 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 t i m e , V i s g i v e n by:-

rx and. = e x t e r n a l and i n t e r n a l p l a t e r a d i i ( F i g . 2.a.) 

2 1. 

where a p p l i e d f i e l d i n V/m 
r a t e o f r e v o l u t i o n o f r o t e r i n radians / sec 

i n m. 
number o£ vanes. 
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Hence b o t h v a r i a t i o n s i n u> and R w i l l i n f l u e n c e T* 

IEo minimise the e f f e c t , o f changes i n r o t o r speed i t i s 
necessary t h a t } ; -

JUL « i . _ 2. 

Assuming t h a t t h i s i s the case, and expanding the 
ex p o n e n t i a l terms i n 1. g i v e s r -

T = F rr ( vw L - ./•,») f 1 - Tf + _ hifeher 
4 C L I2(v«*«e)* 

terms J _ 3. 
so n e g l e c t i n g and. h i g h e r terms w i l l make 7 

12(A'~ * c )*• 
independent o f «•» and R* The value o f V i s now i n such a 
form t h a t approximate s i z e s o f components can now be 
decided 

Taking ^ = 7*65 cms. and. = 2-6 cms.,, the s m a l l e s t 
f i e l d t o be measured is2V/m,. and. the sma l l e s t value o f V 
which can be measured i s 0*1 m v . t h e n 3* gives t — 

C • £A FIT ( - ^ ) = 3.5. 10"'° farads _ _ 4. 
x 4 Y 

the. dimensions of. the vanes given, above are considered t o 
be o f convenient s i z e f o r the machine.. 

In. a r r i v i n g a t a value f o r R„ the prime f a c t o r t o be 
considered i s ; the method o f f e e d i n g the m i l l o u t p u t i n t o 
the a m p l i f i e r c i r c u i t . , , t h i s must be done through a devise 
t o match the h i g h output impedance o f the m i l l c i r c u i t , , 
to: the low impedance presented by the l e n g t h o f cable 
needed t o t r a n s m i t the s i g n a l t o the a m p l i f i e r , t h i s i s 
done ±hrou>gha cathode f o l l o w e r ( e.g. Parker 1950)* 

I f . the g r i d c u r r e n t of. the valve used as a cathode 
f o l l o w e r i s I then the. D*C* vol t a g e developed, across 
the i n p u t r e s i s t o r R i s R I 

g> 
The valve used was a M i l l i a r d EP. 37a r u n a t reduced 
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heater and anode potentials.,, t h i s i s a voltage amplifying 
pentode used as a triode „ and. had a measured grid current 
of. 10*10",,amps«^ This value was found to vary considerably 

_q 
from valvte to valve reaching as high a value as 3-10 ̂ amps. 
so a selection was made of those with the lowest grid 
current for use as cathode 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 AC = 4/y*F.. The A*C. component generated, by this 
variation i n vane capacitance Vc has the same frequency aa 
the signal generated, by the f i e l d and i s given by:-

T = * C H I 5.. 
c "a" 8 

Thus the smaller AC can be made compared with C, then the 
smaller V becomes.. Bearing i n mind the maximum value of. C 
given by eq» 4* i.e» 360 /»/*Er a capacitor can.be placed 
across R to increase the value of C I n this, case i t was 
decided to insert 200 /*/*]?„ thus increasing C to 260 

From 5. V = 1-54.IO " X t i R. 
For an applied f i e l d of 1 V/m,. From 3- V = 1-38.10"4 volts 

i . This measurement was performed by placing a 10^ ohm 
resistor from the grid to earth of the constructed, cathode 
follower unit,, the potential drop across this resistor 
being measured by an 1 E K C 0' vibrating reed electrometer 
giving a grid current s e n s i t i v i t y of. 10" 1 1 amps. 

http://can.be
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I n order that V„ be smaal comoared with V, l e t V = 10. 

V = 1*38-10"5 volts. 
7 

.". R ^ 0*9.10 ohms 6. 
Considering now the condition stipulated i n 2. v i z . 

N ut » 2L v substituting f o r R and. C givest-
RC 

N «* » 11,540 r.p.m. 
A convenient value for N i s four, the greater the number of 
vanes, the lower the value of *** need1 be, but the output 
voltage w i l l be reduced, because of the smaller exposed vane, 
surface •• 

•'. 2,900 r.p..m. 7. 
This i s rather a high value to attempt to a t t a i n . To 

avoid, large variations i n u» a synchronous motor,, running 
from the mains: can be used. A large pulley on the motor 
dlriving a smaller pulley on the m i l l w i l l give a step-up 
ratio of R̂  wheret-

K 
R|. = radius, of. motor pulley = 7'2ffl 

and R2 = radius of m i l l pulley = 3*42". 
With a motor speed, of 1,425. r..p.ra. a m i l l speed of 3,000 
r.p..m. i s attained, which Just satisfies equation 7. 
To see what, effect 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: 
gives t:-

V = 1-4.10"4 F [ l - 7'7.10"2 J volts 8.. 
Thus allowing f o r a Ifo change i n mains frequency, producing 
a 1$ change i n «», hence a. 2$ change i n the second' term i n 
the brackets,, giving an. error i n V of 0*17$ which i s 
neglible.. 
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3-2.. Mounting and Driving of. the m i l l * 

Before dealing with the structural details: of the m i l l 
i t s e l f , i t i s essential to consider how the m i l l is. 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 more r i g i d supports than the wire's, used by 
Norinder to support his water droppers.. I n deciding what 
form the supports must, take, i t must be horn i n mind that 
a too massive structure,, although r i g i d l y supporting the 
mi 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 dis t o r t i o n ! 

Iwo effects are l i k e l y to arise from the aupports.;. 
1) . Any conducting parts which are not at the potential. 

of their surroundings w i l l dlatort the earth's f i e l d 1 . 
2) .- Any insulating parts are l i k e l y to acquire charge v 

and must therefore be placed 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 object, natural or a r t i f i c i a l , near 
a potential measuring device can be expressed as a 
t t 
reduction factor for that particular location,, and i s 
given byr-

R.-F. = measured value of the potential gradient 
value at the centre of a large conducting plane 
placed at the same site.. 

I n actual practice the large"horizontal conducting plane" 
is- rather d i f f i c u l t of attainment, and a small reasonably 
f l a t meadow has 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 50 metres or 
so of the site chosen and. the potential gradient remains 
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uniform aver a few hours, no rigorous estimate of the 
exposure factor can be obtained. 

Benndorf (1906) considered reduction factors of various 
objects and found that a v e r t i c a l conducting post one 
metre i n height, has less than lf0 influence on the 
potential measured one metre above the ground three 
metres away from the post. This gives an estimate of what 
effect to expect i f . conducting supports are used.. 

I n view of this,, i t was: thought that the use of wood i n 
constructing the supports would combine r i g i d i t y , with 
insulating properties comparable with that of the a i r , the 
wood being painted to prevent i t from becoming conducting 
i n wet weather., By sinking the posts deeply into the 
ground, the 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 Eig.. 3a.. Tlie 
girder carrying the m i l l is- made of. aluminium 'Handy Angle' , 
consisting of four lengths bolted, together to form two; 
T-sections securing the m i l l between them as shown i n 3b*, 
The method of joining the girders to the posts is- shown i n 
Fig.4. 

This, system proved highly satisfactory, only i n strong 
winds did. the m i l l sway with a frequency of almost exactly 
one cycle per sec.,, which did not appear on the record, 
because of the longer time constant of the recording 
apparatus.. The sag on the girder was only 15 cms. from the 
horizontal measured at the centre. 

The girder supporting the m i l l i s p a r a l l e l to the ground 
thus being situated i n an equipotential plane, i n order 
not, to influence the earth's, elective; f i e l d i t musvt be at 
the same potential as-, the f i e l d , mill,, i.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, : i n 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 z : 

1.). Method of sign determination of the potential 
gradient., 

2). Mechanism to be used to drive the m i l l * 
If. the sign, of the potential gradient i s to be determined* 

then the phase of one of. the outputs 9 either from the upper 
collecting plate or the lower one, being of the same 
magnitude but of opposite phase , w i l l have to be determinedL* 
This can be done , either by generating a constant, voltage 
reference signal either from the m i l l direct or using the 
voltage fed to the driving motor, and comparing the phase 
of. t h i s voltage with that of the m i l l output, or by means 
of. a mechanical system within the m i l l and feeding the 
amplified, m i l l output back to this system* 

U t i l i z i n g the power supply fed to the driving motor i s 
not possible i n this case because a constant phase rel a t i o n 
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 mechanical 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* The choice of which system 
to use w i l l depend on the relative characteriatics of the 
systems. 

Whit-lock (1955) and. Maund (1958) both used a reference 
generator fixed, onto the driving shaft of their mills;,; 
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the output voltage from which has a phase difference with 
the m i l l output of. zero or V 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 Whitlock and 
Maund. had great d i f f i c u l t y i n maintaining a constant 
voltage from the reference generator,, which i s essential 
for the satisfactory operation of. t h i s type of r e c t i f i e r , , 
also frequent electronic troubles occured making the use 
of. this system a matter of constant ' trouble shooting'. 

The mechanical system on the other hand, as used by 
Adamson (1958) proved extremely reliable and i n two years-
constant use the only trouble encountered has- resulted 
from wear i n the carbon brushes. I n view of this i t was 
decided to use the mechanical system,, which involves 
feeding the amplified m i l l output back to a commutator 
mounted on the m i l l driving shaft... The commutator 
arranged with respect to the rotating vanes such that with 
a positive potential gradient,, the negative half cycles 
of the m i l l output are cut o f f , thus giving, a positive D.C. 
output.. Fig. 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 m i l l , the usual 
way of mounting the motor inside the f i e l d mill,, i f . done 
i n this case would involve } 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 
p o t e n t i a l f or isolating the motor power supply from earth 
and using • m i l l earth' (. potential of. the mill-girder 
assembly) for t h i s 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, which must be at earth potential up to 
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the end of. the m i l l girder, and then changed to m i l l 
potential for connection to the m i l l so as. not to affect 
the earth's f i e l d . I n addition.,, the power for the motor 
could not be obtained from the mains necessitating a 
constant voltage supply to maintain « constant within 
the proposed l i m i t s ( S«3.L)» 

In view of these d i f f i c u l t i e s an external method of . 
driving the m i l l 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 size 
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 c i r c u i t 
i t to earth. However,, the use oZ 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 r or even 
producing a • van der Graaf generator' effect* 

I t was hoped that; having one driving belt running 
from the motor to a metal double p u l l e y r situated at one 
end of the m i l l g i rder r see Fig.4; then a second belt i n 
the plane of the gider; this, charge carrying effect 
would be reduced. 
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3-3» Operation as a 6olleotor. 

Eig. 6. shows the proposed, 'flow diagram' for the double 
m i l l . The1 outputs from the upper and lower collecting 
plated are fed to cathode followers C through blocking 
condensers B,. thus, isolating ' m i l l earth' from actual 
earth.. The outputs are fed from the outdoor apparatus 
through coaxial cable to the amplifier through transformers: 
T„T]j- The purpose of T i s to tap off. a fixed r a t i o of the 
output, from the upper collecting plate, to be fed. through 
an amplifier giving a measure of potential gradient. T^ is; 
a dummy transformer with an impedance across, i t ' s , secondary 
winding equivalent to the input impedance of the potential 
gradient amplifier >: thus matching up the two m i l 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 plate 
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 size of the upper and lower plate outputs,, 
but having a phase relation with one of the plate outputs 
of zero or JT radians depending on which i s the larger. 

This added output i s then fed back to a commutator on 
the m i l l , producing a D.C. output of sign dependant on 
1X1-1/1 ( see §'.2̂ 4.) Allowing this D.C.. to drive a servo
motor a slide i s moved along a potentiometer wire, across 
which i s placed a constant fi-T... voltage „ the slide being 
connected, back to the m i l l as shown. 

Refering back to S>.2.4 i t is. 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 J : then 1X1 > l^X.. 
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 m i l l i s brought up to the 
correct potential. However i f q i s positive,. 1X1 < 1X1,, 
then the r e c t i f i e d 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 a 
obvious that i f q is negative i n this case, the m i l l i s at 
a higher negative potential than the surrounding a i r r then 
1X1 < 1/1 „ giving a positive r e c t i f i e d 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 is: the conclusion arrived, at i n 
S.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 Collector 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 m i l l and amplifier circuit,, i a the c r i t e r i o n as. to 
whether the servo-motor w i l l follow changes i n potential 
gradient steadily or w i l l 'hunt' and become unstable. 

Let T-^ = time constant of. servo-motor 
= time constant of m i l l output c i r c u i t 

then 7^ > i s the condition for no hunting. 
The relavent components, of the m i l l output c i r c u i t are 

shown i n Pig. 7. 
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C'g and. Rg. are the m i l l output capacitor and. resistor 

respectively.. 
= blocking capacitor ( 3?ig-6 ) 

R-j, = input resistor of cathode follower C. 
S = 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 change i n potential gradient,- but 
this may equally well be taken as the situation when a 
step-voltage Is applied to the mill.. That this i s i n actual 
fact, what happens w i l l be shown lat e r (S..4.3-) 

Assuming zero i n i t i a l conditions i. e . zero potential on. 
the m i l l , ; and at a time t=0,: apply a potential E to the 
system as. shown-. Hence when t > 0, l e t E = T, and the 
charges on capacitors and C2 be respectively Q1 and Qg 

with currents 1^ and 1^ flowing as shown. 
Since I n i t i a l conditions are zero, when t<0„ V = Q_, = Q0 

o a i L = i 2 = 0. 
Applying Kirchoff 1 s second law at a time t t 
S];!], + ̂  + R2

 ( r i ~ r2 ) = V 9 a " 
°1 

and 
R2 ( I-j, - I 2 , ) - ^ 2 = P_ 10a. 

C2 
but also:: 

I . = ^ 1 11a. 
and * * 

I 2 = ̂ £ 12a. 
d. t 

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 transform? 
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+ i + H 2 C i x - i 2 ) - T 9 

R

2 c i L - * 2 > - £ io 
2 

P QX = I-L H 
P Q2 = i 2 12 

substituting for 11. i n 9- and for 12. I n 10. givest-
I1 ( R1 + R2 ) - I 2 R 2 + £l = V 13 

and _ 
R9I,. - R , L = lz 14 

D X D D PC2 

from 14- _ 
10 = T1 R2-

* PC2 

substituting for I 2 i n 13-
i x ( R- + R2 ) + I - ( _ 1 _ - R 2 ) = T 

p C l R2 + 

PC2 

oa? simplifying::-
_1 
pC^ 1. + pR2C"2 

* i ( R], +• JL + R2^ ) = T 

now V = E r because I n i t i a l l y T = 0 when t = 0, 

••• -1 f p C l ( 1 * P R 2 ° 2 } . 1 

P 1 pR 1C 1*p*R 1R 2C 1C 2 + 1 + pHgCg + pI? 2C 1J 

= E r < ¥ 1 + ^ 2 > 1 
* i + p( R 1c 1+ R 2CT 1 + R 2C 2. ) + p i R 1 R 2 c 1 c 2 ^ 
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" i , = E f ^ R 2 C 2 > , ) 
R i R 2 ° i c 2 * p CRiQif M2P1+ «2«g) * * J 

R 1 R 2 C 1 C 2 R 1 R 2 C 1 C 2 
I n order to de-transform t h i s equation i t must he 

expressed i n a standard form,, so making the substitution!— 
2a = R1 C1+ R2pl+ R 2 C 2 and a 2 « n 2 = 1 givear-

R 1R 2C 1C 2
 R l R 2 C i a 2 

E r ^ I ^ P R 2C 2 ) 1 
i R ^ J ? / (p + a)* + n.* J 

s p l i t t i n g t his into p a r t i a l fractions:— 
3L 

R, 
r i = E 

R 1 R 2 C 1 C 2 
l 2 C l C 2 f p 4. 2a - R 1 C 2 R 1 C 1 I 

£ (p + a)* + _n* (p + a)* + n* 
and now transforming bacfcf-

I-i = E e ~ a^ [cos. nt + a sin. nt - 1 s i n nt( 1 + 1. 
R̂  n n R 2 ^ 

or simplifying gives 
I , = E, e ~ a'b f cos.: nt * 1_ sin nt ( 1 - 1 - _1 

R l 2 n R2 C2 R i a i R l 

the potential across; R^ = I^R^ = 
.". V,, = E e" a t fcos nt + _1 sin nt ( _1_ - _1_ - _ 1 _ ) ] _ 

2 n R 2 C 2 R 1 C 1 R 1 C 2 
This waveform posesses a D..C exponentially decaying 

component of. time constant = 1 
2 R-,RpC C a 

•"• 7*2 = 1 2 1 2 sees. 
R̂ C-̂ + RgP^*' Rp^ 2 

The time constant of. the servo-motor i s given by the 
resistance of the slide g,. assuming the slide i s at. i t ' s 
full-scale position,: and the capacitance of the raill-girde 



37 
assembly to earth. This= value, being only of the order of 
picro-farads;,, was increased by placing a 20 /* J? high 
voltage capacitor between s l i d e and earth, : shown, at- C i n 
Fi g . 6 . Then 

T = R C sees. 
So the condition f o r no hunting can now be expressed b y t — 

H C > 2 R 1 R 2 C 1 C 2 
RjC^+ R 2 ^ 1 * R 2 ^ 2 

Let the s l i d e have a resistance of a megohmr then taking 
the worst possible case when the p o t e n t i a l at: one metre 
above the earth's; surface i s 1 volt-. Then w i t h 600 volts: 
across the potentiometer wire,, the resistance of. the s l i d e 
to earth = 1 0 ^ ohms.., 

600 

• '.7* = 20 sees. 
1 6 0 0 

• 2 R 1 R 2 C 1 C 2 < 1 
R 1 C 1 + R 2 C 1 + R 2 C 2 3 0 * 

> 60 
R2^2 R1^2 R l ^ l 

Taking C2 = 260 and R 2 = 10 8 ohm then t h i s condition 
becomes c-

38-46 + I P 1 2 + _1 > 60 
260R1 R 1C 1 

g 
ao> i f R̂  < 10 ohms then t h i s condition i s satisfied,, 
independent of. the value of C-, r a suitable value f o r Rn i s 6 
seen to be 10 o-hm.. ( S..3-I-) 

I n a r r i v i n g at a suitable 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 c:..p.s. ( S...3.1. ) 

hence t-
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hen.ee s- 1 ^ 10 

400 7rc i 

•"• cn > 10~ 8 - 7-956.10" 1 2 farads, 
400 rr 

t a k i n g a value of = 10~ 9 F ea s i l y s a t i s f i e s t h i s 
condition. 
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CHAPTER I T 
APPARATUS AED EXPERIMENTAL PERFORMANCE 

4-1.. F i e l d M i l l . 
The cons-trudsttom of the m i l l was based on an old s t e e l 

motor casing shown i n Fig.. 8,, which,, when the b a l l races 
were renewed served admirably f o r t h i s purpose* The rotar y 
vanes were cut out of. 1/16" stainless s t e e l sheet r polished 
on both surfaces and mounted at the ends of a £ n diameter 
s i l v e r s t e e l shaft,, mounted i n the motor casing. The drive 
i s transmitted to thi s , shaft by a s i m i l a r shaft housed i n 
a brass tube securely bolted at r i g h t angles to the centre 
of the motor casing.. M s shaft, has at one end a s t e e l 
p u l l e y of diameter 6'84" and at 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 :: 1 
efcrive*-

The c o l l e c t i n g plates are i d e n t i c a l to the r o t o r s , 
mounted on f o u r r x" diameter polystyrene insulators,. 
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\ and was regarded by 
the insulators behaving p e r f e c t l y i n a l l conditions, 
needing no protection,, and only occasional cleaning w i t h 
tissue.. The stators were mounted f l u s h w i t h the case o f the 

^ I n working polystyrene,; the tools were kept very siiarp and. 
soapy water used as a l u b r i c a n t . A f t e r 'skimming'7 down i n 
the lathe,, the in s u l a t o r s were polished successively w i t h 
,r7"imll,1

llBrasson and f i n a l l y very c a r e f u l l y w i t h 'French 
chalk' .. 
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m i l l , , 6 rams below the rotors and secured through the 
insulators to c i r c u l a r aluminium p l a t e s . These are i n t u r n 
bolted to brass angle-girder extensions f i x e d to the motor 
housing. 

The commutator system has to be insulated from the reat 
o f the m i l l (see S»3«2.)„ so the brushes are seated i n a 

bloc* 
perspex. Abolted onto one end of the vane shaft housing* To 
t h i s block i s f i x e d a second Tufnol block which acts, as a 
brush guide r also keeping the brushes insulated from one 
another and from the rest of the m i l l * The brushes are i n 
two d i a m e t r i c a l l y 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; disc l e t i n t o the face 
of a perspeK c y l i n d e r , t h i s being e a s i l y v i s i b l e i n Pig. 8.. 
The commutator has eight segments of which four are 
connected together,., leaving the other al t e r n a t e four 
unconnected. 

The whole structure is: bolted r i g i d l y to a brass frame, 
covered, w i t h aluminium sheet„ and centred w i t h i n t h i s frame 
by j u d i c i o u s l y inserted washers on the securing b o l t s . 
When assembled, the m i l l has h o r i z o n t a l dimensions of 22 by 
22 cms. , w i t h 20 cms., seperating the r o t a t i n g vanes. 

Co-axial cable I s used to connect the two brushes and 
the c o l l e c t i n g plate outputs r to Pye co-axial plugs 
mounted on the m i l l case. The sheath of the cable i s at 
m i l l p o t e n t i a l , so i n the case of the brush leads w i l l have 
to withstand a p o t e n t i a l difference of. the order of 600 
v o l t s between core and sheath. The cable used f o r t h i s pur
pose i s Uniradio ttTel.conll!„ low capacitance P.V.C. 
insulated cable r t h i s was> tested, w i t h a Megger generating 
1000 v o l t s and no leak between core and sheath could be 
detected. 
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Similar cable i s used, to make the connections from the 

m i l l to a * j u n c t i o n box' situated at the end of the g i 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 (see Pig.7), are inserted at 
t h i s point 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" 
•^isconol' condensers having a D.C. working voltage of 6 Kv 
and a capacity of 0*001/*F. The cover f o r t h i s box i s at 
earth potential,, and the connections are made to 
'Belling-Lee' coaxial plugs f i x e d onto the side of t h i s 
cover,, thus the sheaths of a i 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.r i n a d d i t i o n to the two brush 
and two: output leads, was connected d i r e c t to 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 /*/* P (Cg) condenser a small 20/*/* P 
trimming capacitor was connected.,, f o r the purpos.e of 
matching up the upper and lower plate outputs. This i s 
necessary f o r two reasons:-

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

2) . Although the nominal, value of the condensers C 2 i s 
200 there may be as much as 5$ error 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 capacitance. 

I t may be noted here that another reason f o r the outputs 
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d i f f e r i n g from one another at the correct g i r d e r p o t e n t i a l , 
i s that the surface of 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 Whitlock (1955) found, equivalent to a f i e l d 
of + 10 V/m. 

A surp 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 that 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 of the test plate 
which was. used f o r both m i l l s , hence a change i n i t ' s sur
face would a f f e c t both m i l l s equally. Whitlook 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 comparable manner f o r each m i l l . I f 
the l a t t e r is. the case then i t may be assumed that both sets 

I 
of 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'.l.. Cathode Followers, and Addition A m p l i f i e r . 
The cable used to transmit the signals from the outside 

s i t e to the amp 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 cable, having a capacitance 
of. 22 F / 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 attachied d i r e c t l y 

g 
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 shotted 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 , 2 0 0 /v*F. This would be i n 
p a r a l l e l w i t h the 200 /*/*F s.tator capacitance,, and so the 
condition given i n equation 4 ( S . 3 . I . ) would, not be 
satisfied... 

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 o r capacitance,, i s to use a cathode fo l l o w e r . The 
advantage of. running the valve at reduced heater and anode 
potentials,, has already been discussed i n S . 3 . 1 - F i g . 9 

shows the c i r c u i t diagram,, the output resistance now being 
10 E 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 of cathode followers were constructed.,, 
and mounted i n waterproof aluminium boxes measuring 
3 " x 3 " x ?""« ̂ n e 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 
cathode followers to the j u n c t i o n box, keeping the 
capacitance involved t h e r e i n as low as possible (see F i g . 1 9 ) . 

To ensure that both cathode followers had i d e n t i c a l 
c h a r a c t e r i s t i c s , they were connected to the power supply, 
g i v i n g an H.T. voltage of. 95 vv The heater supply (b-b 
Fig.. 1 2 ) , because i t w i l l eventually have to supply four 
cathode 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 cathode followers i n working 
conditions. An input of 10 v o l t s at 200 c.p.s. was obtained 
from a "Beat. Frequency Oscilator" (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 "Cathode Ray 
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Oscilloscope" (C.R.O.) 

Testing both w i t h a voltage fcange 0 - 1 0 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 1$. 
The output begins to d i s t o r t at 4 V input , which i s to 
be expected since 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 cathode r e s i s t o r of -5 v o l t s . The stage gain 
worked out to be 0*^1, w i t h an input impedance of the test, 
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 section). The m i l l outputs were 
fed onto the grids of a double t r i o d e r . both the cathodes 
and the two anodes were strapped together,, and the output 
taken through two stages of conventional resistance-
capacity coupled A..]?, 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 resultant of" the two inputs i s 
zero,, this: 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 e q u a l i t y of response of each side o f the 
double triode, ; each 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 c..p.s:. was applied to the 
other grid.. 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 at an input p o t e n t i a l 
of 10 m V,; and each side responded equally to w i t h i n 1$. 

To determine the o v e r a l l gain of the amplifier,, one 
grid, was supplied w i t h a known f i x e d input (0„25,,50 and. 
100 m V) at 200 c 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 i n p u t . The output versus input difference,, f o r each 
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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 graphs and 
the gain was found to be 7rOOO+500 i n each case. The 
response being l i n e a r over the range - 10 to + 10 m V 
difference i n inputs• 

In. order to t e s t the pperating c h a r a c t e r i s t i c s of the 
m i l l and amplifier,, two horizontal insulated metal plates 
were erected,, one 56 cms., v e r t i c a l l y above the other F each. 
plate being one metre square. Tne m i l l was. supported on two 
short, lengths of 'Handy Angle 1 girder,, 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 
test.,, 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 that 
p o s i t i o n i n g the motor below the l e v e l of the lower plate fi 

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 c t r i c 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 at 
an angle,, and not,, as i t should be, i n the plane of the 
supporting g i r d e r . 

Since t h i s was only a te s t of. the m i l l and amplifier,: 
i t was., decided not to simulate working conditions completely 
by having the lower plate earthed,, and bringing the m i l l 
to the p o t e n t i a l of 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 
connected across the upper and lower t e s t plates,, having 
i t ' s s l i d e connected 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 t 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 JO 

(f) 
a) i 

i 

nut. mtufi Sorrm/y 

Arte at ive fiiccy cuA*e a.) 

i • 

• v. w r i . 

4 

i I 

JO 



46 

between bottom t e s t plate and.mill. 
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 of a l i g n i n g the Rotating vanes c o r r e c t l y 
w i t h respect to the commutator,, the C.R.O. was connected, 
across 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 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 T when the m i l l was; below I t ' s - correct 
p o t e n t i a l . 

For. the purpose of. measurement,. H.T. b a t t e r i e s were 
connected across the test- plates- g i v i n g a p o t e n t i a l o f 
425 volts*,, which w i t h the stated plate seperation ( 5 6 cms..) 
corresponded, to a f i e l d , of 760 v/m.. The C.R.O. was; 
replaced by an AVO meter,, model 8 having a resistance of 
2 M on the 100 v o l t range. 

The r e c 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 respect, to the lower t e s t plate,, 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 re s u l t s obtained. I t is- 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 satu r a t i o n 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 byt-

P.J» between m i l l and surrounds = . 1. 
output voltage 1*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 potential,; 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 that 
the intercept on. the X-axia, f o r a po s i t i v e p o t e n t i a l 
gradient, i s 226 volts.-,, 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 s and -227 v o l t s respectively. That. this. 
discrepancy i s not serious,,, can be seen by ca 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 theoretical, value, e..g- f o r p o s i t i v e 
p o t e n t i a l gradients r-

h = 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 could be 
due to assymetrical 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 as- a c o l l e c t o r is. 
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 o f the commutator. The output, measured on the 
voltmet.er 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 back 
to i t ' s former value, and so on. 

The use of the C.R.O* enabled t h i s spurious output to 
be traced down to the commutator, the 'noise' being due 
to brush jumping. No matter what was done, t h i s undesirable 
noise could 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 replaced, 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 a t the point of. 
contact., but a l l to no a v a i l . I t was decided that the only 
t h i n g to do was to construct, a new, more robust brush and 
commutator system, or to convert the method of r e c t i f i c a t i o n 
i n t o a phase sensitive type.. Since this, 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 was. reconsidered w i t h a view to disregarding the 
phase of the outputs altogether. 
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4-2.2* 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 divergance i n m i l l p o t e n t i a l from that of i t " s . 
surroundings,, except i n one case? when the s e l f charge on 
the m i l l y (S:.2.4-) r is: greater than the induced, charge Q 
due to the f i e l d ; 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 ar 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 s 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 of 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 howv"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 d r i v e i s correct f o r p o s i t i v e valaes. of p o t e n t i a l 
gradient,, then negative values give a drive i n the opposite 
sense B the output being no longer reversed by the commutator 
(S.3.3-)- I n t h i s , case then, one end of the s l i d e wire 
must, remain earthed,, and the p o l a r i t y of. 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, is. 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 of. 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 notes have to be made of the p o l a r i t y 
of the s l i d e wire,, to obtain the sign of p o t e n t i a l gradient; 
also recordings are impracticable i n disturbed, conditions 
when the p o l a r i t y may have to be changed 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 nota t i o n 
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a& i n 3.2.4.,. with the resulting servo-drive i n a 
lc.ommutatorless» system. From this i t i s seen that the 
proposed systemr working on the magnitade 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 f o r 
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 feedback over the two stages. The 
input transformer i s no longer essential f o r the operation 
of this amplifier, but was retained, to safeguard the 
amplifier f i n the event, of a breakdown of the blocking 
eondenser. An input selector is. placed across the secondary 
of the transformer giving fractions, of the input of 1,̂ ,1/5» 
1/10, 1/50 and 1/100. 

Feedback i s effected from the anode of the second 
valve ( Briraar 6J7G ) through a 1 /*. F capacitor; t h i s 
value introducing negligible reactance or phase s h i f t at 
the m i l l frequency; and a resistor R̂ . The feedback 
voltage i s developed across. R̂,, which being i n the cathode 
lead of. the f i r s t valve (Mullard E F 37 A) , feeds the 
voltage back i n opposite phas.e to the incoming signal on 
the gri d . 

The fraction of the output voltage fed back /S i s given 
by:-

P = R2 „ 
R l + R2 

since this voltage ;just divides i t s e l f across R1 and Rg. 
I f A = amplification without feedback, then the voltage 
amplification with feedback 
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thus i f the feedback factor A/8 » I*'then 

A. = - 1 
and i s independant of any amplifier characteristics. 

I n the present case,, for the f i r s t valve stage Vout = 176 
V i n 

and for the second stage Vout = 140 
V i n 

R1= 36-5K and Rg = IK 
A = 24*640 and. p, = _1 

37-5 
.-. A/i = 24,640 » l r 

37-5 
hence 

When a plot was made of. output against input voltage,, 
using a value of the input selector = 1 , 

Ap = 86-3 
hence the transformer must have a step-up ratio of Is2*3. 
The amplifier proved to be stable within the tested range 
0-10 volts input, and gave a perfectly linear output for 
inputs up to 1 v o l t - These measurements were performed 
measuring the peak to peak output with the C.R.O., and 
using a B.F.O. at 200 cp.s. for the input. 

A second similar amplifier was b u i l t on the same 
chassis as the f i r s t , care being taken to match-up the 
resistors i n the input selector,, and feedback resistors 
Rj and R̂ . The input selector switches were 'ganged' on the 
two amplifiers,. to enable them to be operated by the same 
control 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 R̂  slightly,; presumably due to a s l i g h t l y 
different transformer ratio,, tp produce identical results. 
The amplifiers, were b u i l t on a standard size,. 10" x 17", 
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duralumin panel, so that- when completed a l l the electronic 
gear could be mounted i n a single rack thus being readily 
accessible . 

The power supply for the amplifiers and cathode followers 
i s shown i n Fig- 12.. This i s a f u l l wave r e c t i f i e r using 
a Mullard (?Z32 double diode valve r giving a maximum current, 
of 33 m A at 350 v o l t s . The stabalizing c i r c u i t employed is. 
shown i n the lower part., of the diagram,., and comprises of. 
two Osram STT280/40 "Stabilovolt" tubes. These are m u l t i -
contact neon tubes, giving 70 volts potential drop across 
each section,, each tube having 4 cathodes. To provide the 
cat-hode followers with approximately 95 volts H.T.,. three 
catliodes: were u t i l i z e d on the f i r s t tube and two on the 
second,, shofct c i r c u i t i n g the remaining cathodes as shown i n 
Fig* 12* This arrangement w i l l give 140 volts between earth 
and the anode of the second tube, which is placed across a 
potentiometer,, which is- then set. to the required cathode 
follower, voltage. 

The s t a b i l i z i n g property of the neon tubes, i s due to 
them maintaining a constant P..D. across their electrodes, 
independant of the current flowing. The sum of the currents 
flowing through these tubes,, and round through the external 
c i r c u i t w i l l thus always be the same, and provided the 
external c i r c u i t current does not exceed, the tube current 
when the rest of. the c i r c u i t is. open ("33 m A) , then the 
voltage supply w i l l be constant. The 250 K resisto^are 
placed across, the electrodes to f a c i l i t a t e ' f i r i n g 1 of. the 
tubes when switching on, a l l four parts can then f i r e 
individually., I f " these 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 volts i n excess of the stabalized 
value. Individual f i r i n g however, only requires an excess 
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of 20 volts:. 

The r e c t i f i e d current output from the power pack i s 
shown plotted! against the voltage i n Fig.14,; where I t i s 
seen that up to 33 n A the voltage drops from 350 volts to 
349-2 volts„ giving a variation i n output of 0-23$. The 
actual H.T.* current 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 
supply:-

1) , Cathode followers C4) = 1 nr. A. 
2) .. Potential gradient amplifiers (4) = 6 m. A. 

Making a t o t a l current of 28 m A,, hence a voltage from 
Fig. 14 of. 349* 4 volt a r this, value was: checked every month, 
for 1% years; and. remained steady at this, figure throughout* 

Because of the high output Impedance of the amplifiers 
( see Fig-11),, i t was. thought necessary to couple the 
Instruments following,, to the amplifier through cathode 
follower stages• This is not necessary for the recording 
galvanometers.,, which may be obtained with a s u f f i c i e n t l y 
high impedance,, but the servo devises; were being obtained 
from the TJ.S..A.., and. at this stage i n the work no details 
of these ins.truments were available. The c i r c u i t diagram 
is shown i n Pig..l3 F the valves used are again Mullard: 
E E 3TA*s but i n t h i s case normal voltages are used on 
H«T. and. heaters. 

I t . was mentioned i n S.4.1* that a small trimmer condense 
was placed between stator and rotor of the mill,, 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 placed i n the cathode 
leads of the output cathode followers,; Fig.13- This, 
provided a very useful adjustment, of the balance point of 
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the m i l l and i n practice, ; 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 
r e c t i f i e d through a Brimar G*D.3.> Germanium diode,, the 
50 /*. P condenser i s inserted i n series with this to block 
the cathode bias voltage which otherwise, being positive 
with respect to earth,, would also be recorded. Assuming 
that this, steady voltage i s equal for both upper and lower 
halves of the cathode follower stage,, no effect, would be 
produced on the servo-motor balance point. However taking 
o f f one output to record, the potential gradient,, would 
give an inconvenient zero output to this value* 

I n order to monitor the outputs T a subsiduary monitoring 
c i r c u i t was incorporated i n the cathode follower stage, 
this consisted of a sensitive meter which could be switched 
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 R rn was- p r o v i s i o n a l l y 

m 
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 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 d i r e c t l y equivalent to potential 
gradient valves. 

In order to check, the properties of the upper (A) 
potential gradient amplifier against the lower one (B),; 

an input from the B.F.O.. was; fed onto both amplifiers of 
30 m V r.m.s... with both input selectors, on 1, the 500 ohm 
potentiometer was set s.o that the monitor meter gave an 
equal reading on A and B", the input was- varied to give F.S.D 
on the meter giving maximum se n s i t i v i t y of adjustment to 
t h i s control. The meter reading for each amplifier was then 
plotted against, input,, using each value of the input selecto 
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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 1$. on a l l input selector valaes. 
Although the resistor values i n the input selectors were 
calculated to give values of 1/5,. 1/10,. 1/50 and 1/100 
of. the input r the graphs showed sli g h t variations from 
these values,, the actual values being 1/2«01, 1/4*5, 1/91, 
1/60 and 1/135- Fig.15„ using an input selector value of 
unity,, is typical of a l l these plots. The ' t a i l o f f which 
occurs for small inputs is. due to the non-linearity of the 
Germanium r e x t i f i e r on small voltages, i . e . below 100 m V. 
The fla t t e n i n g of the curve at the upper end, i s due to 
the resistance of the monitor meter not being s u f f i c i e n t l y 
high compared with the output resistance of the r e c t i f i e r 
c i r c u i t * An increase i n the former however, would make the 
meter too insensitive.. The slope of the graph i s 2*72 A/m T, 
which corresponds, to an overall amplification, of. 22*6. 
Comparing this with the value foir the amplifier alone 86*3,-
a considerable loss- has been sustained through the cathode 
follower and r e c t i f i e r stages* 

I t i s convenient, at this point to s.ee what the magnitude 
of: the r e c t i f i e d output i s going to be approximately,, for 
agiven potential gradient ::-

From 8, 3*3.1. V- 1-4.10"4 E f l . - 7-7.10"2] vo l t s , 
stage gain of m i l l cathode followers =0*71 
and amplifier gain = 22*6.. 

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

V = 2-07.10"5 E volts 1. 
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thus: a potential gradient of 1 v/m gives an output of 2 m V 
which corresponds to a monitor meter deflection of 0*24/* A 
I n choosing a value of 7*2 K for R^t. i t was 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 . which 

m 
would decrease the point where the monitor meter becomes 

p 
non-linear from 80 ft A to 65 /« A „ i t was decided, to leave 
R̂  at i t ' s present value. 

I t was found from the previous m i l l t e s t , using the 
addition amplifier ('3.4.2.1.) r that a potential difference 
of. one vo l t 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 hencer-

A VB = 2_ = 0*29 m V. 
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 cables, a difference i n the f i n a l outputs of 

TOA" VoB - 4>6 m Y ' 2. 
i s obtained, for a 1 volt difference from the surroundings,. 
Comparing th i s result with 1., and bearing i n mind the 
fact that when the m i l l potential d i f f e r s from i t ' s 
surroundings,. changes i n one direction and equally 
i n the other, i t is. seen that a u n i t 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 
This i s an experimental res u l t , found by decreasing to 
3 K., 
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however the potentiometer connecting the two test plates 
was used to appl^r a variable potential to the top plate t 

the lower plate being earth connected. The 0*001/* F 
blocking condensers and m i l l cathode followers, were 
included i n the m i l l output circuit,, and a 1 M 
potentiometer used to apply a variable potential to the 
mill.. This arrangement,, apart from, the length of cables 
employed', simulates the conditions under which the m i l l 
w i l l be f i n a l l y operated.. For each plate potential value 
between -500 and +500 v o l t s r 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 p this output was noted and. the m i l l 
potential measured9 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 were 
equal... t h i s was done with a potential of -50 volts on 
the test p l a t e f so that with a m i l l potential of 
-50.23_ = -20-5 volts, the m i l l i s at i t ' s , surrounding 
potential.. That, this adjustment was incorrect may be seen 
from the resulting graph i'ig.lb,, where this point i s the 
only strongly deviating value r due very probably to f i e l d 
d i s t o r t i o n produced by the charged belt,, as noted i n the 
previous test:., This misadjustment thus gave the two 
amplifier outputs the wrong ratio,, producing a straight 
line of. slope 0*25 instead, of the theoretical value of. 
0*41* Apart, from this,:. the l i n e a r i t y shown by the graph 
indicates the satisfactory functioning of the double m i l l 
as a collector. 

The range of potential gradients covered by this test 
were + 890 Y/m* Taking care to switch down the input 
selector when the monitor meter deflection approached 
80 /* A,, and. p l o t t i n g the meter reading against potential 
gradient gave a sensivity of exactly 2 m. V per V/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 he 
ascribed to the exactness of the calculations„ considering 
the approximations involved, therein! 

As prevaoiialyimEntioned,, the divergence from l i n e a r i t y 
i n meter readings below 13/* A i a due to the re c t i f y i n g 
diode characteristics,, and i s identical for both A and B 
outputs-. The effect of t h i s on the servo-motor w i l l thus, be 
cancelled out, but when measuring potential gradient values-, 
th i s 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 "V/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 second 
double f i e l d m i l l and i t ' s attendant apparatus. As- explained! 
i n S.2.3.,; 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 second m i l l i s required. 

The equipment constructed was identical to that of the 
f i r s t m i l l with the exception of the m i l l i t s e l f , which 
was.; designed! without allowance being made for a commutator 
system, thus enabling tiie 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,, cast 
specially for this purpose and making a much neater job 
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than the motor casing employed for the f i r s t m i l l . When 
assembled the second, m i l l had. the same horizontal dimenslous 
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 
b u i l t 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 % n Dwalumin panel,, 
measuring 18" x 10%. 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 r which clearly shows the two m i l l amplifier 
panels.. The power pack was f i t t e d onto a shelf below the 
amplifiers,; the H.T. and heater leads, plugging into the 
front of t h e i r respective panels. 

A l l earth connections were taken to a common earth line 
consisting of an diameter copper lead, t h i s being 
'earthed* through a piece of copper sheet buried", fir m l y 
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 case, then spurious D.C.. 
voltages would appear on the various components and upset 
any attempt to take accurate readings:. 
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4.3* P o t e n t i a l Balancing Servo -Me 0:hanisnt» 

TTie instruments used f o r t h i s purpose are Honeywell-
Brown E l e c t r o n i k "Continuous Balance'" e h a r t recorders,, 
the o r i g i n a l purpose o f the instruments was t o balance 
an i n p u t v o l t a g e from a thermocouple o f the order 0 t o 
25 m V„ against, a standard v o l t a g e s u p p l i e d 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 a c i n g the unknown v o l t a g e on the s l i d e 
o f a r e s i s t a n c e w i r e across which a b a t t e r y creates a 
known drop i n p o t e n t i a l . The v o l t a g e d i f f e r e n c e between 
pot e n t i o m e t e r s l i d e , and i n p u t 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.- amplifier,,, and then actuates a 
servo-motor d r i v i n g the s l i d e t o the c o r r e c t p o t e n t i a l . , 
The s l i d e i s , attached t o a pen: whiah thus records the 
i n p u t v o l t a g e on a s t r i p c h a r t r the c h a r t speed being 
v a r i a b l e from 30 t o 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 t o a minimum change i n i n p u t o f 0*03 m V 
a t maximum s e n s i t i v i t y * The time o f t r a v e l of. the s l i d e 
from zero t o f u l l scale p o s i t i o n i s 12 sees. So by 
mod i f y i n g the s l i d e w i r e c i r c 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 b a l a n c i n g 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 
p o t e n t i o m e t e r would be simply to remove the low r e s i s t a n c e 
w i r e and replace i t w i t h one of. h i g h e r r e s i s t a n c e . The 
d e c i d i n g f a c t o r i n the choice of s l i d e w i r e r e s i s t a n c e i s 
the c u r r e n t 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 ICV power pack 
su p p l y i n g a maximum current, o f 4*5 m. A,; t h i s would mean 
a wir e r e s i s t a n c e o f 1 M i n order t o supply two instruments 
from t h i s power pack. U n f o r t u n a t e l y no w i r e is- o b t a i n a b l e 
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having t h i s r e s i s t a n c e and o f the d e s i r e d l e n g t h , so a 
composite r e s i s t a n c e was c o n s t r u c t e d on a T u f n o l s t r i p 
f i t t i n g i n the Brown Recorder i n place o f the o l d w i r e . 

The s l i d e w i r e c o n s t r u c t e d , c o n s i s t e d o f 1 0 1 r 8 B-A. 
b o l t s , screwed i n t o the T u f n o l s t r i p . I n order t o ensure 
smoo:th running o f the s l i d e over the heads o f the b o l t s 
a gap o f o n l y 1/32" was l e f t between each b o l t head:, 
t h i s meant t h a t nuts could n o t be used t o secure them 
i n place,, so the holes f o r the b o l t s had t o be a c c u r a t e l y 
d r i l l e d and tapped., a t a s k r e q u i r i n g endless patience 
and. t e n new taps.. To the reverse side of. the b o l t s - one 
hundred 10K r e s i s t e r s e w e r e soldered„ thus g i v i n g a w i r e 
o f 1. M resistance.. I n o p e r a t i o n i t was. found necessary 
to s h o r t out 3 o f the contacts at.one end and 4 a t the 
o t h e r , t o b r i n g the pen zero and f u l l scale p o s i t i o n s 
i n t o coincidence w i t h zero and maximum v o l t a g e , r e s u l t i n g 
i n a f i n a l r e s i s t a n c e of. 930 K. The two completed s l i d e s 
w i l l thus have a r e s i s t a n c e o f 4b5 K, drawing from the 
power supply a t £ K V a c u r r e n t o f 4*3 m. A. 

The s l i d e contacts are i n s u l a t e d from the r e s 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 • c o l l e c t o r ' wire,, placed p a r a l l e l t o the 
r e s i s t a n c e c o n t a c t s , ffig.. 18 shows a schematic diagram 
of. the b a l a n c i n g system. The R C. c i r c u i t across the 
i n p u t i s the c i r c u i t recommended by the manufacturers 
t o render the instrument s l i g h t l y overdamped, w i t h o u t 
the components Rp and C D the motor o s c i l l a t e d about the 
balance p o i n t w i t h an amplitude o f approximately 4$ F-S.D. 
The purpose o f the 150 K r e s i s t o r across, each input,, i s 
to e l i m i n a t e the unbalancing which would r e s u l t : from a 
ehange i n the r e s i s t a n c e o f the p o t e n t i a l g r a d i e n t 
r e c o r d i n g galvanometer c i r c u i t ( w h i ch r e s i s t a n c e i s h i g h 
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compared w i t h 150 K ) . 

Because the s l i d e w i r e has- not a u n i f o r m v a r i a t i o n 
of. r e s i s t a n c e along i t ' s l e n g t h i.e.. i s composed of. 10 K 
steps„ the v o l t a g e s u p p l i e d t o the m i l l w i l l v ary i n steps 
as the s l i d e progresses from one b o l t head, t o the n e x t . 
This i s the reason why the t h e o r y i n S.3.4. was worked 
out f o r a step v o l t a g e applied, t o 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 c 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 w i r e i s t o reduce the accuracy w i t h which the 
v o l t a g e i s f e d to the m i l l . For an estimate o f what e r r o r 
i s i n t r o d u c e d by t h i s , l e t the m i l l be at a height o f 1 ra,; 

w i t h a p o t e n t i a l g r a d i e n t P V/m.. I f the v o l t a g e across 
the s l i d e w i r e i s Y v o l t s , then the e r r o r i n the v o l t a g e 
a p p l i e d t o the m i l l E i s given by 

E = 100 V , 
93 P 

thus f o r a p e r m i s s i b l e e r r o r o f 1* OBfi then V = b' , 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.. This o n l y assumes a p o s i t i o n o f 
t*ie s l i d i n g contact e i t h e r on one s t u d o r the next, 
wheras i n fact, 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 a c t t h a t the 
p o t e n t i a l g r a d i e n t very r a r e l y remains constant, the s l i d e 
v o l t a g e may be increased c o n s i d e r a b l y above E. Taking a 
slow p o t e n t i a l g r a d i e n t change t o occur a t the r a t e o f 
1 V/m per min., and V = 600 v o l t s , then i n i t i a l l y the 
Brown Recorder w i l l i n d i c a t e a t 100 V/m a p o t e n t i a l of. 
100 v o l t s (midway between two c o n t a c t s ) . The t a b l e over
leaf, i n d i c a t e s the p o s i t i o n s a t each minute i n t e r v a l up 
to 10 mins., 
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TIME mins 0 1 z 3 , * 6 7 8 1 10 

POTENTIAL GRADIENT V/m 100 tot IOZ 103 IO+, tor io a /Of no 

POTENTIAL ON B.R. v o l t s too 100 toj 10 J 10% lOtrS I06S tots 1017 /of-) 

I f readings are taken from the record produced a t 
minute i n t e r v a l s , i t i s c l e a r t h a t the l a r g e s t divergence 
i s 1*5 v o l t s w i t h t h i s r a t e o f change, t h a t i s an e r r o r o f 
1-4$. This value w i l l be correspondingly higher f o r l e s s 
r a p i d f l u c t u a t i o n s and lower,, f o r more r a p i d 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 q u i t e s a t i s f a c t o r y f o r 
f a i r weather c o n d i t i o n s , w i t h the m i l l a t 1 m, or higher. 

As p r e v i o u s l y s t a t e d , i t was intended t o use a 2 K V 
power pack t o 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 r e l i m i n a r y t e s t s u s i n g t h i s gave an 
output from the m i l l due t o mains r i p p l e on the II.T* supply* 
This output was approximately t e n times l a r g e r than the 
output due t o the ambient f i e l d , and could not p o s s i b l y 
be e l i m i n a t e d - I n a d d i t i o n t o t h i s d e f e c t , the output 
from the 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 t o H.T. ba t t e r i e s . -

The switches f o r r e v e r s i n g the s l i d e w i r e p o t e n t i a l 
were mounted a t the bottom of. the a m p l i f i e r rack F i g . 17,. 
on an ebonite board behind which, i n the base o f the 
rack, were f i x e d the H»T* b a t t e r i e s . The two 20/»P 
smoothing condensers (Fig.18 and S.3.4.) are p o s i t i o n e d i n 
f r o n t of. the s w i t c h panel., The connections from the s l i d e s 
and the H.T.. supply t o the s l i d e w i r e s , were unscreened 
Radiospares "E.H.T.," leads., and r u n up the back o f the 
a m p l i f i e r rack t o the Brown recorders: seen i n the upper 
r i g h t hand corner o f Fig.,17. 
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4»»4"» Recording Galvanometers and Time Sy n c h r o n i s a t i o n . 

As seen i n the previous s e c t i o n , the Brown Recorders 
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 r e s p e c t i v e c h a r t s . For the purpose o f 
r e c o r d i n g the p o t e n t i a l gradient,, the output from the 
upper (A) side o f the a m p l i f i e r i s taken i n each case t o 
i t ' s own galvanometer. Because the i n p u t impedance o f the 
Brown Recorders i s 1-4 K„ the galvanometers must have a 
h i g h r e s i s t a n c e compared w i t h t h i s so as- not t o upset the 
b a l a n c i n g . This e n t a i l s e i t h e r u s i n g a h i g h r e s i s t a n c e 
galvanometer o r a v e r y s e n s i t i v e one w i t h a h i g h r e s i s t a n c e 
i n . s e r i e s w i t h i t . The l a t t e r method was. employed because a 
galvanometer o f the h i g h r e s i s t a n c e r i n the r e g i o n o f 
100 K, r e q u i r e d by the former were not r e a d i l y a v a i l a b l e . 

The galvanometers used were Tinsley,, suspension type 
4500/10 f , having a p e r i o d i c , 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 r e s i s t a n c e i s 45 ohms: 
and r e q u i r e s a shunt r e s i s t a n c e o f 12 K to give c r i t i c a l 
damping. I t was. decided t o have a choice o f three s e r i e s 
r e s i s t o r s t o 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 t o give s u i t a b l e s e n s i t i v i t i e s on 
t h e u n i t p o s i t i o n o f the a m p l i f i e r i n p u t s e l e c t o r . 

T r i a l measurements showed t h a t i n c l u d i n g the Brown 
Recorders i n the c i r c u i t , , reduced the estimated, output 
(i S-4.,2..) from 2 mV t o 1 mV per V/nu The w i d t h of. 
photographic, paper used was 240 mms and the f u l l w i d t h 
can be used because the output i s always p o s i t i v e w i t h 
respect t o earth,, so a c u r r e n t o f 0*16/* A i s needed t o 
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 of. 
1*5",0*68 and 0*22 M give F.S.D. on the galvanometer t r a c e 
o f 240,; 109 and 35 V/m corresponding t o s e n s i t i v i t i e s o f 
1, 2-3 and 6*8 rams per V/m r e s p e c t i v e l y , , these s e n s i t i v i t i e s 



64 
w i l l be known as 'Low', 'Medium' and 'High' i n a l l sub
sequent re f e r e n c e s * 

from the s e n s i t i v i t i e s j u s t calculated,, the range of 
p o t e n t i a l g r a d i e n t s covered by the r e c o r d i n g c i r c u i t * 
u t i l i z i n g the i n p u t s e l e c t o r i s + 24,000 T/m w i t h a 
maximum s e n s i t i v i t y o f 6-8 mms per V/m. The l i m i t s o f 
the measured range however, are set by the maximum s l i d e 
w i r e v o l t a g e o b t a i n a b l e i n combination w i t h the h e i g h t 
o f the m i l l . Using 600 v o l t s on the s l i d e wire w i l l glhsre 
a range o f + l r 2 0 0 V/m w i t h the m i l l a t a h e i g h t o f ^ rar 

but o n l y + 100 V/m a t a h e i g h t of. 6 m. 
The camera used f o r the p o t e n t i a l g r a d i e n t recordings; 

was., made i n the l a b o r a t o r y workshops.. I t was. equipped t o 
take a 100 f t r o l l o f 240 mms w i d t h r e c o r d i n g paper, ; 

d r i v e n by a geared down motor-powered from the mains,: 

g i v i n g a paper speed o f 30"/hour. The galvanometer lamps; 
were focussed t o give a p a r a l l e l beam. of. 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 t o 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 lens,, focussed 
the v e r t i c a l s l i t image t o give a spot on the r e c o r d i n g 
paper-

I n a d d i t i o n t o the two T i n s l e y p o t e n t i a l g r a d i e n t 
r e c o r d i n g galvanometers,: a t h i r d galvanometer was i n h e r i t e d , 
from a previous worker. This- was connected, t o the Agrimeter 
(Chalmers. 1953)i » 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: surface. From November 1957 
t o 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.Sc, who r e q u i r e d t h i s , 
instrument f o r h i s own measurements* 

Since r e c o r d i n g was being done on photographic paper, 
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some ze r o i n g check o f the galvanometers was needed,, and 
also time marks must be recorded b o t h i n the camera and 
on the two Brown Recorder c h a r t s . For t h i s purpose a ^ 
minute pulse on the l a b o r a t o r y c l o c k was made t o operate 
a Post O f f i c e ' U n i s e l e c t o r ' , t h i s was connected t o a 50 
v o l t D..C* supply i n such a way t h a t i t s u p p l i e d a g-
minute 'pulse' every f i v e minutes, ; and also by d r i v i n g 
a second U n i s e l e c t o r w i t h t h i s f i v e minute p u l s e , a h a l f 
h o u r l y pulse was made a v a i l a b l e . This was a standard 
supply and wired i n t o a l l the l a b o r a t o r y r e c o r d i n g rooms. 

The f i v e minute pulse was: made t o operate a Post O f f i c e 
5*000 type r e l a y , w i t h i t ' s c o ntacts arranged so t h a t the 
A output from each a m p l i f i e r wasi earthed f o r minute 
every 5 minutes, t h i s zeroed the p o t e n t i a l g r a d i e n t 
r e c o r d i n g 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 t o t h i s , , the Brown Recorders 
see t h i s e a r t h i n g o f the upper outputs, as a decrease i n 
p o t e n t i a l g r a d i e n t which they attempt to f o l l o w , and 
consequently move the s l i d e down t o zero m i l l p o t e n t i a l , 
and thus provide time marks on the r e c o r d i n g charts.. This i n 
c i d e n t a l l y f u l f i l s the c o n d i t i o n noted i n S.4-2.2. ,, where 
the m i l l must, s t a r t o f f from zero p o t e n t i a l i f p o t e n t i a l 
g r a d i e n t values are very s m a l l . 

The Brown Recorder c h a r t s were graduated l a t e r a l l y 
w i t h 1/3" divi s i o n s ^ „ thus enabling readings t o be made a t 
40 sec. i n t e r v a l s , and d i v i d e d 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 w i r e p o t e n t i a l of 600 v o l t s enabling 
a reading to be made e a s i l y to w i t h i n 0*6 v o l t s * For 
ease o f reading o f f values from the photographic paper 
a mm scale was. enscribed on the camera l e n s , i t ' s 'shadow' 
being recorded on the paper by means o f a f o g g i n g lamp 
placed as: near as p o s s i b l e t o the galvanometers-. This lamp 
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was connected t o i t ' s supply through a second r e l a y 
worked again by the 5 minute p u l s e , being switched o f f 
at the same time as the galvanometers are zeroed, thus 
l e a v i n g a white l i n e across the r e c o r d i n g paper every 
5 minutes.. A c e l l u l o i d scale was made w i t h d i v i s i o n s 
r u l e d along i t , e n abling one minute readings t o be taken 
from the r e c o r d , which has a speed i d e n t i c a l t o t h a t o f 
the Brown Recorder c h a r t s i..e. 30"/hour. 

L a t e r a subsiduary t i m i n g c i r c u i t was c o n s t r u c t e d 
which i n t e r r u p t e d the f o g g i n g lamp supply f o r two seconds, 
every -fe minute s t i l l l e a v i n g 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 altogether,, and made the a n a l y s i s o f recordingefc 
much q u i c k e r • 

The Agrimeter galvanometer,: having both p o s i t i v e and 
negative i n d i c a t i o n s was zeroed a t approximately the centre 
o f the camera s c a l e - I t was a l s o earthed a t 5 minute 
i n t e r v a l s by means o f an earthed p l a t e covering the 
i n s t r u m e n t - Every h a l f - h o u r a known volta g e was put on 
t h i s p l a t e a u t o m a t i c a l l y , 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 
of the galvanometer. This instrument had also three 
s e n s i t i v i t y values, high, ; medium and low, having the values 
0*125,, 0*0305 and 0«00585 mms per V/m r e s p e c t i v e l y - 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/m.. The c a l i b r a t i o n v o l t a g e on 
the s h i e l d i n g p l a t e was + 12 v o l t s , which gave a correspon
d i n g p o t e n t i a l g r a d i e n t o f + 165 V/m-
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CHAPTER V 
OPERATION AMD BEHAVIOUR OP THE COLLECTORS. 

5.-1.. The S i t e and. Erection, o f the Apparatus. 
U n f o r t u n a t e l y no choice could be exercised i n s i t i n g 

the apparatus,, the o n l y one a v a i l a b l e being t h a t shown 
i n Fig..20* As can be seen from, t h i s diagram the s i t e i s 
screened on the eastern side by a s i n g l e l i n e o f t r e e s , 
on the n o r t h by l a b o r a t o r y b u i l d i n g s and. on.the southern 
side by a b o i l e r house behind which i s a l a r g e wood.. 
The ground slopes q u i t e s t e e p l y upwards beyond the southern 
fence and because o f t h i s , , no d i r e c t s o u t h e r l y winds could, 
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 c o n s i s t s , 
i n the main, of. open, meadows and on the N o r t h l i e s the 
major p a r t of. Durham c i t y * 

The p l o t i t s e l f , slopes g e n t l y downwards, from South to 
North,, as may be seen from Fig.,19* The m i l l s u p p o r t i n g 
posts were erected v e r t i c a l l y , and the method employed, t o 
f i x the T u f n o l bars ( s u p p o r t i n g the m i l l g i r d e r s ) t o these 
posts,, n e c e s s i t a t e d d r i l l i n g holes through the posts to 
take metal p i n s s e c u r i n g the bars i n p o s i t i o n ; t h i s 
arrangement wan be seen i n Pig.4. The p o s i t i o n i n g o f these 
holes were such t h a t the m i l l g i r d e r s when f i x e d , were as 
ne a r l y p a r a l l e l t o the ground as p o s s i b l e . Seta o f holes 
were d r i l l e d a t half - m e t r e i n t e r v a l s from the ground,, 
g i v i n g p o s s i b l e m i l l h eights from •§• t o 5s metres* 

I n order t o decrease the sag on the g i r d e r s as much as: 
p o s s i b l e , 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 t o the ground,, but s l o p i n g upwards towards the 
m i l l a t an angle o f approximately 5°. This ' o f f s e t ' applied, 
a couple a t each end o f the g i r d e r t e n d i n g t o t u r n the 
m i l l i n an upward d i r e c t i o n , , and reduced the sag" from 45 cms 
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In. a n a t u r a l hanging p o s i t i o n * t o 15 cms.. This distance 
being measured v e r t i c a l l y a t the m i l l from a l i n e j o i n i n g 
the ends o f the g i r d e r s . 

This 'counter-couple' a c t i n g on the g i r d e r s p ut the 
metal s e c u r i n g p i n s 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 h e i g h t o f the m i l l s , a 
d i f f i c u l t o p e r a t i o n . I n order t o withdraw the p i n s , the 
m i l l had t o be supported,, which support was a b l y tended, 
by the author's f e l l o w research workers w i t h o u t whom, the 
o p e r a t i o n of. r a i s i n g the m i l l s would have been impossible,, 
e s p e c i a l l y t o the h i g h e r p o s i t i o n s ! 

The space charge e f f e c t s t h a t may be obtained, due t o 
the l o c a t i o n o f the measuring s i t e can be assessed according 
t o wind d i r e c t i o n and p o t e n t i a l g r a d i e n t 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 j u n c t u r e . W i t h w e s t e r l y winds s h o r t b u r s t s o f 
charge w i l l pass over the s i t e from passing locomotives,, 
the r a i l w a y being approximately l£ miles away, t h i s e f f e c t 
b eing n o t i c e d by Whitlook i n h i s p o t e n t i a l g r a d i e n t 
measurements (1955)- Also v e h i c l e s 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 b u r s t s o f very s h o r t d u r a t i o n and may 
not be detected* W i t h n o r t h e r l y winds the observed space 
charge w i l l again be a r t i f i c i a l , t h i s time due t o smoke 
coming from domestic f i r e s and w i l l probably be s u f f i c i e n t 
t o b l a n k e t out any e f f e c t s due t o t r a f f i c passing along a 
road 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 
g r a d i e n t i s Buc„h-'a" value- as t o produce .point discharge-from 
the surrounding t r e e s * The e a s t e r l y l i n e of. t r e e s when 
d i s c h a r g i n g , although a f f e c t i n g the p o t e n t i a l g r a d i e n t a t 
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the ground, downwind, w i l l probably not give a space charge 
at as- low a l e v e l as 6 m unless wind c o n d i t i o n s are 
extremely t u r b u l e n t , , the hei g h t a t which p o i n t discharge 
ions are produced being approximately 18 m. The onset 
p o t e n t i a l g r a d i e n t f o r a metal p o i n t mounted 2 m above 
one of. these t r e e s i s i n the r e g i o n o f 450 V/m (Kirkman 
1956); f o r p o i n t discharge t o occur a t lower t r e e s i n the 
neighbourhood such as t o produce ions d e t e c t a b l e 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 g r a d i e n t w i l l have t o 
exceed some t e n times t h i s value a t which r e c o r d i n g i s 
impossible anyway. On the o t h e r hand, i n p o i n t discharge 
c o n d i t i o n s the mass o f t r e e s t o the south should give 
appreciable space charge w i t h i n the d e t e c t a b l e h e i g h t v so 
w i t h a S E or S W wind t h i s e f f e c t i s t o be expected. 

I n Fig.20 are a l s o shown the p o s i t i o n s o f the Agrimeter 
a t a h o r i z o n t a l d i s t a n c e o f 14 m, and two o t h e r items o f 
equipment t o whioh reference w i l l be made l a t e r , namely 
a r a i n c u r r e n t measuring instrument (R.C.) a t a distance 
of 13 m and an Obolensky type f i l t e r (F.A.) a t 5 m, from 
the double m i l l s . 

5.2. F i e l d Operation. 
For 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 l a t e was constructed, t o f i t c l o s e l y over the 
top or bottom o f each double m i l l i n such a way t h a t i t 
remained p a r a l l e l t o the m i l l vanes a t a distance o f 3 cms 
from the s t a t o r . The vo l t a g e f o r t h i s p l a t e was supp l i e d 
from b a t t e r i e s f i x e d onto i t ' s upper s u r f a c e , o f such a 
value t h a t a p o t e n t i a l g r a d i e n t o f + 600 V/m, i n 50 V/m 
steps,, could be a p p l i e d t o the m i l l . 

Only one d e t a i l e d c a l i b r a t i o n o f b o t h f i e l d m i l l s was 
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c a r r i e d o u t , a l l subsequent checks consisted o f p l a c i n g the 
c a l i b r a t i n g p l a t e over each 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 r e c o r d i n g 
galvanometers w i t h p o t e n t i a l g r a d i e n t s o f 0, + 200, + 400 
and + 600 V/m*,This check was c a r r i e d out a t monthly 
i n t e r v a l s from Nov.,1957 t o May 1958, and d e f l e c t i o n s 
obtained o n l y v a r i e d by + 3 irons from the i n i t i a l c a l i b r a t i o n 
plot. , 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 t o 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 r e c o r d i n g galvanometers are normally connected 
to the upper c o l l e c t i n g p l a t e s o f the m i l l s , i n order to 
c a l i b r a t e the lower p l a t e s these connections were t e m p o r a r i l y 
changed. To cover the necessary p o t e n t i a l g r a d i e n t 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 
at Low and the i n p u t s e l e c t o r a t Reading o f f the 
d e f l e c t i o n s t a k i n g 'galvanometer earthed' as. zero, from 
the record produced t o the nearest, mm. 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 l a t e s o f each 
m i l l , , one o f which ( f o r the upper p l a t e output o f the 'upper' 
m i l l ) i s reproduced i n j? i g ; 2 1 . 

Prom the graphs produced two main p o i n t s arise,, namely 
t h a t below 220 V/m the galvanometer s e n s i t i v i t y decreases 
appreciably,: and there appears t o 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 etecurs 
a t a d e f l e c t i o n of. 60 mms„ corresponding (S*4.4*) t o an 
output, of. 60 m V* Bearing i n mind the f a c t t h a t the Brown 
Recordier 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*) r t h i s t a i l off. w i l l commence a t an 
a m p l i f i e r , output o f 120 m V* The r e s i s t a n c e o f the monitor 
meter i s 8-3 K* so 120 m V w i l l g ive a d e f l e c t i o n o f 14* 5/* A, 
en 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..2.2.. o f 13/* A„ i t I s seen t h a t t h i s t a i l o f f occurs 
a t the expected va lue* The i n t e r c e p t s o f the s t r a i g h t 
l i n e p o r t i o n s o f the graph on the p o t e n t i a l g r a d i e n t 
a x i s are 75 T/ia. and -105 T/m. r cor responding to a l a t e r a l 
d isplacement o f 15 ra. V t o the l e f t o f the o r i g i n i . e . a 
zero m i l l ou tpu t of. 15 Y/m. As s ta ted, i n S . 4 - 1 - t h i s zero 
o u t p u t may be a p r o p e r t y of. the m i l l o r of. the c a l i b r a t i n g 
p l a t e r and the q u e s t i o n was, s e t t l e d , s imp ly by s u b s t i t u t i n g 
a second s i m i l a r p l a t e made o f s t e e l i n p lace o f the 
aluminium o n e r and p e r f o r m i n g a r e c a l i b r a t i o n of. one m i l l . 
T h i s new c a l i b r a t i o n proved t o be i d e n t i c a l t o the f i r s t , 
o n l y t h i s t ime d i s p l a c e d 2 V/m t o the r i g h t o f the o r i g i n 
thus i n d i c a t i n g a l a r g e zero o u t p u t f r o m the a luminium 
p l a t e and p o s s i b l y a s m a l l e r one f r o m the m i l l . 

The c a l i b r a t i o n o f the o t h e r s ide o f the upper m i l l , 
and a l so the two f r o m the l o w e r m i l l gave i d e n t i c a l graphs; 
t o F i g . 2 1 % so a t t h i s s:tage a l l zero ou tpu t s were e q u a l . 
A graph; of. subsequent measurements o f the p o t e n t i a l g r a d i e n t 
needed to reduce the r e s p e c t i v e m i l l ou tpu t s t o z e r o , i s 
shown i n F i g . 2 2 . Because the zero ou tpu t f r o m the two 
halves o f the same m i l l remained i d e n t i c a l th roughou t t h i s 
p e r i o d i t i s d i f f i c u l t t o see why a d i f f e r e n c e should 
occur between the upper and. lower m i l l s . The m i l l r e f e r r e d 
t o as ' upper ' m i l l was: p l aced i n i t ' s ou t s ide l o c a t i o n i n 
ffune 1957,, and the ' l o w e r ' one i n September, b o t h were 
kep t covered up when n o t i n use u n t i l j u s t a f t e r the 
November ca l ibra t ion . , , , a ga le t h e n removed, the covers which 
were no t replaced. . The f a c t t h a t the upper m i l l had been 
I n use l o n g e r than the lower f o r a ma t t e r o f 11 weeks,, 
may have a f f e c t e d the matter , , bu t does no t e x p l a i n why they 
should g ive equal r e s u l t s i n November,, andE. f o l l o w the same 
s o r t o f subsequent v a r a t i o n . , From these r e s u l t s i t i s c l e a r 
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t ha t , , the l a r g e f l u c t u a t i o n s o f the o rde r o f ± 8 V/m which 
b o t h m i l l s f o l l o w i s caused by a change i n the su r f ace o f 
the c a l i b r a t i n g p l a t e r and the s m a l l e r d ivergance o f 
+ 2 T/m: i s due to the change i n r e l a t i v e zero ou tpu t s o f 
the two m i l l s . 

A f u r t h e r check o f the November c a l i b r a t i o n was: made 
by suppor t ing- one o f the l a r g e t e s t p l a t e s used p r e v i o u s l y ^ 
a t a h e i g h t of. 70 cms above the g round . The second earthed, 
p l a t e was. p l aced on the ground underneath the f i r s t , care 
be ing taken t h a t they were b o t h p a r a l l e l t o the m i l l which 
wasi suppor ted i n i t . 1 ^ m p o s i t i o n c e n t r a l l y between the 
p l a t e s i . e . a t a h e i g h t o f 35 cms. A v a r i a b l e p o t e n t i a l 
was a p p l i e d t o the t e s t p l a t e s and the m i l l a l l owed t o 
balance a u t o m a t i c a l l y a t a s e r i e s o f known p o t e n t i a l s , , 
w i th , the i n p u t s e l e c t o r s e t t i n g a t h and u s i n g 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 conmenced i n . 
June,, no reasonable balance p o i n t cou ld be ob t a ined on the 
Brown Recorder* Upon, i n v e s t i g a t i o n t h i s was found t o be 
due t o excessive charges p i c k e d 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 c t o f t h i s 
charge waa e l i m i n a t e d , by comple t e ly e n c l o s i n g the b e l t , ; 

f o r a d i s t ance o f a metre f r o m the m i l l , , i n . an a luminium 
case.. The b e l t was: p revented f r o m r u b b i n g a g a i n s t t h i s and 
a l so f r o m h i t t i n g aga in s t the g i r d e r , , by f i t t i n g s m a l l 
guides mid-way between m i l l and the end o f the g i r d e r s . 

To a v o i d the d i f f i c u l t y exper ienced i n the i n d o o r t e s t s 
(S..4.2.= 2.= ) where the 500 ohm. r a t i o c o n t r o l was wrong ly set,, 
the maximum p o t e n t i a l was a p p l i e d t o the tes t , p l a t e s and 
the r a t i o c o n t r o l a d j u s t e d t o g ive equal m o n i t o r meter 
readings, when the Brown Recorder was: set. a t h a l f the t e s t 
p l a t e p o t e n t i a l . On s w i t c h i n g the Recorder b a l a n c i n g motor 
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i n t o the c i r c 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 r e s t by .decreasing the 
s e n s i t i v i t y o f the B.R- a m p l i f i e r . Revers ing the p o l a r i t y 
o f the t e s t p l a t e v o l t a g e had the e f f e c t o f d r i v i n g the 
s l i d e down to zero w h i c h , when the s l i d e p o t e n t i a l was 
r eve r sed , drove up a g a i n to i t ' s f o rmer reading . . Hence i t 
can be s a f e l y assumed, t h a t the r a t i o c o n t r o l had been se t 
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 g r a d i e n t f o r 
v a r i o u s t e s t p l a t e vo l t ages between -480 and +480 v o l t s ; 
i n 60 v o l t s s t eps , e q u i v a l e n t t o a p o t e n t i a l g r a d i e n t 
range o f + 685 V/m. r. 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 va lue 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 g r a d i e n t the s l i d e c o u l d be made t o 
assume any d e s i r e d v a l u e , bu t t o o b t a i n a zero p o t e n t i a l 
g r a d i e n t r e a d i n g i t was s e t on z e r o . 

I n o rde r t o f i n d the 'dead zone* o f the B.R. i . e . , the 
minimum p o t e n t i a l g r a d i e n t r e q u i r e d to g i v e a c o r r e c t 
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 o f the t e s t p l a t e was 
r a i s e d f r o m zero i n s teps e q u i v a l e n t t o 5 V/nu A t a p o t e n t i a l 
g r a d i e n t of. 15 V/iri the Recorder moved o f f zero bu t o n l y 
v e r y weakly,, and i t was no t u n t i l 25 V/m had been reached 
t h a t the Recorder r e g i s t e r e d i t ' s c o r r e c t p o t e n t i a l o f 
9 v o l t s , r e s e t t i n g a t t h i s va lue when d e f l e c t e d to e i t h e r 
s ide by t u r n i n g the b a l a n c i n g motor by hand. This; t e s t was 
repeated u s i n g nega t ive p o t e n t i a l s and the same r e s u l t 
ob ta ined g i v i n g a dead zone o f the i n s t r u m e n t t o be + 25 V/m.. 
This l a r g e va lue can be a sc r ibed t o two causes; f i r s t l y 
t h a t 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 va lue to e l i m i n a t e o s c i l l a t i o n a t h i g h 
p o t e n t i a l g r a d i e n t s ; secondly the s lope of. the graph i n 
P i g . 21 a t the p o i n t o f i n f l e c t i o n i s o n l y 0*1625 mms pe r 
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V/nt,, thus a p o t e n t i a l g r a d i e n t o f 25 V/m w i l l eorrespond 
to a d e f l e c t i o n o f 4 rams on Low s e n s i t i v i t y , o r 4 ra V 
output . . A t h i g h e r va lues o f p o t e n t i a l g r a d i e n t e . g . 
above 100 V/ra„ the s lope o f the graph approaches the 
va lue 0*46 mms per V/m. Hence a t these h i g h e r va lues the 
dead, zone i s reduced to 8*7 V/m r , u s i n g an i n p u t s e l e c t o r 
o f \ T this? be ing equal t o the observed accuraicy o f s e a t i n g 
on the B..R.. o f + 3 v o l t s . 

These t e s t s showed t h a t the Brown Recorder balanced the 
m i l l p o t e n t i a l a t the .correct v a l u e , bu t had a r a t h e r l a r g e r 
e r r o r than was-, expected,, t h i s was due m a i n l y t o r educ ing 
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 a c t u a l o p e r a t i o n 
f r e q u e n t adjustments , o f s e n s i t i v i t y were made to a p o i n t 
j u s t below t h a t o f s l i d e o s c i l l a t i o n , thus m a i n t a i n i n g the 
b a l a n c i n g e r r o r a t a va lue g i v e n by the t e s t ad jus tment of. 
0*695.. However a mean has to be chosen between, a c c e p t i n g 
a h i g h e r b a l a n c i n g e r r o r a t low p o t e n t i a l gradients, . , and 
an undue o s c i l l a t i o n o f the s l i d e a t h i g h va lues as i t i s 
imprac t i c ab l e , t o f o l l o w v a r y i n g p o t e n t i a l g r a d i e n t s w i t h 
B-R. s e n s i t i v i t y a d j u s t m e n t s . 

The c a l i b r a t i o n icurve ob ta ined f rom the . p o t e n t i a l gradient , 
r e c o r d i n g was i d e n t i c a l t o the one ob ta ined f r o m the s m a l l 
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, o r w i t h i n an accuracy 
of. + 2 V/m a t p o t e n t i a l g r a d i e n t s above 100 V /m. 

Because b o t h upper and lower t e s t p l a t e s were made o f 
the same m a t e r i a l , and. v/ere e q u i d i s t a n t f r o m the m i l l , , 
they would g i v e app rox ima te ly the same zero ou tpu t on each 
s ide which, , i f i t i s . assumed, t o 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 he o f the o rde r o f + 2 V/m.. As near 
as cou ld be seen f r o m the r e s u l t i n g c a l i b r a t i o n c u r v e , i t 
passed t h rough the o r i g i n and the s t r a i g h t l i n e p o r t i o n s 
had; i n t e r c e p t s o f 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 p l a t e g raphs , 3 mms d e f l e c t i o n was subtracted! 
f r o m the l a t t e r t o compensate f o r the zero o u t p u t d i f f e r e n c e . . 

Between 25 and 100 V/m, t h ree a d d i t i o n a l readings were 
taken a t 25, 50 and 75 V/m and these were found t o be 
w i t h i n + 2« 5 nmis of. the c o r r e c t e d p rev ious c a l i b r a t i o n 
r e s u l t s . This: corresponds t o an e r r o r i n p o t e n t i a l g r a d i e n t 
o f + 3 V/m which i s the expected va lue c a l c u l a t e d f r o m the. 
s lope o f the graph a t zerp p o t e n t i a l g r a d i e n t , and a l so 
equal t o the p r e d i c t e d , e r r o r i n e q u a t i o n 2, ;S. 4 . 2 . 2 . w i t h 
a b a l a n c i n g p o t e n t i a l u n c e r t a i n t y o f ± 3 v o l t s . 
Prom t h i s t e s t , and a l so the evidence presented f r o m P i g - 2 2 , 
i t i s now v e r i f i e d t h a t the zero o u t p u t ob ta ined u s i n g the 
c a l i b r a t i n g p l a t e i s a p r o p e r t y o f t h i s , p l a t e and no t o f 
the m i l l , so h e r e a f t e r was t r e a t e d as such.. 

Only one m i l l was t e s t e d i n t h i s way, i t be ing assumed 
t h a t the o t h e r m i l l , because o f i t ' s - i d e n t i c a l c a l i b r a t i o n 
c u r v e , would behave i n the same f a s h i o n under b a l a n c i n g 
c o n d i t i o n s . I n o p e r a t i o n i t was found t h a t t h i s m i l l had. 
a l so a d.ead- zone o f 25 V / m , so i t may be concluded f r o m 
t h i s t h a t the assumption is : va l id . . . However, i n o rde r t o 
se t the r a t i o c o n t r o l on t h i s m i l l , the t e s t p l a t e s were 
e rec ted as be fo re . . 

As ment ioned , the upper m i l l was p laced ou t s ide i n June 
1-957* i n i t ' s 1 m p o s i t i o n i . e . a t a h e i g h t o f 85 cms, 
and the lower one i n September. D u r i n g the t ime t h a t the 
s i n g l e m i l l was o p e r a t i n g , the p o t e n t i a l g rad ien t , r e c o r d i n g 
galvanometers were n o t y e t i n s t a l l e d . , b u t on s e v e r a l 
occasions, short : r e co rd ings were t a k e n and values compared 
w i t h a c o n v e n t i o n a l type m i l l s i t u a t e d i n the plane o f the 
ea r th ' s ; su r f ace a t R..C. ( P i g 20 ) , the Agr ime te r no t be ing 
i n o p e r a t i o n a t t h i s t i m e . 

A t y p i c a l f i n e weather r e c o r d i n g i s reproduced i n P i g 23, 
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where the agreement between the p o t e n t i a l g r a d i e n t a t the 
ground and t h a t c a l c u l a t e d , f r o m the p o t e n t i a l a t 85 cms 
i s q u i t e good. As e x p e c t e d „ the p o t e n t i a l g r a d i e n t i s 
lower on the average a t a h e i g h t of. 85 cms, than a t the 
ground.. No advantage i s t o be gained 'by a d i s c u s s i o n o f ' tSe 
charge va lues w h i c h can be obtained, f r o m t h i s r e c o r d i n g , 
o t h e r t h a n s t a t i n g i t has an average p o s i t i v e va lue o f 
110 /*/*-C/nr over the r e c o r d i n g t ime w i t h an average 
p o t e n t i a l g r a d i e n t a t the ground o f +91* 6 V/m» 

A r e c o r d i n g made i n l i g h t s teady r a i n i s shown i n F i g . 
24 r, where the. p o t e n t i a l g r a d i e n t was n e g a t i v e and. v e r y 
much h i g h e r t h a n i n the l a s t case. Here i t i s seen t h a t 
the average p o t e n t i a l g r a d i e n t at. the m i l l i s more nega t ive 
t h a n a t the ground,, a g a i n g i v i n g a p o s i t i v e space charge 
bu t o f a va lue 50 f + f * . C/in • D u r i n g t h i s r e c o r d i n g measure
ments., o f the r a i n c u r r e n t were made a t R.C. showing an 
average p o s i t i v e r a i n cu r ren t , , w i t h maximum values between 
11-57 a.m.. and 12*08 p . m . , becoming nega t ive a t 12*35-
These values, agree w i t h the t imes o f maximum space charge 
and the t ime o f change o f s i g n , as can be seen by the 
upper p o t e n t i a l g r a d i e n t becoming a p p r e c i a b l y l e s s t h a n 
the va lue a t the ground a f t e r 1 2 « 3 5 f and. c l e a r l y show,, 
even a t t h i s p r e l i m i n a r y s tage , the va lue o f space charge 
measurements i n the s tudy o f p r e c i p i t a t i o n c u r r e n t s . 

The t r o u b l e s exper ienced i n these p r e l i m i n a r y t e s t s ; 
a p a r t f r o m the d i f f i c u l t i e s o f a charge be ing p i c k e d up 
by the b e l t , which has a l r eady been d i scussed ; ma in ly 
arose f r o m the s t a r t i n g and, s t o p p i n g a f the d r i v i n g m o t o r . 
(This i s mounted on two h o r i z o n t a l r a i l s f i x e d f i r m l y t o 
the ground,, and l a y i n g a long the l i n e o f the m i l l g i r d e r 
f r o m the f o o t of. two m i l l s u p p o r t i n g pos t s r t o a d i s t ance 
of. 2 m o u t s i d e them. Th i s arrangement enabled, the m i l l 
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h e i g h t t o be a l t e r e d w i t h o u t hav ing t o rep lace the motor 
d r i v i n g b e l t r the motor s imp ly b e i n g moved a long i t ' s 
r a i l s u n t i l the b e l t was> aga in s u f f i c i e n t l y t i g h t . . 

The motor used,, b e i n g a synchronous motor,, d i d no t 
g r a d u a l l y g a i n speed" when swi tched on bu t immedia te ly 
reached! i t r s r u n n i n g speed.. Due to the i n e r t i a o f the m i l l 
r o t o r s y they coul<3i no t achieve maximum speed as- q u i c k l y 
as the m o t o r , consequent ly the d r i v i n g b e l t tended t o 
s l i p c o n s i d e r a b l y over the p u l l e y s . 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 : a l so s t r e t c h e d and would, q u i t e a f t e n 
f l y o f f the p u l l e y s a l t o g e t h e r . Th i s s i t u a t i o n was d e a l t 
w i t h by i n c l u d i n g a '*Variac- , , i n the motor s u p p l y , s l o w l y 
t u r n i n g i t up t o maximum v o l t a g e . Th i s had. the e f f e c t o f 
s t a r t i n g the motor s l o w l y , thus no t p l a c i n g the d r i v i n g 
b e l t under such a s t r a i n and b e i n g k i n d e r t o the gea r ing 
i n the m i l l i t s e l f , which had t o be renewed a f t e r a month 
of. ^sudden 1 s t a r t i n g . 

The o n l y o t h e r t r o u b l e experienced was occas iona l 
snapping of. the d r i v i n g b e l t r u n n i n g a long the g i r d e r , , 
t h i s b e l t be ing q u i t e e l a s t i c was:- t i g h t l y s t r e t c h e d t o 
p revent the n o n - d r i v i n g s ide from, o s c i l l a t i n g undu ly and. 
r u n n i n g o f f the p u l l e y s . Weak, spots developed and as. soon 
as a t e a r s t a r t e d 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 m e l t i n g the two ends t o g e t h e r , 
which process d id! n o t e n t a i l too much hardsh ip a t the 
stage when the m i l l was: i n an e a s i l y access ib l e p o s i t i o n . 
However,, when the m i l l was r a i s e d t o a h i g h e r l e v e l , 
r e p l a c i n g the b e l t became more arduous and no t i n f r e q u e n t l y , 
r e c o r d i n g runs were completed w i t h o n l y one m i l l o p e r a t i n g . 
The occas ion o f b o t h b e l t s snapping t o g e t h e r occur red o n l y 
once bu t needless t o say,, at. a p e r i o d when space charge 
va lues were i n an I n t e r e s t i n g c o n d i t i o n ! 
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5 . 3 . Recording Procedure and. Record A n a l y s i s . 

A t the commencement o f a r e c o r d i n g session, a f t e r 
s w i t c h i n g on the camera motor and f i e l d m i l l s , the camera 
was a l l o w e d t o run. f o r f i v e minutes w i t h the a m p l i f i e r 
i n p u t s e a r t h e d . This, warming up p e r i o d gave the r e c o r d i n g 
paper i n . the camera chance to t i g h t e n and so take up a 
u n i f o r m speed. Also by t h i s means, a. check was ob ta ined 
t h a t the galvanometer t r a c e w i t h the a m p l i f i e r i n p u t s 
earthed., had the same va lue as. t h a t when the a m p l i f i e r 
ou tpu t i s earthed, by the au tomat ic t i m i n g c i r c u i t . The 
power s u p p l i e s t o the p o t e n t i a l g r a d i e n t a m p l i f i e r s and 
B.,R. a m p l i f i e r s were l e f t on permanent ly so these components 
needed, no t ime al lowed, f o r s e t t l i n g down. 

D u r i n g t h i s p e r i o d the i n s u l a t o r s s u p p o r t i n g the m i l l 
g i r d e r s were cleaned and t h e i r i n s u l a t i o n checked by 
connec t ing an AVO meter from, each g i r d e r i n t u r n t o e a r t h . 
The H..T. b a t t e r i e s p r o v i d i n g the m i l l p o t e n t i a l were 
connec ted , and the cor responding Brown Recorder s l i d e 
t u r n e d r a p i d l y by hand to f u l l sca le 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 i nd ica t f ed ' 
the e f f e c t i v e n e s s , o r o therwise , , o f the i n s u l a t i o n by the 
t ime t aken to reach maximum p o t e n t i a l which was u s u a l l y 
of. the o rde r o f 30 t o 40 sees. I f ; the t ime was appec i ab ly 
l e s s t h a n t h i s , s teps were t aken t o l o c a t e the l e a k b e f o r e 
p roceed ing f u r t h e r . The © l e a n i n g o f 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 o u t , and was. o n l y 
done i f . the tes t - i n d i c a t e d the n e c e s s i t y o f t h i s . On one 
occas ion a workman engaged on r e p a i r i n g a nearby f e n c e , 
l e f t a c o i l o f w i r e looped over one end o f the l ower m i l l 
g i r d e r e f f e c t i v e l y s h o r t i n g i t t o e a r t h , a f a c t wh ich was; 
no t d i s cove red u n t i l 600 v o l t s had. been a p p l i e d t o the 
g i r d e r . The upper s e c t i o n o f the r e s i s t ance s l i d e was 
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replaced, , and i n f u t u r e g r e a t e r care was g i v e n t o examining 
the i n s u l a t o r s b e f o r e t e s t i n g * 

rhe s i g n o f the p o t e n t i a l g r a d i e n t was e s t a b l i s h e d j 
e i t h e r by r e f e r r i n g to the A g r i m e t e r , o r by s w i t c h i n g on 
the B.R". and. n o t i n g the d i r e c t i o n o f d r i v e , , i f i t s tayed 
on zero and a t tempted t o d r i v e downwards the H . T . supp ly 
t o the s l i d e was. r e v e r s e d . However,, i f . i t showed no 
tendency to d r i v e and cou ld be se t i n any des i red , p o s i t i o n 
t h e n the p o t e n t i a l g r a d i e n t had a va lue l e s s t h a n 25 V/m 
(osr 12 V/m w i t h the i n p u t s e l e c t o r a t u n i t y ) and r e c o r d i n g 
was: abandoned. 

When the twp B . R « f s ; were b a l a n c i n g the s e n s i t i v i t y o f 
each waŝ  a d j u s t e d as described, i n S..5-2. The p o t e n t i a l 
g r a d i e n t r e c o r d i n g galvanometers were now observed, and 
t h e i r r e s p e c t i v e i n p u t s e l e c t o r s were changed u n t i l t hey 
were r e c o r d i n g on the camera„ u s i n g the h i g h e s t p o s s i b l e 
s e l e c t o r va lue t o o b t a i n a reasonable d e f l e c t i o n . The 
galvanometer s e n s i t i ' s i t y ad jus tment was v e r y seldom used, 
i t r emain ing se t on Low f o r the m a j o r i t y o f r e c o r d i n g s . 
Because the o p e r a t i o n of. the i n p u t s e l e c t o r swi tch , ; i f 
changed f r o m i t ' s p r ev ious s e t t i n g , , w i l l have a l t e r e d 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 t o be r e se t a t each 
change. 

A f t e r c o m p l e t i o n o f these checks „ the t ime of. the nex t 
% minute e x t i n c t i o n , of. the f o g g i n g lamp was noted, t o g e t h e r 
w i t h the s i g n o f the p o t e n t i a l gradient , on. each B . R . char t . , 
and the r eco rd counted as b e g i n n i n g a t t h i s , p o i n t . T h r o u g h o u t 
the r e c o r d i n g s e s s ion note was. t aken o f wind d i r e c t i o n 
and approximate s t r e n g t h , , t ime of. p o t e n t i a l g r a d i e n t 
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 e o f overhead, 
c l o u d . I n f a c t any occurrence which may have a b e a r i n g on 
space charge o r p o t e n t i a l g r a d i e n t v a l u e s . 
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W i t h regard to a n a l y s i s o f the records ob t a ined f r o m the 

camera and Brown Recorders „ i t has a l r eady been mentioned 
i n S»4»4.. how t i m i n g marks and zeroes are u n d i c a t e d on 
the r e c o r d s . Readings are t a k e n to the neares t mm on the 
photographic paper,, the t h i cknes s o f the t r a c e b e i n g 
app rox ima te ly -g- mm,: and to the neares t t e n t h o f a d i v i s i o n 
on the Recorder charts- . Th i s g ives an accuracy of. r ead ing 
p o t e n t i a l g r a d i e n t s t o + 1 V/m. and o f m i l l p o t e n t i a l s t o 
+ 1 v o l t , ; w i t h an i n p u t s e l e c t o r 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 
t r a ce s on the pho tograph ic r eco rd ing , , the galvanometer 
zeroes were set. app rox ima te ly 1. cm a p a r t and i n a d d i t i o n , , 
the upper m i l l galvanometer lamp was s : l i g h t l y o f f s e t t o 
g ive a f a i n t e r t r a c e , : thus no e r r o r c o u l d p o s s i b l e occur 
by r ead ing o f f the wrong t r a c e . 

A choice o f t h r ee methods of. r ead ing o f f va lues f r o m 
the records are p o s s i b l e ft 

1) . Taking va lues a t ' m a j o r f e a t u r e s 1 e . g . maximum and 
minimum v a l u e s . 

2) . Tak ing average va lues over minute i n t e r v a l s . 
3) . Ins tan taneous readings-- a t minute i n t e r v a l s , . 

QThe; f i r s t , method has the advantage over the o t h e r two 
t h a t a t r u e p i c t u r e o f the o rde r o f changes, i s obtained:,., 
b u t has a b i g disadvantage that- no t enough readings; w i l l 
be ob ta ined t o make accura te s t a t i s t i c a l deduc t ions f r o m 
the r e s u l t s . - The second method s t i l l g ives q u i t e a reasonable 
p i c t u r e o f events „ b u t i n r a p i d f l u c t u a t i o n s ( > 5 V/m pe r 
minu te ) i t . w i l l become d i f f i c u l t t o Judge hy eye the c o r r e c t 
mean va lue . . The t h i r d method, a l t h o u g h m i s s i n g the main 
f e a t u r e s o f a short , p o t e n t i a l g r a d i e n t change e n t i r e l y r 

g ives r e s u l t s which are more accura te t han the second 
and s t a t i s t i c a l a n a l y s i s can be a p p l i e d more e a s i l y t h a n 
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t o the f i r s t , , so f o r these reasons t h i s method was chosen. 

Prom the r e s u l t o f a n a l y s i s o f a r e c o r d , the p o t e n t i a l 
a t each o f the two m i l l s was c a l c u l a t e d , the p o t e n t i a l 
g r a d i e n t s were read o f f f r o m the c a l i b r a t i o n c u r v e , 
m u l t i p l y i n g by the a p p r o p r i a t e i n p u t s e l e c t o r v a l u e , and 
the p o t e n t i a l , g r a d i e n t a t the ground c a l c u l a t e d f r o m the 
Agr ime te r 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 ob ta ined by u s i n g p o t e n t i a l o r 
p o t e n t i a l g r a d i e n t d i f f e r e n c e s . These two r e s u l t s were 

•z 

u s u a l l y i d e n t i c a l to.- w i t h i n + 10 /*/«• C/m"'. Average space 
charge may a l so be c a l c u l a t e d i n the r e g i o n between ground, 
and. lower m i l l , , by u s i n g the A g r i m e t e r readings o r by 
f i n d i n g the d i f f e r e n c e between the p o t e n t i a l g r a d i e n t a t 
the l ower m i l l , and the c a l c u l a t e d average p o t e n t i a l 
g r a d i e n t over the f i r s t metre u s i n g 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 no t i n gene ra l agree 
because:; 

1.).. The e f f e c t i v e ' s a m p l i n g ' h e i g h t d i f f e r s i n the two 
cases. 

2) . The Agr ime te r i s a t a h o r i z o n t a l d i s t a n c e o f 14 m 
f r o m the m i l l s , and a s m a l l v a r i a t i o n i n p o t e n t i a l 
g r a d i e n t can be expected over t h i s d i s t a n c e . 

3) . The response t ime o f the Agr ime te r galvanometer i s 
v e r y l o n g (20 sees) compared w i t h the response t ime 
of. the m i l l s , hence s h o r t p e r i o d v a r i a t i o n s w i l l 
show l e s s ampl i tude on the Agr imete r t h a n the m i l l s j . 



CHAPTER VT 
APPARATUS FOR THE DIRECT MEASUREMENT OF SPACE CHARGE 

6»I» The Appara tus . 
Having cons t ruc t ed and brought i n t o o p e r a t i o n an 

apparatus f o r the i n d i r e c t measurement o f space charge , 
i t was. though t t h a t an in s t rumen t t a k i n g d i r e c t r e a d i n g s , 
would he u s e f u l f o r comparison o f r e s u l t s ob ta ined by 
these two methods. I n a d d i t i o n t o t h i s , the two methods 
cou ld be used i n c o n j u n c t i o n 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 c u r r e n t s . 

An Obolensky type f i l t e r was c o n s t r u c t e d a long the 
same l i n e s as t h a t made by Kinman ( 1 9 5 4 ) . Th i s cons i s t ed 
of. an i n s u l a t e d brass c y l i n d e r packed t i g h t l y w i t h f i n e 
s t e e l wool and e f f e c t i v e l y screened f r o m any e f f e c t s o f 
p o t e n t i a l g r a d i e n t changes by e n c l o s i n g the c y l i n d e r i n 
a brass box.. The a i r i n l e t was s h i e l d e d to p reven t any 
p o s s i b i l i t y o f p r e c i p i t a t i o n e n t e r i n g the i n l e t o r 
s p l a s h i n g i n the near v i c i n i t y g i v i n g spur ious , e f f e c t s 
due to the s p l a s h i n g o r Lenard e f f e c t (Adk ins 1958) . 

A i r was drawn t h r o u g h the f i l t e r by a motor d r i v i n g 
an o l d "Hoover" f a n u n i t , t h i s motor was. d r i v e n by the 
mains t h r o u g h a ' V a r i a c ' e n a b l i n g the a i r speed to be 
v a r i e d up t o 0*6 L / s . The ' s u c t i o n motor 1 was; connected 
to the a i r f i l t e r by 6 i of. f l e x i b l e rubber hose and a 
r e s e r v o i r i n t e r p o s e d between the two t o smooth out s m a l l 
changes i n the r a t e o f a i r f l o w , due to s h o r t p e r i o d 
v a r i a t i o n s i n mains v o l t a g e . The purpose o f u s i n g the 
l o n g l e n g t h of. hose was to enable the s u c t i o n motor t o 
be moved down-wind o f the f i l t e r , en su r ing t h a t the a i r 
e x p e l l e d f r o m the motor would h o t r e - e n t e r the f i l t e r o r 
the l a t t e r p i c k up any charges w h i c h may be generated a t 
the motor brushes . To e l i m i n a t e v a r i a t i o n s i n a i r f l o w 
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which may a r i s e f r o m 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 t o face i n the same 
d i r e c t i o n . 

To measure the charge c o l l e c t e d by the f i l t e r an 
EKCO V i b r a t i n g Reed E l e c t r o m e t e r (VRE) Type N 572 was 
employed.. The 'Head U n i t 1 o f t h i s i n s t rumen t was b o l t e d 
onto the sc reen ing case o f the f i l t e r and a d i r e c t r i g i d 
connec t i on made f r o m the c o l l e c t i n g c y l i n d e r t o the i n p u t 
t e r m i n a l o f t h i s u n i t , thus e l i m i n a t i n g any t r o u b l e due 
to the p i e z o - e l e o t r i c e f f e c t produced i n a connec t ing 

c a b l e . An i n p u t s e l e c t o r s w i t c h on the Head U n i t g ive s a 
12 10 8 choice o f 10 , 10 o r 10 ohms f o r the i n p u t r e s i s t o r , 

and. the ou tpu t f r o m the V.R..E. i s : read, o f f f r o m a meter* 
mounted on the I n d i c a t o r U n i t r i n m V hav ing choice o f 4 
ranges i. ,e. . 0 - 3 0 „ 0-100,. 0-300 and 0-1000 m V . 

I n i t ' s most s e n s i t i v e c o n d i t i o n , , the in s t rumen t g ives 
-12 

a f u l l scale r e a d i n g f o r a c u r r e n t o f 0*03-10 amps. 
The day to day s t a b i l i t y i s g i v e n by the manufac turers as 
+ I m V w i t h a short , t e rm s t a b i l i t y " c o n s i d e r a b l y b e t t e r 
t h a n t h i s " . . 

The p r e c a u t i o n s t o be observed w i t h the use o f the V . R . E . 
were q u i t e s t r a i g h t f o r w a r d . A 24 hour stablliisingc-.pe.iriod 
was a l lowed a f t e r s w i t c h i n g on the i n s t r u m e n t , and no 
readings were t aken f o r an hour a f t e r hav ing tu rned the 
s e l e c t o r s w i t c h on the I n d i c a t o r U n i t t o i t ' s 'Se t Zero ' 
p o s i t i o n , f o r the purpose o f a d j u s t i n g the ins t rument 
zero output . . I n t h i s p o s i t i o n a r e l a y i s operated i n the 
Head U n i t wh ich sho r t s ou t the i n p u t r e s i s t o r , t h i s 
o p e r a t i o n g ive s a mechanical shock to the i n s u l a t o r s i n 
t h i s u n i t wh ich must be g i v e n t ime t o r ecove r . The hour 
recovery t ime a l so a p p l i e s t o o p e r a t i o n o f the s e l e c t o r 
s w i t c h on the head u n i t , bu t as t h i s was se t permanent ly 
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12 

o-n the 10 ohm p o s i t i o n the condit i o n 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 

carried out i n the laboratory,, was mounted at F.A. (Fig.20) „ 
at a distance of. 5 m h o r i z o n t a l l y from the double f i e l d 
mills., Tne a i r i n l e t was set facing west at a height of 
65 cms 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 satis f i e d , , so the e f f e c t on p o t e n t i a l 
gradient values at. the double m i l l w i l l be less 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 Testing* 
For the purpose of. recording the V.R.E. output,., a Nivoc 

suspension type galvanometer was set up to give a 
photographic, trace on the camera. I t was- positioned to 
zero approximately i n the centre of the recording paper,, 
o f f s e t by a cm from the Agrimeter zero so as. not to 
confuse the two r and when cal i b r a t e d i n conjunction w i t h 
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 T range. This gives a f u l l scale d e f l e c t i o n of 12 cms 
corresponding to 29*5 m Yr 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 f o r 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 scale 
d e f l e c t i o n ( at a meter reading of -29*8 m 7" on the 
0-30 m V range),, t h i s rendering the f u l l scale reading 
of -30 m V to be inaccurate. 

The f i l t e r was set up i n a small room i n the laboratory 
w i t h the sucker motor situated outside, connected, by i t ' s , 
rubber hose to the f i l t e r , , and. mounted, in. such 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 close 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 hence the speed r 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 Fig-..25r " t h e s e t t i n g on the Variac was then marked 
corresponding to rates, of flow from. 0-0*6 L/sec. i n steps 
of 0*1 L/sec 

A f t e r 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 "V*R»E* 
output* This was. performed by placing 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 inlet„ and suspending a smouldering piece of 
s t r i n g i n f r o n t o f the fan thus producing a uniformly 
d i s t r i b u t e d smoke ©loud 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 w i t h time.. A f t e r allowing the recording to 
procede f o r 5 minutes w i t h an a i r flow of 0-5 L/s.ec; during 
which time the WR.E. output was observed r 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 altered,, two minutes being allowed on each settings 
At the conclusion of. the measurements the reading f o r 
0*5 L/sec-. was repeated,, cheeking 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 
Pig.26 r and as can be seen the r e l a t i o n i s l i n e a r w i t h i n 
the measured range, the slope of. the l i n e i s 110 m V per 
l/sec.. , corresponding to a space charge of +1*1 *10~ C/m , 

12 
w i t h a V.-R.E. input r e s i s t o r of 10 ohms. This, space 
charge corresponds to a concentration of approximately 
600 elementary electronic charges/cm , which i s of the 
same order as found by Kinman who tested his apparatus 
using cigarette smoke.. 
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12 Using an a i r flow of 0-5 L/sec and the 10 ohms input, 

r e s i s t o r , the r e l a t i o n between space charge measured £ r 

and the WR.E.. output v i s r 

2 e = v 1CT 1 5 C/m5 

or expressing the output i n m V w i l l give the space 
charge i n 10 C/in.. I n S.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 accuracy of yfe 
i n f a i r weather conditions,, then a measure of space charge 

—11 ^ 
to w i t h i n + 3-10 C'/nr 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 V, an accuracy 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 c i r c u i t employed i n the V»R.E..;- 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 zero f o r the galvanometer 
cannot be obtained by simply earthing the f i l t e r output* 
For t h i s purpose the suction motor was switched o f f f o r 
approximately 5 mins.. every h a l f hour,, g i v i n g a zero f o r 
no a i r flow* To check that t h i s coincided with, the zero 
input reading, the range selector switch was turned to i t ' 
'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 was not possible to 
compare resul t s obtained before t h i s date, f o r the two 
methods.. 



CHAPTER V I I 
RESULTS OBTAIMED IN FAIR WEATHER COKDITIONS 

7«1« Int r o d u c t i o n . 
Sinee only 7 months remained available f o r recording 

a f t e r the apparatus had been erected ready f o r operation, 
i t was decided to make a general study of space charge i n 
various weather conditions, rather than to concentrate on 
a few selected aspects. This meant that f o r any given 
meteorological condition only a few recordings would be 
available f o r study. The average length of a recording 
session was from two to three hours givi n g approximately 
150 readings from each record. 

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.. Pair weather 
recordings are those where no p r e c 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 
p o t e n t i a l gradient remained w i t h i n the range 0 - +400 V/nu 
Theae 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 
become 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 changes of 10 to 20 V/m i n a matter of 
2 sees- Because of the d i f f i c u l t y of reading o f f the exact, 
value at the appropriate minute interv a l , , the mean of 
these changes was estimated introducing a reading error 
of not more than + 2 V/m- This error 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 1s 
equation:-
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= - e 

dx 
where F = change i n p o t e n t i a l gradient 

over height change dx, i n V/ra. 
£ Q- 8-854~10~12 Farads /m. 

givi n g the mean space charge i n Coulombs/m over a height 
dx. I n the majority of cases t h i s equation becomes:-

e = * O ( f l - v 
h 

where P̂ . and F^ are p o t e n t i a l gradients, 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 mills.. This value w i l l be referred to 
as., - 3 m or f 1 - 5 n, even though the actual heights, 
of the m i l l s are 15 cms below these values. 

I n a few cases the space charge between ground and 
lower m i l l was calculated using the p o t e n t i a l 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 
p o t e n t i a l gradient over 0 - 1 m. These values arc both 
referred to as "^Q ^m"» but the source 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 actual records 
w i l l n o t r i n the main,, be referred to because 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 p o t e n t i a l gradient 
changes what i s the character of. space charge variation., 
This w i l l also be complicated by the two traces not 
necessarily showing the same s e n s i t i v i t y nor having the 
same zero po i n t . For analysis therefore p l o t s are shown 
of. space charge values against time, w i t h also the p o t e n t i a l 
gradient shown which i s , unless stated otherwise, the 
mean value over the height 0 - 8 5 cms 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 , which remained at a 
height of 85 cms 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» Effects- o f Wind Speed and D i r e c t i o n . 
I n f a i r weather conditions i t i s reasonable to assume 

that most of. the space charge e x i s t i n g i n the a i r close 
to the ground resides on large ions i.e., ions of m o b i l i t y 
i n the order 10 CG-S.. u n i t s f since the only natural 
sources of. small ions, m o b i l i t y approximately 1 C.G.S.-
units:.,, are i o n i z a t i o n of. the a i r due to cosmic r a 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's crust* This 
being so,, then i t i s to be expected t h a t charge w i l l 
pass overhead w i t h approximately surface wind velocity,, 
and the var i a t i o n s w i l l increase i n frequency and 
consequently amplitude w i t h increasing wind speed. 

This e f f e c t can be c l e a r l y seen by comparing iPig.27 
w i t h 28,. which are actual records of. the two p o t e n t i a l 
gradient traces. Fig.27' i s a record taken i n f i n e sunny 
conditions,, clear 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 w i t h 
t h i s , Pig.,28 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 w i t h a speed o f approximately 15 ft/se< 
The short period f l u c t u a t i o n s are much larger on the 
upper m i l l trace where the B.R. s e n s i t i v i t y i s the same 
as i n Fig. 27* The lower m i l l i s operating on a reduced 
s e n s i t i v i t y and shows approximately the same degree of. 
fluctuation.. 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 posess quite large fluctuations,, even 
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though the T..RrE.. was set at i t ' s , 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 w i t h the zeroes obtained 
i n Pig.28 r i t i s seen that a l t e r a t i o n s of + 1 mm can ea s i l y 
occur w i t h i n 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 size of space charge v a r i a t i o n s to 
which these short period f l u c t u a t i o n s of p o t e n t i a l gradient 
correspond,, i t was found that the average value i n Pig..27 
wasi 10 /*/*C/ra compared w i t h 40 /-y-cC/m from Pig.- 28, 
which i s a r a t i o of 1 t 4 compared w i t h a wind speed r a t i o 
of. 1 i 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 r and also that the amplitude of the f l u c t u a t i o n a 
was taken to represent the frequency .Taking 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/m^ may take place during the passage of 
t h i s volume overhead. This means that i n a hori z o n t a l 
distance of one metre, considering the a i r at rest,, a 
v a r i a t i o n of approximately 4 /*/* C/m can be eapected. 

Considering how t h i s e f f e c t w i l l influence the 
comparison of recordings made v/ith the other instruments 
erected on the s i t e ("see Pig..20) r and taking the 
unfavourable condition, when the wind d i r e c t i o n i s along 
a l i n e from the double m i l l s to the instrument concerned 
i n each case then:-

1) . The P i l t r a t i o n Apparatus may r e g i s t e r + 20 C/m̂  
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., w i t h which a 
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t r i a l p o t e n t i a l gradient comparison was made i n 
Pig. 23 v may r e g i s t e r a difference of as much as 
5-9 V/m-

3)- The Agrimeterj a difference of + 6*3 V/m* 
I t i s assumed i n cases 2) and 3) that the space charge 
difference between the two points e x i s t only f o r one 
metre i n height, which i s not necessarily the case* 

A t o t a l of s i x f a i r weather recordings were made, f i v e 
w i t h westerly wind d i r e c t i o n s and one w i t h a wind from 
the North- For comparison purposes a part of. record T 
( w i t h a n o r t h e r l y wind) is. shown together w i t h a p o r t i o n 
of. a t y p i c a l westerly wind record* I n a d d i t i o n to the 
i n d i v i d u a l points indicated by c i r c l e s , averages- over 10 
minute periods are indicated by crosses* 

The two records cover roughly the same time of the day 
and on both occasions the sky was cloudless* Record V was; 
taken i n November and i t can be seen that the p o t e n t i a l 
gradient i s of a much lower value than record XVI taken 
i n January, but the space charge 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 
sig n i f i c a n t , point, i s t h a t , although the order of 
fl u c t u a t i o n s occurring i n a time of 2 or 3 minutes are 
comparable f o r the two recordings,, the average value of 
charge found from the whole of the recording i n each case, 

3 3 i s + 66*9 C/nr f o r the former and - 58*7 /*/* C/nr f o r 
the l a t t e r * The explanation of t h i s phenomenon comes from 
the £ao*.r mentioned i n S-5.1.., that to the north of the 
s i t e is: Durham City and the source of the high p o s i t i v e 
charge i s the smoke o r i g i n a t i n g mainly from domestic f i r e s -
There are,; of course, sources o f smoke to the west of the 
s i t e also, 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 n o r t h e r l y 
sources. 

7.5.Variation w i t h P o t e n t i a l Gradient.. 
I n a l l the records taken no sign of the 'Electrode 

effect'",, as. defined i n S . I . I . , 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 f l u c t u a t i o n s i n small ion 
density,: w i l l obscure t h i s e f f e c t and i t can only be 
detected up to a height of 2 m i n p o t e n t i a l gradients 
exceeding 500 V/m, or at greater- heights w i t h correspond
i n g l y higher p o t e n t i a l gradients. Since the lower m i l l was 
set at 85 cms, i t wasv possible i n the highest values of. 
p o t e n t i a l gradient encountened i . e . 280 T/m., that the 
e f f e c t would j u s t be apparent between the two mills,, but 
since t h i s value was not sustained f o r more than one or 
two minutes no aggregate increase i n space charge could be 
expected to occur. 

I t i s seen i n the p o r t i o n o f record XVI shown,, and also 
occurring less frequently i n record V, that f l u c t u a t i o n s 
i n space charge taking place over one or two minutes 
produce corresponding fluctuations;, i n p o t e n t i a l gradient 
at the ground.. I n longer, times, of the order of 10 or 20 
mins.,. no agreement seems to exist.. Record. XVI f o r instance, 
indicates a general decrease i n space charge values w i t h 
the p o t e n t i a l gradient remaining generally i n the region 
of 180 V/m when i t might be expected to decrease corres
pondingly. 

Considering the v e r t i c a l p o t e n t i a l gradient at a p o i n t T 

height h above the earth's surface,, at a horizontal 
distance S from a v e r t i c a l l i n e of charge q/ u n i t length, 
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@f. length 2 t with i t ' s centre at a height y above the 
earth's s u r f a c e r i t can be shown by simple e l e c t r o s t a t i c , 
theory that::-

Py = £ f t - t + I 
to <fs2

 + ( y - h - l ) 2 J * [ s 2 + ( y - h + l ) 2 ] * [ S 2 + ( y + h - l . ) 2 p 
- t 1 
[ S

2 +(y+h+l) 2] % •* 
Comparing the e f f e c t at f i e l d m i l l s placed at heights of one 
and three metres, produced by a charge of + 1 C of 
length 1 m at a height of 10 m, subst 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 of :-

F T = 1..10"4 V/m 
1^ = 9.5.IO 3 V/m when S = 20 m 

but when S = 0, P T = 1-7.10""4 V/m 
L -1 Eg = 1-7.10 ^ V/ra. 

With the charge at a height of 2 ra however,. 
when S = 20 = = 0-
and S = 0 F^ = «0817 V/m 

PLT = «0776 V/m. 
No advantage i s achieved i n working out further values,. 

because the concept, of. a space charge cloud as a l i n e of 
charge i s extremely tenuous. This consideration however i s 
s u f f i c i e n t to give an idea of the nature of the changes i n 
potential gradient as a cloud of charge approaches the 
apparatus., I f the charge passes over the m i l l s , then the 
r i s e (considering p o s i t i v e charge) 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,, see Pig. 29. When the 
cloud i s d i r e c 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 r i n d i c a t i n g an apparent 
negative charge passing between the. two. This apparent 
negative charge w i l l decrease with increasing height of 



to 

40 

A6 

40 

•0 

Timf ttm* 

4»4 



0 

XS6 

4*0 

IS0 

A f C*A>. 

Jo 

o 
o 

\ 

i \-
» i • — 
•© to ac 

i 1 ! "] 

; 1 « i 
: Ato 
• • • t 

i 

1 
^ — ' 

N 1 
i • •. ' - , 

i • : ' . . . : , 3 / . i : : 

• I — - : - - " 
: . . | •••• • 

" T T ' "N • 



94 
the cloud. 

The r e s u l t s of a n a l y s i s of. the portion of record shown 
i n F i g . 27*. are plotted i n Pig..30.. This i l l u s t r a t e s the 
e f f e c t s produced i n the passage of a f a i r weather cumulus 
cloud overhead,, the charge associated with t h i s type of 
cloud can be attributed (Whitlock and Chalmers 1956) to 
the convective c e l l produced beneath the cloud.,, containing 
po s i t i v e charge.. The a n a l y s i s shows a vergr marked 
agreement with the predicted r e s u l t from Fig.29« Other 
explanations are of course possible to account for t h i s 
•mirror image' ef f e c t shown i n fluctuations occurring i n 
times of the order of 10 mins., and w i l l be discussed i n 
the following paragraphs.. From Fig.29 i t i s now obvious 
that the 1.-2 rain, fluctuations shown i n record's XVI and 
V",. where the space charge produces the correct change i n 
po t e n t i a l gradient t result, from, charge passing between the 
two m i l l s . 

To investigate further the mirror image effect produced 
i n long period potential gradient changes; and also to 
a r r i v e at a possible explanation of the number of records 
which shown an average negative space charge r when,, as 
pointed out i n S.l-1..,. a net p o s i t i v e charge should e x i s t 
i n the a i r close to the ground,, a plot was made of average 
space charge against average po t e n t i a l gradient for the 
s i x records taken.. This plot i s shown i n F i g . 31, the 
figures on the record average points give the number of 
one minute readings which contribute to the average. I t i s 
perhaps a coincidence that f i v e of. the s i x record averages 
l i e exactly on a straight l i n e , but the plot indicates 
anyway the tendency to give a l i n e of negative slope. 
Neglecting the r e s u l t s from record V,, where the p o s i t i v e 
charge a r i s e s from, smoke as explained i n 3.7*2..,, the mean 
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charge given by the other f i v e records i s -19• 15 yuj*. C/m 

This negative value of charge i n the region 1-3 m may 
have i t ' s o r i g i n i n the Reduction Factor (S.3»2.) for the 
lower m i l l being larger than that for the upper mill,, thus 
i n a f a i r weather pot e n t i a l gradient indicate a negative 
space charge. 

Let j | = 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 R = r a t i o of * exposure factors*,. 

and F^ be pot e n t i a l gradients indicated by upper 
and lower m i l l s r e s p e c t i v e l y , and an average 
space charge between the m i l l s of g ̂ */*C/m .. 

Then Poisson*s equation gives:-
R.F -F = £ (1) 

^ 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 Fig.. 31 i f p i s 
assumed constant., The average 3pace charge from a l l the 
recordings i s + 2*97 ̂*/*C/m ,; and the average potential 
gradient F^= 140 V/m, hencet-

F T - F = 2.2*97 = C 7 7 1 V/m (2) 
8*954 

assuming R to be u n i t y . 
Solving equations (1) and (2) for R gives a value of. 

1*011,, i f an actual space charge of +10/*/* C/m i s . taken 
to be correct. Such an exposure factor i s not at a l l 
improbable due to the shielding e f f e c t of. the posts and 
would,., if. present,, render the argument put forward for 
a r a d i o a c t i v i t y effect, l e s s probable. 

Inv e s t i g a t i o n of the r e l a t i v e reduction factors for the 
two m i l l s would not be d i f f i c u l t i f they could be raised 
and lowered quickly, : 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 e t t l e d 
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weather conditions., For the apparatus i n use,. t h i s 
procedure would not be possible i n a time short enough 
compared with the time taken for conditions to a l t e r 
appreciably,, however 1 s e t t l e d % thus i n v a l i d a t i n g the 
r e s u l t s obtained* 

I t was shown i n S..5..2. that the B.R. balancing error 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 s e l e c t o r value of 1„ and the m i l l at 1 m height* 
So to investigate the presence,, or otherwise, of a shielding 
effect by the supporting posts, an occasion was. chosen when 
the p o t e n t i a l gradient, was i n the region of 400 T/m.y The 
lower m i l l was set i n operation and the Brown Recorder 
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, with i t ' s base i n i t i a l l y 
6 m from the m i l l and moved towards the m i l l i n h a l f metre 
steps. Uo movement i n the B.R. s l i d e could be detected to 
coincide with a r a i s i n g or lowering of. the post, u n t i l i t 
approached within a distance of 5 m from the m i l l . This 
te s t then giving a r e s u l t , that for a metal post at 5 m, 
the exposure factor i s l e s s 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 at 4a m i s not 
c e r t a i n , but i t i s a safe assumption that the screening 
e f f e c t o>f the wooden posts w i l l be l e s s than the single 
metal post, so the exposure f a c t o r w i l l be l e s s than 1*005• 
This brings the error introduced by screening, i n the 
measured po t e n t i a l gradient to on a single m i l l , and 
the e f f e c t on the r e l a t i v e exposure factor of the lower 
to the upper m i l l w i l l be l e s s than t h i s value. 

Although the screening e f f e c t of the posts introduces 
an error which i s quite low compared with the accuracy of 
balancing the m i l l p o t e n t i a l , i t must be remembered that 



the l a t t e r i s a random error which i s reducible by 
performing a large number of readings, wheras? the!"former 
i s a systematic error giving an apparent space charge 
opposite i n sign to that of the p o t e n t i a l gradient,, and 
of a s i z e proportional to the po t e n t i a l gradient and 
inve r s e l y proportional to the measured space charge. Thus7 

allowing for a maximum r e l a t i v e exposure factor of 1*005* 
the average space charge found could be as high as +6-51 

C/m i . e . more than douhle the determined, value of ' • * +2-97 ft*. C/irr . 
Examining the graph produced i n Pig.31 of measured 

space charge against potential gradient,, to determine the 
e f f e c t on the slope of d i f f e r e n t values of H. Poisson*s 
equation gives::-

T H P~ 
where 0^ and are the actual, and measured (assuming R=l) 
space charge values.. The slope £ M = -1-25 C/fe' per V/m,, 

so a value of R = 1*28 would, be necessary to reduce £^ to 
P~ L 

zero.. 
I n other words,, to account for the mirror image e f f e c t 

by a difference i n exposure factors of. the f i e l d m i l l s 
alone,, the r a t i o of lower to upper must be at l e a s t 1.28 r 

which would require a shielding e f f e c t of. the posts 50. 
times la r g e r than the estimated one and so i t , i s most 
improbable that the whole of. the e f f e c t can be accounted 
for i n t h i s way. 

An explanation of the negative charge found between 
one and three metres a r i s e s from the e f f e c t of radio-
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active materials i n the earth's crust.. I o n i z a t i o n of the 
a i r i n contact 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 ionization of the a i r . By t h i s process 
small ions of both signs are produced and under the 
influence of the f i e l d at the earth's s u r f a c e r 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""̂  m/sec. for a potential gradient; of 1 Y/m ("Chalmers 
1-957 r V-55) r

 a n& "kne average l i f e to be 4G sees.- assuming 
an average degree of a i r polut.-i.on... I f a l l the negative 
ions are destroyed by capture with large ions or uncharged 
nucleii,. 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 cms with a potential gradient of 100 V/m. Hence a 
l a 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 e f f e c t s due to 
d i f f u s i o n and eddy currents present i n the a i r f and also 
the small ion mobilities being dis t r i b u t e d about the mean 
of lO"*^ m/sec per Y/mF 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 i r e c t l y with potential gradient. 
Erom t h i s graph the p o t e n t i a l gradient required to give 
zero mean charge between 1 and 3 m. i s 150 Y/m.. Wow t h i s 
value w i l l give a height of 0*60 m to the negative charge 
l a y e r r and w i l l not extend up to the height of the lower 
mill.. I t i s obvious that the average value of mobility 
taken i s too low, and 2.10~4 m/sec; per Y/m is. a much more 
l i k e l y value^ bringing the negative charge up to I*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 

http://polut.-i.on


•ft* HO 

JOO 

1 • 80 IN l t 

* I 

mO 

\ 
4.0 

DO 

40 1*0 

to 

Rrco*p TJT 

A M »£0 JO 4.0 



99 
Just balance the 'normally ex i s t i n g ' p o s i t i v e charge r 

giving zero average charge between the m i l l s . 
To gain an estimate of what rate of ion p a i r production 

i s necessary tp produce the negative charge 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 charge has a concen-

3 
t r a t l o n of + 10 /*./*C/m . Thus within a v e r t i c a l column 1 ra 
square between the m i l l s , there e x i s t s a charge of + 20 /y« C'. 
To give zero net. charge within t h i s column a charge of. 
- 20 /*/* C w i l l have to be concentrated into a height 
(1*20 - 0'85) rar talcing the higher mobility value, giving 

3 
a negative charge concentration of - 57 /*/*C/m . I t may be 
saf e l y assumed, that t h i s charge i s uniformly dist 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 charge of -350-10 elementary e l e c t r o n i c 
charges /nr. I f the small ions are s i n g l y charged, then the 
rate of p a i r production i s 350 per oc/s.ec. This i s rather 
a high value to expect, but i t may well be that the average 
value of pos i t i v e charge i s ten times smaller than the 
assumed one, reducing the necessary rate to 35 ion p a i r s 
per cc/sec. 

Looking again at Fig..30, a time lag of. 2 minutes i s 
apparent between potential, gradient maximum and space 
charge minimum, which f a c t favours the production of the 
negative charge by the r a d i o a c t i v i t y e f f e c t rather than 
the postulated apparent negative charge due to the passage 
of. a cloud, over the f i e l d m i l l s . Record X I I also shows the 
operation of. the r a d i o a c t i v i t y e f f e c t in. the f i r s t part 
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 space charge causes a corresponding 
pot e n t i a l gradient increase and obscures the e f f e c t . The 
divergence of the average r e s u l t s obtained from record 
XXXVIII,. which show a negative space charge i n po t e n t i a l 
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gradients much lower than is. expected , i s probably due 
t c very heavy r a i n which f e l l p r i o r to this, recording. 
The effect of the r a i n was to wash out most large ions 
and uncharged n u c l e i ! , i n the absence of which* 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 c a p t u r e d t h u s r a i s i n g the negative 
charge l a y e r to a much higher l e v e l than normally i s the 
case. 

Because the 'mirror image' effect i s dependant on the 
upper boundary of the negative charge layer being l i f t e d 
above r or depressed below, the lower m i l l by v a r i a t i o n s 
i n p otential gradient„ then studies of space charge 
density between the lower m i l l and earth should reveal the 
opposite effect i . e . an agreement between p o t e n t i a l gradient 
and space charge f l u c t u a t i o n s . I n an attempt to investigate 
this,, the space charge between the lower m i l l and earth 
was calculated using the pote 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- F because of the horizontal distance between the 
two instruments and. the difference in. time constants % 

fluctuations of the order 1 - 2 min may not give true 
space charge values but i n times long compared with t h i s , 
the error involved i n t h i s measurement should not be too 
serious. 

A part of. record 30CXVIII (afternoon A) i s given showing 
t h i s space charge plotted against the pote n t i a l gradient 
shown by the Agrimeter.. I n t h i s recording the upper m i l l 
was i n i t ' s 5 m position, and the space charge between the 
two m i l l s i s also plotted. A very good, agreement i s seen 
to e x i s t between po t e n t i a l gradient and space charge from 
ground to one metre, as expected from the previous argument., 
but the 'mirror image1' 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 expected I n the absence of large ions and 
uncharged n u c l e i ! . 

7-4. Comparison of Results with the A i r F i l t e r . 
Because the height of the a i r intake of the f i l t e r i s 

at £5 cms,; then in. view of the r e s u l t s obtained i n S.7.3*,, 
the space charge values obtained from po t e n t i a l gradient 
measurements wi l l , , for comparison purposes, have to give 
an indication of the charge at approximately t h i s height. 
To t h i s end therefore, the space charge was calculated 
from the difference i n pote n t i a l gradient between the 
value given by the lower m i l l , and the value calculated 
from the pote n t i a l of the lower m i l l . Assuming a uniform 
change i n po t e n t i a l gradient between ground and 85 cms, 
the value calculated i n the l a t t e r case w i l l be that at 
42*5 cms. Thus the space charge determined w i l l be the 
mean value between 42*5 and 85 cms i.e.. at approximately 
65 cms, which should agree with the f i l t e r measurements. 

Record XLII shows the r e s u l t of a recording obtaining 
space charge values i n t h i s way,; to avoid complicating the 
plot too much,, the potential gradient i s only shown as 
average values and i s that calculated from the potential 
of the lower m i l l . The agreement between space charge 
measured by the two d i f f e r e n t methods i s quite well marked, 
except between 12.13 and 12.36 where the f i l t e r shows mucn 
larger fluctuations than the corresponding f i e l d m i l l 
v a r i a t i o n s . Erora the average r e s u l t s i t would seem that the 
f i l t e r measurements give space 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 of the assumption that the 
potential gradient betwee^^he'jl'idwiar m i l l and ground v a r i e s 
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uniformly with height.. This has been shown i n S. 7.3». not 
to be the oase 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 s e c t i o n . 

A further comparison with the f i l t e r i s shown i n record 
XXXVTIT ("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 with the a i r 
f i l t e r results.. Although, the agreement, i s reasonable f or 
short period f l u c t u a t i o n s , the average results, show no 
such agreement. Comparing the A and B records i t appears 
that as f a r as average r e s u l t s are concerned, the a i r f i l t e r 
curve l i e s much c l o s e r to the space charge curve between 
one and f i v e metres. 

One of the major disadvantages inherent i n the use of 
the Obolensky-type a i r f i l t e r ( S . 2 . I . ) , is; the probable 
s e l e c t i v e f i l t e r i n g due to the bound, charge on the earthed 
case of the instrument. This w i l l lead to a higher value 
of space charge than a c t u a l l y e x i s t s i n a pos i t i v e potential 
gradient, and t h i s e f f e c t w i l l take place to a much 
greater degree f or small ions than for large ones.. The 
r e s u l t s obtained i n this- recording, where small ions 
constituted the main part of space charge values, confirm 
that t h i s i s i n fact happening. 

The average value given by the a i r f i l t e r for the whole 
recording i s +84-1 C/nr and for £ Q _ l m = -54* 9 C/m. , 
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 l e s s 
than t h i s amount because at the height at. which the f i l t e r 
samples the charge,, the space charge concentration, w i l l be 
l e s s than -54*9 /u.^tC/w? 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 which are i n good agreement w i t h those obtained 
from p o t e n t i a l g r a d i e n t measurements r but i n c o n d i t i o n s 
where small ions are present i n any number, a d i f f e r e n c e 
between the r e s u l t s i s t o be expected o f an amount 
depending upon the s i z e o f the p o t e n t i a l g r a d i e n t . 



CHAPTER V T I I 
RESULTS OBTAINED IN DISTURBED WEATHER CONDITIONS. 

8»1. Rain. 
As p r e v i o u s l y mentioned (S.4.1.)» 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 s t r o n g e s t r a i n , and the m i l l 
output,, although becoming a l i t t l e 'grassy' due t o splash
i n g on the vanes, d i d n o t h i n g albnormal.,, i n d i c a t i n g the 
e f f i c i e n c y o f the c o l l e c t i n g p l a t e i n s u l a t o r s . However two 
e f f e c t s did. become apparent namely: 

1) • The T u f n a l i n s u l a t i n g bars f o r the m i l l g i r d e r 
c o 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 t o 
s h o r t out. the g i r d e r s t o e a r t h through the j u n c t i o n 
box covers,, which are mounted, on these I n s u l a t o r s * 
Shis e f f e c t , became immediately apparent by the 
Brown RecoMers becoming suddenly u n s t a b l e , due 
t o the g i r d e r time constant being reduced* The 
s i t u a t i o n was restored, t o normal by simply w i p i n g 
o f f the surface moisture from the I n s u l a t o r s * 

2)"* Large charged drops o f 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 upper vanes o f the 
lower m i l l , , g i v i n g such a shock t o the Brown Recorder 
that, i t r e q u i r e d up t o 10 sees., t o r e t u r n t o i t ' s , 
balance point.- This e f f e c t was not apparent i n 
mediumi.or s t r o n g winds because the drops, were, 
blown c l e a r , but w i t h l i g h t winds and heavy r a i n 
a balance p o i n t was impossible f o r the lower m i l l . , 
A temporary cure could, be e f f e c t e d , by pushing the 
upper m i l l t o one side,. but i t would soon work 
back to I t ' s normal p o s i t i o n and s p l a s h i n g would. 
resume. I f the heavy r a i n p e r s i s t e d then u l t i m a t e l y 
r e c o r d i n g would be abandoned. 
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By s h i e l d i n g the a i r f i l t e r t o prevent r a i n s plashing 

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 t o 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 d i f f e r e n c e between the 
two g i v i n g 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 w i t h the r a i n c u r r e n t obtained a t 
R.C. ( F i g ..20),. v a l u a b l e i n f o r m a t i o n would be obtained on 
any e l e c t r i c a l e f f e c t s due t o spla s h i n g a t the ground. 
However,., according t o Adkins (1958) the a c t i o n o f splash
i n g i n heavy r a i n i s t o produce s m a l l ions o f opposite 
s i g n t o t h a t o f the p o t e n t i a l g r a d i e n t . 

As shown i n S.7.4. i n the presence o f 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 o f the same s i g n as the 
p o t e n t i a l g r a d i e n t a t the f i l t e r . T h is must be taken i n t o 
account when an attempt i s made to deduce r a i n charge 
from these measurements. 

A p o r t i o n o f record XXXVIII (morning A) i s shown where 
the r a i n c u r r e n t may be compared w i t h the space charge 
measured by the two d i f f e r e n t methods w i t h r e l a t i o n t o r a t e 
of. r a i n f a l l and p o t e n t i a l g r a d i e n t values. The f i r s t p o i n t 
t o be noted from t h i s record i s t h a t the space charge 
between 1 and 5 ra shows no abnormally h i g h values compared, 
w i t h f a i r weather conditions,, i n d i c a t i n g t h a t even when 
the r a t e o f r a i n f a l l i s o f the order 0*08 mms/minf no 
space charge due to s p l a s h i n g i s d e t e c t a b l e between these 
heights.. 

The i n d i c a t i o n s g i v e n by the a i r f i l t e r however,, seem t o 
p o i n t t o a negative charge o f the order 1000 /*/<. C/m̂  being 
generated a t the high e s t r a t e s o f r a i n f a l l i . e . at. a time 
o f 11.08 a.m. on the record... At t h i s time the p o t e n t i a l 
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g r a d i e n t a t the ground i s seen t o be approximately -100 V/m 
which,, i f p r o d u c t i o n o f small ions a r i s e s from an Adkins 
splas h i n g e f f e c t r would give a p o s i t i v e space charge and 
a negative c u r r e n t passing i n t o the ground. To account 
f o r t h i s o p p o s i t i o n i n s i g n o f the space charge produced,. 
i t might be supposed t h a t i t i s not the p o t e n t i a l g r a d i e n t 
a t the ground which determines the sign,, b ut t h a t 
measured higher up ( e..g. Adlcins measured t h i s value a t 
2 m height)., I n t h i s case,,, a space charge w i t h i n the f i r s t 

i. metre o f -1000/*/*-C/m would give a p o t e n t i a l g r a d i e n t a t 
1 m o f +13 V/m.. 

The p l o t o f t h i s record would become too confused i f the 
p o t e n t i a l g r a d i e n t a t the lower m i l l was also indicated,. 
or the eq u i v a l e n t space charge between ground and lower 
m i l l , ; so a second p l o t - XXXVIII morning B - i s shown 
between the times o f 11.00 and 11.30 a.m. g i v i n g the 
c a l c u l a t e d space charge from 0 - 1 m and the r a i n c u r r e n t . 
From t h i s p l o t i t may be seen t h a t the form o f the space 
charge curve f o l l o w s more c l o s e l y t h a t o f Q_. ,. than £> . ° * -L - 5>m * .s'A 
bu t the order o f changes shown are a l i t t l e over a h a l f 
£ PA ^ ^ i m e o f heaviest r a i n . Talcing a value o f space 
charge a t t h i s p o i n t t o be -700 /*/* C/m̂  gives a p o t e n t i a l 
g r a d i e n t a t 1 m o f -11 V/m,, s t i l l not b r i n g i n g the p o t e n t i a l 
g r a d i e n t to the r e q u i r e d p o s i t i v e value.. At t h i s p o i n t the 
value a t 5 m i s -22 V/ra, showing a p o s i t i v e mean space 
charge between 1 and 5 m. 

I f i t i s assumed t h a t the space charge i s due e n t i r e l y 
t o small ions, : then a t 11*10 a.m. the c u r r e n t due to small 

p 
ions e n t e r i n g the e a r t h i s +7 /*/*A/m ,, where the p o t e n t i a l 
g r a d i e n t i s 100 V/m, d i s r e g a r d i n g 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 c u r r e n t 

o 
i s +20 /*/*A/m ,. thus al t h o u g h p a r t o f the r a i n c u r r e n t can 
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be a t t r i b u t e d t o s p l a s h i n g , the g r e a t e r p a r t i s c a r r i e d on 
the r a i n i t s e l f . . 

D u r ing the heavy r a i n and afterwards t h i s space charge 
( i n d i c a t e d by the a i r f i l t e r ) was i n general, more than 
t h a t c a l c u l a t e d from the p o t e n t i a l g r a d i e n t . As can be 
seen from the record up to 11.50 a.m., where the p o t e n t i a l 
g r a d i e n t remained n e g a t i v e , a lower value i s o b t a i n e d . 
However,, a t 11.52 the p o t e n t i a l g r a d i e n t changed s i g n and 
stayed p o s i t i v e f o r the remainder o f the day, when the a i r 
f i l t e r r e g i s t e r e d a more p o s i t i v e space charge than the 
f i e l d m i l l s . T h i s , as a l r e a d y mentioned, p r o h i b i t s the use 
of the f i l t e r readings i n e s t i m a t i n g r a i n charge a f t e r a 
r a t e o f r a i n f a l l exceeding 0*06 mms/min, depending upon 
the nature o f the ground which i n t h i s case was grass. A 
harder surface w i l l probably r e q u i r e l e s s heavy r a i n t o 
produce the splashing e f f e c t . 

I n the e a r l i e r p a r t o f the r e c o r d i n g , the r a t e o f r a i n 
f a l l h a r d l y exceeded 0*02 mrtis/min.,. so talcing average values 
from 10.20 - 10.50 g i v e s r -

f F A = -170 ̂ C / m 3 i = +5-667 /«/*A/m2 

Po-/--»f ~ 1 0 ^ /*/* c/ m^ r - 0-006 mms/cain 
E'. = -182 T/ra = 0*36 mms/hr. 
S 

Best (1950) found a r e l a t i o n between drop s i z e and r a t e o f 
r a i n f a l l which can be expressed:;-

W = C.I where W = amount o f l i q u i d water 
i n u n i t v o l . o f a i r , , i n 

3 3 
C = 67 mm /m. . 
r = 0-846 I = r a t e o f r a i n f a l l , , i n 

mms/hr 
ma n i p u l a t i n g t h i s equation gives a r e l a t i o n between space 
charge due to r a i n and r a i n c u r r e n t s -
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o = 0-2412 1 3-

jO-154 
2 3 expressing i i n ̂ l A / m gives a value o f q i n *̂y«C/m . 

S u b s t i t u t i n g the average values o f i and I i n equation 3 
gives 

£ = +1*6 C/m5 

and comparing t h i s value w i t h 

e 0 - lm " f p A = + 6 l / < A C / m 3 

i t i s seen t h a t the spac:e charge a r i s i n g from the r a i n i s 
n e g l i g i b l e compared w i t h the inaccuracy i n t r o d u c e d by 
assuming t h a t the f i e l d m i l l s and a i r f i l t e r sample space 
charge at. the same h e i g h t * 

Record XV shows the occurence o f a very heavy shower,, 
u n f o r t u n a t e l y no r a i n c u r r e n t o r r a t e o f r a i n f a l l measure
ments1 were a v a i l a b l e on t h i s occasion,, but at the p o i n t o f 
heaviest r a i n the r a t e 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*58 a.-m»- but d i d 
not become r e a l l y heavy u n t i l 10*10* a t 10.12 i t became 
p e r c e p t i b l y less,, f i n i s h i n g a l t o g e t h e r by 10.21. 

R e l a t i n g these events to space charge v a r i a t i o n s , i t i s 
seen t h a t immediately f o l l o w i n g the heaviest p a r t o f the 
shower the space charge between ground and 1 m decreased,, 
reaching a very h i g h negative value approximately s i x 
minutes a f t e r the heaviest r a i n . Here again the l a r g e 
negative charge produces a depression o f p o t e n t i a l g r a d i e n t 
at. the ground,, the value a t 1 m remaining i n the r e g i o n o f 
-30 V/m„ but the space charge produced,, as i n the previous 
record,, being o f the same s i g n as the p o t e n t i a l g r a d i e n t . 
The space charge recovers i t ' s o r i g i n a l value 10 mins a f t e r 
the negative maximum.,; presuraally by the small negative ions 
ascending above the l e v e l of. the lower m i l l , and being cap
t u r e d by l a r g e r n u c l e i i . 
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The v a r i a t i o n s i n space charge i n the r e g i o n 1 - 3 m 

are not a t a l l so marked,, remaining i n the r e g i o n +200/t^C/m' 
u n t i l the r a i n had ceased. However as the lower space 
charge recovers, a f a l l occurs i n the upper value reaching 
a-minimum value o f -600 C/m . This charge i s present i n 
the second and t h i r d metres above the ground, and so w i l l 
account f o r r o u g h l y a h a l f o f the charge 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 w i t h record 
XXXVIII (morning) which was taken in. A p r i l . An e x p l a n a t i o n 
f o r the much g r e a t e r charges found on t h i s occasion,, i n 
a d d i t i o n to a g r e a t e r r a t e o f r a i n f a l l , may a r i s e from the 
s t a t e o f 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 
s h a t t e r i n g o f a rain d r o p when i t s t r i k e s the ground. 

P a r t of. record XXII i s shown merely t o show the magni
tudes o f space charge i n medium r a i n compared w i t h the 
previous records i n heavy rain.. I n t h i s case the space 

3 
charge does not exceed -130 f±f* C/m f which value i s com
parable w i t h f i n e weather magnitudes. 

g»2l Snow 
A t y p i c a l snow r e c o r d i n g i s shown i n record XIX A and Bv 

where the space charge i s compared w i t h p o t e n t i a l g r a d i e n t 
a t the lower m i l l and w i t h the c u r r e n t brought down by the 
snow a t R..C. ( P i g . 2 0 ) . Snow was f a l l i n g c o n t i n u o u s l y through 
the r e c o r d i n g q u i t e h e a v i l y up t o approximately 12.00 noon 
when the snow decreased f and. had ceased a l t o g e t h e r by 12.10* 
The negative peaks i n space charge could be i d e n t i f i e d 
c l o s e l y w i t h v i s u a l increases i n r a t e o f s n o w f a l l T and 
agree w i t h negative peaks i n snow c u r r e n t e.g. a t 10.-55,, 
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H...44.- By f a r the heaviest snow occurred a t 11.10,, w i t h 
one almost as heavy a& 11.24. U n f o r t u n a t e l y a t t h i s l a t t e r 
p o i n t the upper m i l l d r i v i n g b e l t was under r e p a i r , and 
the camera r e c o r d i n g the c u r r e n t was being reloaded. 

The space charge present d u r i n g the s n o w f a l l i s mainly 
negative and o f a s i z e comparable w i t h t h a t produced i n 
heavy r a i n r the o r i g i n d»f t h i s charge i s due t o the charge 
on the snow i t s e l f , and charge produced by s h a t t e r i n g o r 
rubbing o f 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 i o n s . 
Since q u i t e a t h i c k l a y e r o f snow ( 4 - 6") l a y on the 
ground d u r i n g t h i s r e c o r d i n g , i t i s ver y u n l i k e l y t h a t the 
r a d i o a c t i v i t y e f f e c t (S.7-3.) c o n t r i b u t e d towards the 
measured space charge. 

Measurements made by Chalmers (1956) show t h a t t h i s 
r e c o r d i n g shows c o n d i t i o n s which p r e v a i l i n snow i n the 
g r e a t e r number o f cases i . e . a 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 
and negative snow c u r r e n t . He also i n v e s t i g a t e d the e f f e c t 
o f s h a t t e r i n g , , o r rubbing t o g e t h e r o f snow p a r t i c l e s (1952a) 
and found t h a t a p o s i t i v e space charge i s produced,, l e a v i n g 
a negative charge on the snow. These p o s i t i v e small ions 
would t r a v e l t o 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 g r a d i e n t „ and may e x p l a i n the d i f f e r e n c e i n order 
of. snow c u r r e n t and space charge found i n t h i s r e c o r d i n g . 
For example, the negative peak shown a t 10.55 f o r snow 

2 "*> c u r r e n t i s -13 /y* A/m and f o r space charge i s -650 /*/*.C/m 
but at 11 ..10 when the snow was a t i t ' s heaviest,, the snow 
c u r r e n t descends t o -63 /*/*• A/ra wheras the space charge 
o n l y reaches -550 ̂ »/«.C/m̂ . This l a t t e r p o i n t i s not de
f i n i t e because o f the break i n the r e c o r d i n g , 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 
c u r r e n t i s only - 1 A/m , y e t a space charge o f 
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I l l 
—1100 pi* C/m. i s recorded* T.his seems to indicate that 
when the snow i s at i t ' s , heaviest, a greater amount, of 
shattering or rubbing takes place, producing a positive 
space, charge which neutralizes 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<-
minon 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 carried, by the snow when 
it - is; 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 11.50 a f t e r the maxima of 10.55 and 
11.44,- caused by the positive small ions being brought 
downwards into the region covered by the f i e l d mills.. 

Record XVTIT shows another recording taken i n snow, 
the morning f a l l ^broken a t two points by m i l l r e p a i r s ) 
i s : of. the same type as the previous record showing a 
positive potential gradient, and negative space charge. 
I n contrast,- the afternoon f a l l i s of a much steadier 
and quieter nature,, commencing with a negative potential 
gradient,, positive snow current- and negative space charge.. 
The snow current changes to a negative value at. 2.48 p..nu 
changing back to positive at. 3.07, a t t a i n i n g a maximum, 
value at 3.10. The space charge on the other hand* changes, 
i n sign at 2.54 a n d 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 charge 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 n e g a t i v e a positive charge i s liberated by f r i c t i o n 
and asserts, i t s e l f a f t e r 5 minutes* as shown by the previous; 
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record,- gi v i n g a p o s i t i v e space charge. A f t e r the p o t e n t i a l 
gradient change at 2.54 „ the p o s i t i v e ions w i l l end to 
move upwards r thus reducing the space charge once more to 
zero at 3*04.. 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/in • I t seems evident t h a t 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 lag of 
approximately 5 minutes r but why t h i s should happen i s not 
very clear. A possible explanation i s t h a t the e f f e c t o f 
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 at t h i s t i m e r the 
negative ions w i l l move upwards and not be detected as a 
space 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 reaches the ground.. 

8..3. Mist. 
Ho fog or very t h i c k mist occurred i n Durham during the 

time recording was possible, however record X I I I shows the 
space 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 
ation,, the lower space charge is. more negative than the 
upper,; l a t e r the potential, gradient becomes much more steady 
at -50 V/m. andf the lower space charge becomes approxiraately 
+100 and. the upper +50 C/m . 
. I n a mist, of this- sort,, small ions are captured more 

eas 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 clear a i r . As discussed i n S.1.1. 
t h i s change i n conductivity v / i l l give r i s e to a negative 
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charge at the upper boundary of. the mist layer,, assuming 
a negative value of p o t e n t i a l gradient at the ground. 
The change i n conductivity 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 
layer,; and i f t h i s i s the case then a much higher negative 
charge must be associated w i t h the mist. I n the case of. a 
negative p o t e n t i a l g r a d i e n t r 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 space charge near the ground but because 
of the early 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 
m o b i l i t y . 

This e f f e c t can c l e a r l y be seen at 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 
f o r 19 minutes.. The space charge i n the next two metres 
assumes a negative value at 1.1.49 r kut changes again to 
p o 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 available before the e f f e c t of p o s i t i v e charge 
becomes again pronounced., 

These results, show that an approximate :time taken f o r 
the charge to t r a v e l from earth to 1 m i s 14 mins,. 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 mins 
a f t e r which presumably,., the negative ions tend to r e t u r n 
to the ground. Reducing t h i s time then to 11 mins and 
assuming a constant p o t e n t i a l gradient of 10 7/mr gives a 
value of. m o b i l i t y f o r the negative ions of 1«5.10~^ m/sec 
per V/m,. which corresponds quite w e l l w i t h small i o n 
m o b i l i t y values. 
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During the recording period the wind was very l i g h t 

and westerly,, so the negative p o t e n t i a l gradient at the 
ground i s d i f f i c u l t to account f o r i n terms of the mist 
having a negative charge.. No power l i n e s or transformer 
stations 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 Adkins (1958) . I t 
must be assumed that although the mist may possess a net 
negative charge r 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. 

•7. 

The average space charge from 1 to 3 m i s +50 /•/* C/ra T 

and the average p o t e n t i a l gradient, -40 V/m. This, space 
charge may be compared w i t h a t y p i c a l f a i r weather record-
ing e..g. XVI r g i v i n g a space charge of -58*7 C/m 
wit h an average p o t e n t i a l gradient of 192*8 V/in. 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 f o r a difference i n scale of the two p l o t s . 



CHAPTER IX 
CONCLUSIONS 

9.-1- Summary 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 p o t e n t i a l gradient 
of 140 V/m.. This: value i s taken from a t o t a l recording 
time of 10 hours, and indicates a rate of ion p a i r production 
of approximately 35 per cc/sec at the earth's surface 
g i v i n g a conduction current downwards of the order of 

—12 2 
5..10 A/m .. This value assumes that a l l i o n i z i n g 
processes take place w i t h i n 10 cms of the surface and a l l 
p o s i t i v e ions produced re-enter the earth's surface, which 
i n actual f a c t i s not so,, because of capture occurring by 
large ions or uncharged n u c l e i i , leading to a value less 

—12 2-
than 5»10 A/m .. This f i g u r e compares favoroubly w i t h 
the usual values ob-tained i n f a i r weather, and adds 
support to the accuracy of the resul t s quoted i n 8.7»3« 
Thus an upper l i m i t of 3* 6..10"*1* ohms'^/m i s arrived at 
f o r the conductivity of the a i r i n the lowest cm,, being 
approximately double the value deduced by Gish and Wait 
(1950) from a i r c r a f t measurements f o r p o s i t i v e ions. 

I n the lowest, metre an average charge of -68*2 /*/* C/m 
was, found, but i s only the r e s u l t from 3 hours recording, 
and may have an error as. great as +20 C/m , due to the 
hori z o n t a l seperation of the double mill s , and the 
Agrimeter w i t h 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 space charge arise from changes i n 
p o t e n t i a l gradient a l t e r i n g the small i o n density between 
the m i l l s , superimposed on normal f l u c t u a t i o n s i n large 
i o n density. The r a p i d i t y of changes 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 space charge of a p o s i t i v e sign being 
produced 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 vehicles, because of lack 
of s u f f i c i e n t data... 

Comparing these r e s u l t s , w i t h those obtained by previous 
workers i n t h i s f i e l d S.2.1., i t i s seen that the negative 
charge found i n the f i r s t metre agrees quite w e l l w i t h 
ftorinder1s measurements. Above t h i s height, the negative 
charge can be considered to be ' d i l u t e d ' successively more 
and more w i t h the 'normally' present p o s i t i v e space charge. 
Performing a rough extrapolation w i t h the aid of Fig.31* 
from which the space 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 Y/m, 

•7. 

i s +1.5 C/m j gives a value of space charge of +40 /*./< C/ra 
i n higher regions. This value agrees w i t h the average 
resul t s of Kahler, Daund.ererretc-. which, stated i n m.K.S. 
u n i t s , i s + 54/a/tC/m . 

Comparison of the r e s u l t s obtained from the apparatus 
w i t h tho:se 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
t r i b u t e appreciably to space charge densities e.g. i n or 
a f t e r heavy r a i n * of s i m i l a r sign to the p o t e n t i a l gradient 
and of a degree dependant on the magnitude of the p o t e n t i a l 
gradient. 

I n heavy r a i n large negative space charges of the order 
of 1000 /*/< C/nr are recorded,, and since the p o t e n t i a l 
gradient i s also negative at these times, the splashing of 
the r a i n producing t h i s charge seems to be of a Lenard 
(1892) type,. rat.her than an Adkins (1958) type. I n normal 
rain,, below 0-08 mms/min, no abnormal charges were 
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detected i n the lowest metre of the a i r , which were of a 
magnitude and sign to he expected i n f a i r weather conditions, 
showing the absence of any splashing e'ffeets.. No consistent 
r e l a t i o n was found between r a i n current and space charge i n 
normal r a i n , and. calculations show that the space charge 

3 
due to the r a i n i s only of. the order 1 ̂ */«.C/m , which 
small value i s obscured by normal fluctuations., 

Results obtained i n snowfalls show charges of the order 
1000 /*/*C/m . The charge on the snow i t s e l f and a p o s i t i v e 
charge 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 topics discussed i n Shapters J and 8, obvious

l y require the evidence of more recordings to v e r i f y , or 
contradict,, the conclusions drawn, from the available 
records. 

To investigate f u r t h e r the r a d i o a c t i v i t y e f f e c t , a 
systematic study w i t h the present apparatus of the d i s t r i 
b u tion of. space charge w i t h height should show the ef f e c t s 
diminishing appreciably in. the region 1 to 2v.met.res* 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 
(this region due to cosmic r a d i a t i o n i s approximately 10 per 
cc/sec At 2 m height and above the large ion content w i l l 
predominate, showing the 'normal' expected p o s i t i v e value 
in. average f a i r weather p o t e n t i a l gradients. 

V e r t i c a l d i s t r i b u t i o n of space charge 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. 
charge. Especially w i t h easterly winds, because two CFridl 

http://2v.met.res*
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lines; manning approximately JTorth - 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 lines.. 

To investigate charges produced by exhaust gases from 
passing vehicles, a note of t r a f f i c density willvhave to 
be made i n conjunction w i t h wind speed,, v/ind d i r e c t i o n and. 
space charge values,, w i t h regard to time of day. This w i l l 
give an i n d i c a t i o n of any resultant 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 v a r i a t i o n s i n space 
charge w i t h other phenomina also f l u c t u a t i n g w i t h time 
which may a f f e c t space 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 several disadvantages have be
come apparent: 

1) '* The d r i v 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 s t r e t c h 
ing,, and the conductivity may become 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 c u l t 
The adoption o£ some sort of. p u l l e y 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 had to be manually reversed each 
time a sign change occurred i n p o t e n t i a l gradient* 
An automatic; devise could quite e a s i l y be f i t t e d to 
the Brown Recorder such that, ; each time the s l i d e 
was driven down to zero 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)»r recordings could be made 
to extend over much longer times than have been accomplished, 
and e f f e c t s less 'microscopic' recorded e.g., d i u r n a l 
v a r i a t i o n s , recording over a complete rainstorm,, etc.-. 

Apart:, from these l i m i t a t i o n s „ the apparatus functioned 
successfully and gave an o v e r a l l accuracy to i n 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 f o r the 
surrounding trees and b u i l d i n g s , t h i s w i l l be the same f o r 
both m i l l s and should not cause the space charge values 
to be low by more than 2$.. 
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