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ABSTRACT 

The variables encountered in atmospheric electricity are 

discussed and the theoretical model as proposed by Kawano developed to 

show that the vertical distribution of the air resistivity is 

influenced by the eddy diffusion. Using this vertical distribution, 

the local characteristic of the electric field is derived. Instrument­

ation for the measurement of the electrical potential gradient was 

developed and subsequently a series of observations was conducted to 

measure the electrical phenomena associated with various conditions 

in the atmosphere. The response time of the instrument is about 

one millisecond. The use of 30 dB of negative feedback in the main 

amplifier ensured a stable output with a low noise level. Indication 

of the polarity of the field was provided by employing a phase sensitive 

detector. 



PREFACE 

This thesis represents the ~irst series o~ observations and 

measurements conducted in the ~eld of atmospheric electricity research 

at the university. An attempt has therefore been made to assess the 

present state of knowledge in the ~ield. The ~irst chapter is devoted 

to a review of the historical development, and outlines the earliest 

theories proposed. The subsequent two chapters deal with the type and 

quantity o~ ionized particles existing in the lower layer of the 

atmosphere and the variable electrical parameters. RecentlY, the 

observation of the short-term perturbations o~ the electric ~ield has 

received some attention in the literature and it was considered 

relevant to devote chapter 4 to this e~~ect. Chapter 5 outlines the 

recent measurements both at the earth's surface and the variations of 

the electric field with altitude. The author has taken the liberty of 

drawing freely upon the observations and conclusions arrived at by many 

workers in their respective ~elds of investigation. 

The mechanical and electronic development of instrumentation 

designed for the measurement of the atmospheric electric ~eld and the 

method of utilization is :fullY discussed in chapter 6. A method for 

the absolute determination of the electric ~eld is also discussed 

along with its limitations and an alternative method outlined. The 

response of the mill to electrical disturbances in the ambient ~ield 

and the diurnal variation is discussed in the final chapter. 
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CHAPTER l 

HISTORICAL INTRODUCTION 

The first serious study of atmospheric electricity commenced 

with the suggestion by Benjamin Franklin (1750) that it might be 

possible to obtain electricity from thunderclouds by means of a 

pointed conductor. Two years later, Dalibard in France and Franklin 

himse-lf in Philadelphia verified this prediction. Dalibard obtained 

sparks from an iron rod 40 f't. high; Franklin obtained similar results 

with a kite whose conducting string ended in an insulating silk ribbon. 

Next year (1753), Franklin collected the charge from his conductors in 

a Leyden jar and by means of a cork ball suspended on a silk thread he 

was able to determine the sign of the charge. He found that "the 

charge from a thundercloud is nearly always negative but sometimes 

positive". 

The interest aroused by these experiments stimulated :further 

research and led Lemonnier in France to discover that dust particles 

were attracted to the insulated wire attached to the exposed conductor. 

Lemonnier was the first to observe that the exposed rod also appeared 

to be charged even during fair weather. This last result was quite 

unexpected and marks the birth of "fair weather" electricity. Lemonnier 

also experimented with other methods of collecting electricity and he 

was the first to use horizontal stretched wires instead of pointed 

conductors. 
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During the next twenty years, a series of systematic 

observations using a stretched horizontal wire led Beccaria in Italy 

to conclude (1775) that: 

(a) a diurnal variation existed in the fine weather field 

(b) the sign of the fair weather field was always positive. 

The next step forward commenced the following year in 1776 

with the technical development of new devices by de Saussure in 

Switzerland. He constructed the first electrometer consisting of two 

wires carrying balls of elder pith and suspended in a glass vessel 

with metal casing. This not only provided quantitative measurements 

but also proved to be much more sensitive than earlier methods. De 

Saussure also introduced the movable conductor method in which a wire 

was connected to the electrometer, grounded. and then raised quickly 

to a height of one meter or so. The electrometer responded in 

accordance with the electrical state of the atmosphere. His observa­

tions led to the discovery of an annual variation in the fair weather 

field, the field being greater in winter than in summer. 

Until the end of the 18th century, it was generally accepted 

that the phenomenon of fair weather electricity could be explained by 

supposing that the air carries a positive charge which increases with 

height above the earth. A theory to satisfy this phenomenon was 

proposed by Volta in Italy. He proposed the theory that positive 

electricity as well as latent heat was released when water vapour 

condensed; this would also impart a negative charge to the earth. 
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A completely new interpretation was provided by Erman in 

Germany in 1804. He put f'orward the theory that the observations of' 

the past hal:f century could be explained by assuming a negative earth 

with no charge whatsoever being present in the atmosphere. Further 

corroboration o:f this theory was provided by Peltier f'orty years 

later in 1842 when he accounted f'or the de Saussure movable conductor 

method by electrical induction from a negatively charged earth. 

In 1850~ the investigation o:f atmospheric electrical phenomena 

was revitalized by Lord Kelvin who presented an interpretation of' all 

known ':facts on the subject on the basis o':f electrostatics~ involving~ 

':for the ':first time, the concept o':f potential. Kelvin also developed 

new instruments :for the stu~ o:f electrical phenomena and inaugurated 

a program o':f continuous recording at Kew Observatory. From these 

observations and others taken at various locations over the surface o':f 

the earth, it was ascertained that: 

(1) the atmosphere is electrically positive with respect to 

the earth. 

(2) the electric ':field near the earth is greater in winter 

than in summer. 

(3) a diurnal variation in the electric ':field exists at all 

stations. 

( 4) balloon observations recorded a decrease in ':field 

intensity with altitude. 

(5) a positive space charge must exist in the lower atmosphere. 
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(6) the earth must have a negative charge. 

The existence of' an air-earth current had to await discovery 

until much later. As early as 1785 ~ Coulomb had concluded that the 

atmosphere is not a perf'ect insulator. From this f'act and the knowledge 

of' the existence of' a potential f'ield, the presence of' an electric 

current could be surmised but the low value of' the current enabled it 

to evade detection. The f'irst evidence f'or its existence is due to 

Linns in Germany in 1887 who observed the rate of' discharge of' an 

insulated sphere exposed to the air and~ thus~ showed the conductivity 

of' the air. These observations also showed a diurnal variation. 

Elster and Geitel in 1899 reported that: 

( l) the conductivity thus measured was inversely proportional 

to the f'ield strength. 

(2) the conductivity is reduced by f'og and smoke. 

( 3) negatively charged bodies lose their charge f'aster than 

positively charged bodies. 

At the beginning of' the 20th century~ it was generally 

accepted that a positive current is f'lowing to the earth through the 

conducting atmosphere due to the presence of' a world-wide electric 

f'ield. The problem that now presented itself' was how the earth 

maintained its negative charge. 

In 1923, K. Hof'f'man and S. J. Mauchly, a:f'ter an examination 

of' the Carnegie observations, independently drew attention to the f'act 

that the variation of' the electric f'ield relative to Universal Time 
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occurred at approximately the same hour and was independent of local 

time. This discover,r led Whipple in 1929, following a suggestion by 

c. T. R. Wilson, to stuqy the association of the diurnal variation of 

electric potential field in fair weather with the distribution of 

thunderstorms over the globe. Further study carried out ( 1950) by 

0. H. Gish and G. R. Wait, who studied the flow of air-earth current 

above thunderstorms,supported the generally accepted theory that 

thunderstorms are the generators which maintain the earth's negative 

charge. The diurnal variation of the electric field and world-wide 

thunderstorm activity is shown in Fig. 1. 

Between 1915 and 1920, C. T. R. Wilson was led to the 

conclusion, through study of the earth's charge underneath thunder­

clouds, that a thunderstorm cell is essentially bipolar with the base 

charged negatively. However, the search for the fundamental mechanism 

which initiates and maintains the charge separation in clouds, partic­

ularly thunderstorms, is probably the most elusive goal in the modern 

investigation of atmospheric electricity. 
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CHAPTER 2 

IONIZATION OF ATMOSPHERIC PARTICLES 

2.1 Introduction 

Under normal conditions, gases are among the best insulators 

known. From the first studies of electricity, it was known t hat a gold 

leaf electroscope or other charged body gradually loses its charge 

regardless of the precautions taken to insure good i nsulation. 

Coulomb was the first to conclude that, after allowing for 

the charge lost by a boc].y due to conductivity, there remained an 

additional loss of charge which must be attribut ed t o leakage through 

the surrounding air. Later, Elster and Geitel, and Vlilson, indepen-

dently were led through experimental observations to conclude t he 

existence of ions in the atmosphere, and these may be classified as 

follows: 

(1) small ions 

(2) intermediate ions 

(3) large ions . 

In addition, the at mosphere carries uncharged particles vhi ch 

serve as nuclei for the initiation of condensation. These are cal led 

(IJ) Aitken or condens at ion nuc lei. 

2. 2 rl at ure of Small Ions 

Through the effect of some primary ionizing agency , neutral 

molecules in the at mosphere are dissociated int o positive ions and 

free electr ons . In the l ovrer atmosphere , the mean lifetime of the 
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electron is of the order of a few microseconds due to the fact that it 

combines 1vith a neutral oxygen atom to form a negative ion. Experimental 

evidence derived from the study of ionic motions indicates that these 

ions have a very short lifetime also. Since water molecules are easily 

polarized, it is probable that where they exist in large numbers, they 

are readily attached to ionized molecules. Thus, the negative apex of 

the water molecule attracts positive ions and forms a cluster of 

molecules with a positive charge. 

Similarly, the negative ions form a cluster of molecules. 

These small ions,which appear to consist of one single ionized molecule 

with other molecules clustered around it, are kept together by the 

charge and this is the distinguishing feature of the small ions. When 

an electric field is established in the air, it superimposes on the 

random molecular motion of the ions, a drift velocity. The average 

ionic drift velocity in unit field is called the mobility. Small ions 

have a mobility ranging from 1 to 2 em/sec per V/cm. The mobility 

varies with pressure and temperature according to the equation 

(1) 
Po T 

K(p,t) = K (p ,t ) --o o o p T 
0 

Under similar conditions, it is found that the negative ions have 

mobilities rather greater than positive ions. 

When the charge is neutralized or removed, the cluster of 

molecules dissociates into its constituent components since it is the 

charge itself that is the mechanism holding the molecules together. 

.... . ._ ........ .. .. - ··.·· ::=:::::J 

/ 

' .I 



- 9 -

2. 3 Nature of Large Ions 

Whereas the small ions are not much larger t han molecular 

size, the large ions are considerably larger. These are probably 

suspended particles of evaporated sea salts, dust, water or other 

substances mostly derived from industrial smoke. The large ions have 

mobilities ranging from 3 x 10-4 to 8 x 10-4, em/sec per v/cm. Large 

ions are distinguished from small ions by their tendency t o remain 

attached after the charge has been removed. 

2.4 Intermediate Ions 

-1 
Intermediate ions have mobilities ranging from 10 to 

-2 10 em/sec per v/cm. The existence of these was reported by Pollock 

(1915) under conditions of low humidity, and disappear at hi gher 

humidity. These were identified as particles of H2so4 and, consequently, 

are detectable near industrial areas. Condensat ion (Ait ken) nuclei are 

uncharged particles and consist of water soluble substances, 

2.5 Results of Ion Counting 

The accepted normal concentration -·f small ions is about 

100 per cm3, though a low of 40 per cm3 and a maximum of 1500 per cm3 

have been r ecorded. 

The concent r at i on of large i ons is dependent upon t he 

l ocali ty and varies from a minimum of 200 per cm3 t o 80 ,000 per cm3 in 

t he vicinit:r of l arge t mms . The concentr at i on of large i ons increases 

at t he expense of small i ons, t hus expl aining the l ower conduct i vity in 

fog and smoke as reported by Elster and Geitel in 1899. 

/ 
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Experimental evidence has also established the fact that the 

number of positive ions slightly exceeds the number of negative ions. 

This discrepancy may be due to 

(1) the electrode effect 

(2) the greater diffusion coefficient of negative ions. 

At higher altitudes, the number of small ions per cm3 increases, values 

of over 2000/cm3 having been found. The excess of positive ions also 

becomes more marked, implying an increase in conductivity. Above the 

austausch region, the number of large ions becomes very small. 

2.6 The Ionizing Agencies 

Three principal agencies are responsible for the ionization 

of the lower atmosphere. These are: 

(1) Radiation from radioactive substances in the crust of 

the earth. 

(2) Radiation from radioactive matter present in the air 

itself. 

(3) Cosmic rays. 

To a lesser degree, ionization is also produced by 

(4) The photo-electric effect - effective in the higher 

regions of the atmosphere. 

(5) Breaking of water drops. 

(6) Lightning flashes. 

( 7) Dust and snow storms. 

/ 

I 

I ,__ 
' 
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2. 7 The Effect of Radioactive Matter in the Earth's Crust 

Only in the immediate vicinity of the earth is the effect of 

the radioactive elements of the earth's crust of primary importance. 

The elements of thorium and uranium and their daughter products emit 

a, B and y rays into the atmosphere. The a particles are only 

effective for the first few em and their contribution is consequently 

negligible in their effect on atmospheric ionization. The B rays can 

come from still greater depths and can penetrate to a greater height 

in the atmosphere. 

let I represent the number of pairs of ions produced per 

cm3 per sec. in air at N.T.P. Calculations based upon average values 

for the measured concentration of radioactive matter in the air indicate 

that an effect ranging from 1 I ~t the surface to 0.1 I at 10 meters is 

due to B rays from the earth. 

The y rays can come from still greater depths and, consequently, 

from a larger volume of radioactive material. The y rays are estimated 

to produce approximatelY 3 I at the surface, 1. 5 I at 150 meters and 

0.3 I at a height of 3 km. 

More recent measurements seem to indicate that the radio-

active contribution of potassium due to its high percentage in the 

earth's crust may contribute even more than the combined uranium-

radium and thorium families. Local crustal geochemical conditions 

will have a controlling effect on the atmospheric ionization. The 

average values range from 2 I to about 10 I. Fig. 2 shmrs t he effect 

of the various ionizing agencies with altitude. 

/ 
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The radioactive content of sea water is found to be very small 

in comparison with that of the soil and rocks, and over the oceans the 

earth radiation effects are negligible. 

2.8 The Effect of Radioactive Matter in the Air 

The gases, radon and thoron, are produced in the earth's 

crust from the radioactive decey of radium and thorium and diffuse into 

the atmosphere. These gases are very effective in producing ionization 

due to their emission of a reys which is directly incident on atmospheric 

particles. Estimates place the air radiation effect at 2 I in the 

neighbourhood of the earth's surface. The effect, like that of the 

earth-radiation, is extremely small over the oceans where the emanation 

content of the air is only about 1% of its value over land. 

2. 9 The Effect of Cosmic Rays 

Cosmic rey primaries are deflected by the earth's magnetic 

field so that only the most energetic reach the earth near the equator 

1vhile the less energetic enter the atmosphere at higher geomagnetic 

latitudes. Cosmic rey ionization over both land and sea varies from 

about 2.0 I in high geomagnetic latitudes to about 1.5 I near magnetic 

equator. Over the surface of the oceans and polar regions, about 95% 

of the ionization is due to cosmic radiation, while most of the 

remaining 5% is believed due to radioactive materials of continental 

origin. 

A graph showing intensit.r of ionization with altitude is 

shown in Fig. 3. 

---··· :;.::;t __ _ 



-l . -1 j j [ 

- 15 -

2.10 Ionic Equilibrium in the Atmosphere 

The processes involving the equilibrium of ionization in the 

atmosphere mey be summarized thus: 

(1) Production of small ions directly by radioactivity, 

cosmic reys and other causes. 

(2) Combination of small ions and uncharged nuclei to form 

large ions. 

(3) Recombination of small ions. 

(4) Combination of large ions with small ions of opposite 

signs, 

(5) Recombination of large ions of opposite signs. 

The recombination rate of small ions is usually negligible, which is 

also true for the recombination rate of large ions. 

The following symbols will be used in further discussion: 

n
1 

= number of small positive ions. 

n2 = number of small negative ions. 

N1 =number of large positive ions. 

N
2 

=number of large negative ions. 

N = number of uncharged nuclei. 
0 

Z = N 
0 

+ N1 + N2 = total number of nuclei. 

q = rate of production of small ions. 

a = r ecombination rate of small ions. 

n
12 

= r ecombination rate of positive small ions and negative 

large ions. 

These symbols represent the number per unit volume. 

L - . ' -'----= 

/ 

~ 
\;~·-.' ~~ 
"{ : ~ c:::,. 

! -.. -. . ..,. 
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n
21 

= recombination rate of negative small ions and positive 

large ions. 

n10 = recombination rate of positive small ions and uncharged 

nuclei. 

n20 = recombination rate of negative small ions and uncharged 

nuclei. 

y = recombination rate of large ions. 

The concentration of any ion group per unit volume under equilibrium 

conditions depends upon a balance between their rate of formation and 

their rate of recombination. 

Thus, for small positive ions, the ionization-recombination 

equation has the form 

(2) 

Analogous equations CS.'l be written for n2, Nl' N2 and no . 

In a state of equilibrium and in quiet air dn1/dt = O, and 

we have 

( 3) 

Thus, the concentration of small positive ions wi ll decrease as the 

concentration of heavy ions and uncharged particles increases . 

If n
1
l

2 
+ n10N0 is much greater than an

2 
and, if we assume 

that n
12 

is approximately equal to n
10 

and put N
0 

+ N
2 

= N, then using 

/ 

~I \, ~~~ 

'i · ~- ~:; 
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these approximations,we see that the concentration of small positive 

ions is inversely proportional to the non-radioactive particles in the 

air, 

(4) -1 
i.e., n1 a: N 

2.11 The Conductivity of the Atmosphere 

The conductivity is defined as the current density produced 

by a unit field. If there are several groups of ions present in the 

air, the total current density is given by 

(5) i = En e w E 
r r r 

r 

where n = number of ions with the same charge 
r 

e = charge on ion 
r 

w = mobility of ions 
r 

E = electric field. 

The conductivity (A) is then given by 

(6) 

Because of the relatively high mobilities, only the small ions make a 

significant contribution to atmospheric conductivity, so that we can 

write 

(7) 

The t~rc expressions on the right are called polar conductivities. 

/ 
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The daily and annual variations of the conductivity at the 

earth's surface are influenced by the dailY and annual variations 

determining the conductivity, namely the ionization intensity and the 

atmospheric pollution. The conductivity usually decreases during the 

daytime when pollution of the atmosphere increases. In northern 

latitudes, the conductivity decreases in the winter due to the 

enveloping snow cover reducing the radioactive emission from the earth. 

The conductivity has been found to increase nearly exponentially with 

increasing altitude (Fig. 4) because of a corresponding increase in 

cosmic ray ionization and ionic mobility, and a decrease in concentration 

of large nuclei with height. This explains Elster and Geitel's observa-

tion in 1899 that the conductivity of the atmosphere is reduced by fog 

and smoke. 

The vertical conductivity profile consists of two parts: 

(1) The turbulent or austausch region where N is large and 

the conductivity is given by 

(2) The region above the turbulent layer and which extends 

to a height of about 30 km. The conductivity in this 

region is a function of pressure and temperature and can 

be expressed by 

(9) 

where r = 0.5 

s = 1.5 are approximate values. 
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The existence of such an altitude variation of conductivity 

above the continents was investigated by Sagal,p and Faucher (1954), 

and Stergis et al (1955). Since the solid and liquid impurities in 

the atmosphere usually accumulate in the turbulent region between the 

earth's surface and temperature inversion lSfers, there exists a 

minimum value of A in this region and in consequence a maximum value 

of E under such inversion layers. A lower value of conclucti vity is 

observed over the oceans than over land areas in spite of a lower 

large ion content over the oceans. This is attributed to the greater 

ionization over land due to the emission of radioactive gases from the 

decay of radioactive decey of elements in the crust. Experiments to 

determine polar conductivities have also shown that the conductivity 

due to the negative ions exceeds that due to the positive ions. This 

ratio is at present accepted as being in the region 

(10) 

2.12 The Electrode Effect 

In the layer of air near the surface of the earth, the positive 

conductivity has been found to exceed the negative conductivity by 10 to 

20 per cent. In this region, the excess of positive ions over negative 

ions is also more pronounced. This effect is called the electrode effect. 

This effect can be explained if we consider a column of air 

bounded at its base by a negative electrode (the earth's surface) and at 

its upper limit by a positive charge extending upwards. Then positiye 

.J:;;;::=======;:==-
• .I 
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ions can enter the lower region from above and are removed from it by 

transfer to the negatively charged earth. Negative ions, on the other 

hand, are removed from this lower region by transfer upwards and this 

loss is not replenished by a corresponding flow of negative ions from 

the earth. Thus, the layer of air next to the earth's surface is 

depleted in negative ions, thus acquiring a positive space charge. 

Another factor enhancing this effect was proposed by Nolan and De Sachy 

in 1927. They made the assumption that the rate of combination of 

positive ions and oppositely charged nuclei n12 to the rate of 

combination of positive ions and uncharged nuclei n10 is the same as 

the combination ratio for negative ions, 

(11) 

n21 = n20 

n12 nlo 

The larger the value of this ratio, the more readily do the negative, 

rather than positive,small ions combine with oppositely charged or 

neutral nuclei. The process of combination of small ions with uncharged 

nuclei must involve the accidental collision of these particles, and 

the difference between n10 and n20 must be mainly due to the difference 

in the speeds of the small ions. 

If we measure the conduction current at ground level and at a 

height h (of t he order of 1m) in still air , t he values obtained should 

~ -~- ··.· .. 
··-"'·-· .1' - ~ 
r~ - ·. :.:-... 
! . .•• :.~__:. I -;-:--~ 
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be nearly equal as is proved by observation (see Fig. 5). 

Let E
1 = electric field at height h. 

E = electric field at ground level. 

~~ = positive conductivity at height h. 

~= = negative conductivity at height h. 

~+ = positive conductivity at ground level. 

Then it must follow· that 

(12) 

This equation shows that either E varies with altitude or A+ varies 

with altitude. 

According to Hogg (1939), the local effect of a and 8 rays 

from radioactive matter in the soil is sufficient to make A+ equal to 

(~~ + ~=) and E1 is approximately equal toE for the altitude considered. 

/ 
/ 

~~ 
. -.;.;~- ~~:::~-~:-~.:- · 

i;: <_.-.:_~~~ ~ 

I . ·•::­
j "•0" 



J _j 

J ,. 

====:r· .. ·--···--.. ·--·-··-------.. --.. -·-···---.......... -............. . .......... ....... .... _ L_ ... 

- 24 -

CHAPTER 3 

THE VARIABLES OF ATMOSPHERIC ELEm'RICITl 

3.1 l~e Electric Field and Electric Charge in the Atmosphere 

In this section, the variables of atmospheric electricity 

will be treated, the sequence adopted being considered most appropriate 

but ent irely arbitra.r.v. 

The most important world-wide variable is the potential V of 

the ionosphere relative to the earth. 'rhe most recent value of this 

potential (Chalmers 1954) was estimated in the range 3 to 4.hundred 

kilovolts. In the same report, Chalmers quotes: 

"There seems now no reason to doubt that it is thunderstorms 
which maintain the earth's fine weather field against the conduction 
current, and it may be safely said that this problem can be regarded 
as solved." 

The zero potential in electrostatics is arbitrary and in 

theory is usuall,y- chosen as a point far removed from any electrostatic 

charges, It is not knmm Hhether the outer surface of the ionosphere 

is charged or not, and this cannot be determined from measurements 

conducted ~ri thin the ionosphere . By convention, the potential of the 

earth is assumed to be zero , despite its known surface charge . The 

variable most direct~y- dependent upon the spatial distribution of V is 

the vector potential gradient, grad V. 

(13) grad V = - E 

The horizontal components of E are negligible compared to the vertical, 

• ..• 1:1 
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so equation {13) is reduced to 

{14) av = _ E 
az z 

where the positive direction of the z-axis is upward. 

The potential as a function of altitude may be obtained by 

direct integration. 

( 15) V(z) = - fz E .dz 
0 z 

The space charge density p (Fig. 6) may also be obtained 

from an altitude variation of E by means of Maxwell's relation 

( 16) di v E = .e. 
€ 

where £ is the permittivity of the atmosphere. Although £ is a 

function of humidity, pressure and temperature, its range of variation 

in the lower atmosphere is so small that it may be assumed as a constant. 

Equation (16) may also be simplified to give 

(17) 
aE 
_z =.e. 
az £ 

Since E usually becomes negative as the altitude increases, the 
z 

resultant atmospheric space charge density is usually positive. 

He have already discussed the conductivity of the air and 

shmred it to be given by the expression 

(6) >. = eEw n 
r r r 
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so that the total conductivity is given by the sum of the two 

conductivities, namely 

The columnar resistance R(z), which is the resistance of a 

column of air of 1m2 cross-section extending from the earth's surface 

to a given height z, is given by 

( 18) R(z) = 1z dz 
o X 

Stergis ( 1955) estimated R to be equal to about 1017 ohms up to the 

ionospheric layer. The conductivity from an altitude of 15 km 

upwards is so high that this region contributes only a small fraction 

of the total resistance. Gish estimated half of the total resistance 

is contributed by the lowest 2 km. 

It is thus evident that potential gradient measurements 

over land and, in particular, near centres of industrial activity or 

urban areas, where local atmospheric pollution has a dominating effect 

on the resistivity, cannot be expected to yield information which can 

be directly correlated with the question of the total difference of 

potential between the earth and upper layers of the atmosphere. 

In the case of observations over the oceans and over polar 

regions, practically all the i onization throughout the whole column is 

due to cosmic radiation. The only local effect which can influence 

the fine weather gradient is a change in the number of nuclei available 

for the capture of small ions . 

L.~::-· ·· ·:. .. 1
/r -· ~-- · 
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Since a potential difference V exists across a columnar 

resistance R, a current density 

{19) j = z 
v 
R 

exists, flowing d011tli(ard to the earth. This current may also be 

measured directly at the earth's surface from the relationship 

(20) 
-+ -+ 
J = ~E z 

Th 1 . . -12 I 2 e average va ue of j 1s appronmately 3 x 10 amp m • 

From equations (19) and (20), we get 

(21) 

Equation (21) is useful in that it relates the potential V, which is 

the same over the entire ionosphere, with the characteristic R of an 

air column above the point of measurement, and with the local 

characteristics ~ and E, measured at any altitude and in a particular 

locality near the earth's surface. 

The question arises as to the maximum rate at which V or R 

may vary and still have a sensibly constant j at all altitudes. 

(22) 

The equation of continuity, 

-+ an 
div j + .:o~:.. = 0 at 

depends only on the conservation of charge. From equations (16) and 

{21), equation (22) becomes 

(23) ~ an -p+=- = 0 
e: at 

j~ 
I • 
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The solution of this equation is 

(24) 

}. 
-- t e: 

....... ...... . ____ _ .. ___ .. L .. . 

The ratio I is known as the atmospheric relaxation time t. It is a 

function of altitude and is inversely proportional to the conductivity. 

A graph ofT against altitude is shown in Fig. 7, r gives the time 

required for the charge on a conductor to diminish to 1/e of its initial 

value. Only when significant field changes occur in intervals substan-

tially greater than r can it be assumed that a steady state is 

approximated. At the earth's surface, this time is of the order of 

500 sec. 

The average value of the "fair weather" field intensity at 

the earth's surface is about 120 volts/meter. Therefore, the charge 

on the earth 1 s surface given by 

(25) a= e:E 

-9 2 amounts to about 10 coulombs per meter • 

Israel (1953) quotes: 

"lfith a sudden change in the atmospheric electrical field 
the new equilibrium state is again 99 per cent attained in about one 
half hour; and that variations, which happen in time periods which are 
large in comparison with this time span - for example, diurnal 
processes - may be regarded as quasi-stationary." 

/ 
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3.2 Atmospheric Current 

The current flowing between the atmosphere and the earth may 

be considered as the sum of the parallel components composed of 

(1) the diff-:.:sion current. 

(2) the conduction current. 

(3) the convection current. 

Each of these is treated separate~ below. 

(1) The diffusion current 

Since the space charge is unevenly distributed in the 

atmosphere, and the turbulent diffusion coefficient K in the atmosphere 

is quite large, a diffusion current given by 

(26) . _dN_ K~ 
1diff - dt- - 'dz 

flows in the atmosphere. 

~ gives the number of charged particles crossing unit 

cross-sectional area in unit time. 

K is the diffusion coefficient and is derived from the 

formula: 

K = kTw 
e 

where k =Boltzmann's constant 

w = mobility 

T = absolute temperature 

e = el ectric charge 

:!£. = space charge concentration gradient. 
dz 
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(2) The conduction current 

The conduction current in the atmosphere, as we have 

seen, is carried almost entirely by the small ions in an electric 

field E. 

(6) 

Thus, the conduction current is given by 

i = ~E cond 

ru1d ~l = n
1
e
1
w
1 

is the conductivity of the positive ions. 

A similar equation can be written for ~2 , the conductivity of negative 

ions. 

(3) The convection current 

When the air contains, at any given point, an excess of 

ions of one sign (i.e. a space charge), movement due to wind or 

ordinary turbulence will give rise to a mechanical transference of 

electric charge. This constitutes the convection currentand is given by 

(27) i = v conv P 

where v = vertical component of wind velocity 

p = charge density. 

Thus, the total current in the atmosphere in good 1veather zones is given 

by 

(28) i = ~E - K ~ + pv t dz 

= 

/ 
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I. Kraakevik observed that the conduction current above the 

mixing layer remains constant within ± 10%, while in the mixing l~er, 

it may be on the average 30% and sometimes even 200% larger than the 

conduction current at considerable altitude {see Fig . 5). I f it is 

assumed that the total current remains constant, t hen the observed 

effect can be ascribed only to the turbulent diffusion produced by- the 

upward moving positive space charge in the mixing layer. 

Also, according to Kraakevik, the conduction current density 

above the oceans amounts to 2.7 x lo-12 amp/m2 and is constant wi th 

alti tude to within 2%. Assuming this esti mate to be correct for the 

earth as a whole, an estimated tot al current of 1400 amps. flows from 

the ionosphere to the earth in regions of good weather. 
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CHAPTER 4 

THE LOCAL VARIATIONS OF 'l'HE ATMOSPHERIC ELECTRIC F'IELD 

4.1 The Effect of the Vertical Distribution of the Space Charge on 

the Electric Field 

Several 'mrkers have investigated the local anomalies of the 

atmospheric electric field and have made comparisons of the diurnal 

variations observed at various stations over the earth's surface. 

Muhleisen (1956) concluded that the complicated variations in urban 

environments were caused by the positive space charge which is produced 

profusely by the industrial activity in such conditions. 

Israel (1952) reported that the diurnal variation at three 

different stations in the Alps varied '•ith the season, and the height 

of the exchange layer. Sagalyn and Faucher (1956) carried out observa-

tions from an aircraft and investigated the vertical distribution of 

the several electrical parameters in the exchange l~er and compared 

the results with those obtained in the region above the exchange l~er. 

These results confirmed the conclusion arrived at by Israel. According 

to the results obtained, it appeared that the local anomaly of the 

electric field seemed to be mainly controlled by the vertical distribu-

tion of the air resistivity and the space charge in the lower atmosphere. 

Kawano (1958) discussed t he local anomaly of the at mospheric 

electric field on the basis of t he ionization equilibrium process. 

In order to det ermine the l ocal atmospheric electric 

paramet ers on the basis of the ionization equilibr ium process , Kawano 
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first ascertained the vertical distribution of ionic densities by 

introducing the eddy diffusion coefficient (K) into the equilibrium 

equations. K is the rate of diffUsion of ions per unit area per unit 

concentration gradient. 

The variation of the concentration of small positive ions 

11ith altitude on account of eddy diffusion can be expressed by the 

formula 

(29) dn- i~~) 
dt - dz 

The contribution of ions, coming from lower altitudes, adds 

to the production of ions by the various ionizing agents, and the 

process of ionization equilibrium especially near centres of pollution 

ca~ be expressed by the formula 

(30) !_ (Kdn) + ,_ Kd(nE) 
dz dz q dz 

2 = BNn + an 

where S is the coefficient of attachment between small ions and nuclei. 

The left-hand side of the equation gives the rate of change of positive 

space charge with respect to height, the production q of small ions and 

the contribution due to the flow of a conduction current of positive 

ions. The right-hand side gives the rate of the combination of small 

positive ions 1vith large ions and the rate of recombination of small 

ions. The last term on each side producesinsignificant results and the 

final equation may be simplified to give 

( 31) d (Kdn) - - + q = SNn 
dz dz 

r=:;. ..· .. . II 

__ /. __ 
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This is assuming that the quantities of radiation of cosmic reys and 

the penetrating radiation from the earth's crust are not affected by 

air motions. However, the distribution of the radioactive gases and 

their decay products in the atmosphere is directly affected by air 

motions. The quantity q may thus be subdivided into three classes, 

namely, 

( 32) 

q
1

: which is the radiation by the radioactive gases and 

their decay products in the atmosphere, and which is 

affected by air motion, and 

~: which is the penetrating radiations by the radioactive 

substances in the earth's crust, and 

q
3

: radiation due to cosmic rays. 

Hence , we may write 

The intensity of q
2 

and q
3 

is independent of air moti ons. 

The radioactive substance in the atmosphere is due to the 

diffusion of radioactive gases (mostly thoron and radon) from the 

disintegration of radioactive elements in the earth's crust. It may, 

therefore, be assumed that the vertical distribution of the radioactive 

substance in the atmosphere is controlled by the eddy diffusivity. The 

quantity Q of radioactive substance present at a given altitude in the 

exchange layer may therefore by expressed by the formula 

_!I (z-h) •IK. 
Q = ~ e ( 33) 
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where ~ = amount of radioactive material at a given 

height h. 

-6 -1 
T = decay constant of radon = 2.09 x 10 /sec • 

K = coefficient of eddy diffusi vity (here assumed 

to remain constant with altitude, though 

strictly speaking, it is a function of height). 

z = altitude. 

The ionizing effect of the radioactive material in the 

atmosphere is mainly due to the a-radiation, and the intensity of this 

radiation may be considered as directly proportional to the quantity Q 

of the radioactive gases present. Consequently, the rate of ion pair 

production (q
1

) due to the radioactive sUbstances in the atmosphere is 

proportional to the quantity Q, 

( 34) 

Substituting for Q in this equation, we get 

( 35) 

( 36) 

[,~.:- -.... _ ·~~"---·"-·-·----··--~-) 

where qlh = the value of the rate of ion pair production 

at z = h. 

_(!_ (z-h) 
- ~K + + q - qlh e q2 q3 

from equation ( 32 ). 

/ 
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Substituting in equation (31), we get 

2 -II (z-h) 
d n VK. 

K 2 + qlh e + q2 + q3 = 8Nn 
dz 

(37) 

The solution of this equation is derived in Appendix 1 and is given by 

( 38) = ~ _ (~ q2)1t -~ (z-h) + ~ -H (z-h) + ~+q~ 
n [h BN-t + 8N j e BN-t e BN J ' 

We can express the electrical conductivity of the atmosphere by 

~ = new 

where n = number of small ions. 

e = electronic charge. 

w = mobility of small ions. 

Substituting for n, we now get 

(39) 
= ~ -~~ q2)1) -~ (z-h) + ~ -Jk (z-h) + q2+q3l 

~ [h BN-t + BN j e BN-t e BN J ew 

From Poisson's equation 

IJ .E = Q. 
£ 

and Ohm's lavr 

i = I.E 

-vre can now derive an expression for the space charge, thus, 

(40) . d (1) 
P = lE dz T 

~~-~~ .,,,-.. . , ... ,, -.. 

[ __ ._. _ .. \· . . --'-------·? ____ _ 
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assuming only a vertical variation in E. 

Differentiating equation (39) to obtain ~(r) and substituting 

ill = newE for the current i, and substituting these expressions in 

equation (40), we get 

( BN_)~ [ (qlh ~)J -~ (z-h) (t)!z qlh -Jf (z-h) 
nhEE K) nh - BN-t + BN e + K BN-t e 

(41) p = -------------------

\fuen z = h, this expression reduces to 

(42) p =- - n -- + -- + - -EEh (BN)~ [ (qlh ~ +q3~} t qlh 
h nh K h BN-t BN K BN-t 

Since t equals 2.09 x 10-6 sec-1 for radon (which is the major a-ray 

-2 -1 
source in the atmosphere) and BN is 10 sec on land, this relation 

reduces to 

( 43) 

( 44) 

This formula expresses the value of the electric field considering the 

influence of the eddy diffusion on the vertical distribution of the 

electrical conductivity of the atmosphere. 

/ 
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At zero altitude, the quantities on the right-hand side of 

the equation have been separately investigated by various workers and 

the following values are substituted in the equation: 

n = 1091rn3 

P = ne = 1.6 x 10-lO Cou1/rn3 

e = 8.8 x 10-12 Coul/newton-rn2 

2 
K = 4 rn sec. 

-2 aN = 10 /sec. 

qh = 10 7pi/rn3 

Hence, according to equation ( 44), the value of E is about 100 V /rn. 

The fluctuations in the atmospheric field can thus be assumed to be 

caused by the fluctuations in the density of the space charge and its 

distribution with respect to height. 

4.2 The Vertical Distribution of the Air Resistivity in the Exchange 

Local agitation of t he electric field can also be attributed to 

the columnar resistivit.v. KaHane investigated the vertical distribution 

of the air resistivity and the columnar resistance by taking into 

account the influence of t he eddy diffusion on the ionization equilibrium. 

At the lower levels of the exchange layer, q
2 

has a dominant effect. I n 

this case, ,.,e '-rill consider t he variation of the earth r adiati on effect 

•ri t h altitude, and can express q
2 

as 

(45) 

/ 
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where p is the absorption coefficient for air of y-r~s of HaC which 

is the emitter of the highest energy in the earth's crust. ~O is the 

absorption coefficient of RaC at the earth's surface. 

The ionization equilibrium equation may now be written 

( 46) 
2 -!J. (z-h) d n ~ K - pz 

K db 2 + qlh e + q2 e + q3 = ~Nn 

Solving this equation for the same boundary conditions as before, we 

get 

(47) 

This formula expresses the vertical distribution of the ion concentration 

under conditions of ionization equilibrium in the l ower atmosphere. 

Now 1.1 = 1.06 x 10-5 cm-1• 

-6 -1 
t = decey constant of Rn = 2.09 x 10 sec • 

- 2 -1 SN = 10 sec • 

Hence, terms involving 1.1 and t are many orders of magnitude less than 

those containing BN and the expression may now be simplified t o give 

[ 

qlh +q20 +q3J -~ ( z-h ) l { -Jf ( z-h) -IJZ J 
(48) n = nh - BN e + &1 qlh e + q20 e + qJ 

The expression for r1, t he resistivity of the atmosphere in 

the exchange layer, can nol·T be expressed, 

/ 
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since r
1 

= ~ = ..1_ , by the formula 
11
1 

new 

( 49) 

J .· 
/ 

1 

1h 20 3 K 1 ;jK -liZ r 

1 

= [ q +q +q ) -JiN ( z-h) f -II ( z-h) ~ 
nh - ~N e + SN qlh e + ~Oe + q3 eu 

The first term in the denominator in the right-hand side depends on the 

distribution of the air resistivity up to a heisnt of about 20 meters 

above the grotmd. The second term expresses the distribution of the 

air resistivity above this level. 

From the above equation, the value of the electrical resistance 

(R1) of the air column within the exchange layer can be estimated. Thus, 

(50) R1 =JI:l r1dz 

"J:'-~ q-lh+~o+q-3) -~-N (z-h)_d', f --H(z--h) --~~z -V 
~"II - 1!11 ' + 611 •, ' + %o' + •3~ '" 

where H
1 

is the height of the exchange layer. · 

Stergis et al (1955) made measurements on the conductivity in 

the stratosphere and were able to assess the resistance (R2) of the air 

column in this region by the relation 

(51) 

where H is the height of the up:per conducting layers of the atmosphere. 
2 
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The columnar resistance of the exchange l~er thus represents 

a significant variable contribution to the total columnar resistance R. 

Results indicate that the total resistance of a column of air of cross­

section one square meter is about 1017 ohms. The conductivity from an 

altitude of 15 km upwards is so high that this region contributes only 

a small fraction of the total resistance. It is thus evident that 

potential gradient measurements over land and, in particular, near 

cities are susceptible to large and continuous fluctuations. In the 

case of observations over the oceans and in polar regions, practically 

all the ionization is directly due to cosmic radiation and the only 

local effect which can influence the potential gradient is the number 

of nuclei available for the capture of small ions. Atmospheric 

electric properties at the earth's surface are so sensitive to weather 

factors and pollution that it is not possible to determine with 

certainty from such measurements alone what proportion of t heir d~-to-

d~ variation is the result of fluctuations of the world-wide potential. 

The accepted extent of the exchange layer extends from ground 

level up to about 800 to 1400 meters. The potential of the conducting 

layer which is variously placed at 40 to 60 kilometers is uniform 

throughout the globe and it has been estimated at about 3 to 4 x 105 volts. 

Given that R amounts t o 1017 ohms, then 

-16 
i = 3 to 4 x 10 amps 

which agrees with the experimental values of the air-earth current. 
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CHAPTER 5 

RESULTS OF PAST MEASUREMENTS AT THE EARTH'S SURFACE 

'The three atmospheric electric variables which have been 

measured with the greatest regularity at the earth's surface are the 

conductivity A, the electric field intensity E, and the current 

density j. The atmospheric conductivity has usually been obtained by 

a stud.v of the current-volt age characteristic slope curve of a dis-

charging electrode. The electric field has been determined directly 

in two ·Hays: 

( 1) By determination of the voltage difference between 

vertical~y separated collectors, each in equilibrium 

with the atmospheric potential in its immediate 

vicinit,y. 

(2) B,y electric induction effects on moving conductors. 

The current density has been obtained either directly b,y using an 

insulated plate mounted flush l·li th the ground to collect the current, 

or indirectly from the product AE. 

Chalmers (1957) gives a table of the average values for all 

st at ions on land, and the results of the same measurements over the 

oceans . 'The table is produced belmr . 

\~ 
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QUANTITY ~ LAND STATIONS ~ 

Potential gradient V/m 130 126 

Air-earth current Ali 4 -12 2, X 10 3, 7 X 10-l2 

Conductivity -1 -1 ohm m 1.8 X 10-14 2.8 X 10-14 

Columnar resistance 2 ohm/m 1.9 X 1017 1.2 X 1014 

No, of nuclei cm-3 4ooo 4500 (?) 

No. of +ve small ions -3 em 750 640 

No. of -ve small ions -3 em 680 575 

Rate of production of -3 -1 
9.5 1.5 em sec 

ions 

Space charge C/m3 10-ll 

Further work was carried out to determine the variation of the 

electric field with increasing altitude. During the IGY, the field 

variation with altitude was observed at three Russian stations. It was 

found that even in days of good weather the electric field profiles can 

be quite varied. It was found convenient to classify the profiles into 

three groups (Figs. 8, 9, 10). The first group includes profiles which 

decrease exponentially with increasing altitude. This accounts for 40% 

of the altitude profiles. This profile can be expressed by t he relation 

(52) 

(See Fig. 8.) 

E = E e -az 
n 

where E = electric field at a given level 
n 

a = constant. 

/ 
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In many cases, the field intensity was found to decrease with 

height at first in accordance 1fi th equation (52), and then to reverse 

sign at an altitude of about 3500 to 4000 meters. This comprised the 

secondgroup. Finally, in the third group which comprised more than 40% 

of the profiles, the field first increases with altitude and then starts 

decreasing. Usually the field was found to change direction around 3500 

to 4000 km but, in some cases, it remained positive up to the maximum 

sounding height. These changes are closely connected with the changes 

in humidity, air turbulence and dust content. 

In 1956, J. F. Clark carried out similar measurements of the 

electric field profiles over the north Ameri can continent. He also 

classifies the profiles into three groups. Thus, Group A approximates 

very nearly en exponential decrease wit~ altitude (see Fig. 11). Group B 

shc"n'r::d an anomaly at around 2 km, at which the potential gradient was 1.5 

larger than the exponential approximation value (see Fig. 12). This 

anomaly coincided with the base of an inversion l~yer. 

Group C is characterized by a maximum value near the surface 

and which is several times as large as that of the A profil e. Group C 

gradient decreases rapidly until at an altitude of about 1 km the 

gradient is smaller than t hat of type A profile (see Fig. 13). 

The contrast between Group A and Group C profiles was borne 

out by the ratio of the maximum surface gradient to the minimum (6 km) 

gradient encountered. Thus, near Newfoundland, this ratio 'vas found to 

be of the order of 5.8, vrhi le off the San Francisco shore the ratio '·ras 

i:=::::::===~ 

! ·:---. 
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found to be 67 . The profile obtained off the Newfoundland coast is 

shown in Fig. (14). 

Continuous recording of the potential field is carried out 

at the Brebeuf College Geophysical Observatory in Montreal. For 1955, 

they give a value of 73.5 V /m for deys with "maritime Atlantic air". 

Quoting from one of their reports 

"For reasons yet debatable, the potential gradient is smaller 
in pure Maritime air than in pure polar air. It might be useful to 
remember that continental polar air is mostly subsiding while the 
Maritime air is mostly convective. Would the consideration of the 
resistance of the air column and its conductivity help to find the 
physical reason of the levels of confidence." 

~ 
't ~·~ 
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Cl!AP'l'ER G 

EXPERIMENTAL TECHfiiQUES 

6.1 Methods of ~:easuring the Potential Gradient 

The methods of measuring the electric field may be divided 

into t wo types : 

( 1) those employing probes or collectors and 

(2) those depending on the induction of charge. 

The collector may be cons idered as an arrangement in i·rhich 

an insulated metal probe is located at a convenient position in the 

atmosphere . If i t s potential initiall.v differs from the surrounding 

atmosphere , it 1vill collect ions of t he appropriate sign until it 

acquires the same potential as the atmosphere . The potential thus 

acquired is measured by an instrument with a high input impedance . 

Vari ous forms of collectors that have been used are classified beloi·T. 

( 1) Probe ~ri th glmring fuse . 

( 2) Probe ;rith radioactive source . 

( 3) Hater dropper (Kelvin). 

( 4) Two vertically displaced horizontal 1dres ( Scrase). 

Induction met ers depend upon t he basic fact that, 1fhen a 

conductor is placed in an electric field, t he density of charge (o) 

induced on its surface i s proportional t o t he field intensity at t hat 

point, that is, 

(25 ) o ::: e:E 
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The first of these types was described by Russelveldt in 1926. In the 

same year, a similar form was described by Mathias. 

6.2 The Absolute Determination of the Potential Gradient 

It is necessary to have means to calibrate potential gradient 

field mills. In this case, an attempt was made to use one of the 

earlier methods employed in the determination of the electric field. 

The arrangement consisted of two wires stretched horizontally between 

two antenna masts separated b,v a distance of 120 ft. A small ratchet 

>Tinch made it possible to adjust the sag in the wires so that they were 

separated by a vertical distance of one meter. A polonium source Po 210 

attached to a copper strip was fixed to the midpoint of the antenna. 

Two conductors with polyvinyl insulation were attached to the midpoints 

of the antennae and led through metal conduits to the room below where 

they were connected to a quadrant electrometer. 

6.3 The Antenna System (Photos 15, 16) 

An antenna system of symmetrical form and suspended far 

enough above the ground so that the mirror effect can be neglected 

;rill develop an open circuit voltage ( v) proportional to the electric 

field (E) and the height (h) above the ground, i.e., 

(53) v = Eh 

When a change occurs in the potential field, the antenna will respond 

in such a way as to equalize its potential with the new field. Thus, 

. ... . ... ..... ~. ---~. / 
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a charge is graduallY dissipated or acquired by ionic conduction and 

the rate at which this occurs depends on the relaxation time for 

electrical phenomena in the atmosphere. 

If Q is the charge and S the surface area of the antenna, the 

potential field close to the antenna is given by 

(54) 

A total current 

(55) 

E = QS 
E 

0 

i = XQS 
E 

0 

·-· consi~-t::.r.6 of ions of o:.;;: ~igr. flows until the antenna is in equilibrium 

> with its surroundings. Thus, for unit area, 

(56) 

(57) 

dQ- ~ 
dt - e: 

0 

>.t --e: Q = Q e o 
0 

Actual relaxation times are shown below. 

Air near the earth, 5 - 40 minutes . 

(The actual value near t he earth's surface depends on the amount of 

pollution in the air.) 

Air at 18 km., 4 sec. 

-8 Air at 70 km., 10 sec. 

-5 The earth as a whole, 10 sec. 
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It is thus seen that the relaxation time is inversely pro­

portional to the conductivity ~ of the atmosphere. ~ is a very variable 

quantity. It increases after rain and is decreased in fog, clouds, dust 

and heavy atmospheric pollution. 

In calculating the conductivity of the air, the effect of the 

positive and the negative ions is tal{en into account. However, for 

charging or discharging the antenna, only one class of ions is effective 

according to the sign of the field. Therefore, when determining the 

relaxation time for a positive field from the relationship r = e/~, 

only the positive conductivity should be taken into consideration. 

Consequent~v, the average relaxation time is increased to double its 

value. The same reasoning leads to the fact that the antenna acquires 

the potential of the surrounding air by the flow of ions of the same 

sign. When fog is prevalent, this would explain the delay between a 

change in the field and the acquisition by the antenna of the same 

potential. 

6.4 The Quadrant Electrometer 

The principal part of the instrument consists of a low metal 

cylinder divided into quadrants by two diameters at right angles to 

each other. The quadrants are insulated from each other and mounted 

separately on amber insulating stands. 

The inside of the cylinder is hollow and inside this a light 

aluminum symmetrical vane (needle) is free to rotate in a horizontal 

plane, The needle is suspended by a delicate fibre of quartz so that 

' . 

~ . 
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it can rotate w·ithout touching the quadrants, .Provision is made for 

the quadrants to slide open to allow visual inspection of the needle. 

Screws are provided on the instrument to adjust the alignment of the 

needle in the centre of the quadrants. To begin with, the fibre is 

adjusted so that, in the neutral positio~ the needle rests in a 

symmetrical position with respect to the quadrants, In this state, 

· "· either surface of the needle and the opposite face of the quadrants 

may be regarded as forming a parallel plate capacitor. 

6.5 Theory of Operation 

Let v be the potentisl of the needle, 

v1 the potential of one pair of quadrants - the A-quadrants, 

say, 

v2 the potential of the other pair of quadrants - the B-

quadrants, say. 

Suppose that when the needle has turned through an angle e, the total 

area A of the needle is placed such that a fraction S of the area is 

inside the pair of quadrants at potential v1, and an area A - S inside 

the pair of quadrants at potential v2. let d be the perpendicular 

distance from either face of the needle to the opposite face of the 

quadrants. 

The system may now be regarded as two parallel plate capacitors 

of area S, the distance apart of plates being equal to d and difference 

of potential v- v
1

, together with two parallel plate capacitors of area 

A - S, the distance apart of plates being equal to d and difference of 

potential v - V • There are two capacitors of each kind, since there is 
2 

/ ---- __ _. ______ _, 
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an upper and a lower surface to the needle. 

The electrostatic energy (W) stored in a parallel plate 

capacitor is expressed as 

(58) W = e:o (tW)2 S 
2 d 

In this formula, S denotes the overlapping area of the plates. There-

fore, in the case of the quadrant electrometer, we may write an 

expression for energy thus, 

(59) 
2 2 e: (v-V

1
) e: (v-V

2
) 

W = 0 S + 0 (A-S) 
d d 

The mechanical force tending to turn the needle in the direction of 

increasing e is given by 

(60) dW = e:o ~v-V )2 _ (v-V )21 dS 
de d L 1 2 J de 

since S is the only term which varies with e. If r is the radius of 

the needle and is adjusted so as to lie symmetrically under the inter-

section of the diam~ters forming the quadrants, then we have 

(61) dW e: l E ~ - = _L (V -V )(2v-V -V ) 
de d 2 1 2 1 

In equilibrium, this torsion is balanced by the torsion couple of the 

fibre, which tends to decrease e. This couple may be expressed as ke, 

where k is a constant depending on the nature of the fibre. The 

equation of the quadrant electrometer may now be expressed as 

2 
e: r 

ke = {- [v2-v1 )(2v-V2-v~ (62) 

~ ·. ' 
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There are two weys of employing the quadrant electrometer afl a device 

for measuring potential. 

6.6 The Heterostatic Method 

In this method, v2 > v1 and the needle is given a high 

potential such that 

The tmknown potential to be measured is applied to one pair of quadrants, 

while the other pair is grounded. If v is very large compared to v2, and 

v
1 

equals grotmd potential, equal to zero, then we can write 

2 
e: r 

(63) ke = -£-- . v2 • 2v 

2 2e: r 
where C is a constant and equal to k~ 

However, if v
2 

is large compared to v, then the relationship 

approaches a square law proportionality, since the value of e is now 

given. by 

Thus, the deflection of the needle is dependent on three 

factors. It 'vas fotmd necessary to draw various sizes of quartz fibre 

to accommodate the readings required. The heterostatic method has the 

advantage that the polarity of the applied voltage can be determined 

from the deflection of the needle. Graphs for calibration are shown 
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in Fig. (17). This method had the disadvantage, however, that it was 

difficult to obtain the same potential on the needle on every occasion 

and, also, the necessity of recharging the needle every time before use. 

6.7 Idiostatic Method 

In this method, the needle and one pair of quadrants are 

maintained at the same potential, while the other pair may be grounded. 

Thus, if v = V2 and V1 = 0, then 

2 e = C(V - V ) 2 1 

The needle will thus be deflected in the same direction for both 

positive and negative potentials. It is thus impossible to detect the 

polarity of the potential to be measured from this method. The 

idiostatic method has the advantage that onlY one calibration is 

necessary and no recharging of the needle is required and, consequentlY, 

no leakage of charge which would affect the calibration. 

6.8 Method of Setting Up the Electrometer 

The first requirement was to mount the electrometer on a 

stable platform to eliminate as much vibration as possible. The vane 

was then adjusted visually to rest in a horizontal plane spaced mid~·ray 

between the upper and lower surfaces of the hollow quadrants. At the 

same time, adjustment was made so that the needle rested symmetrically 

between two sets of quadrants. 
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In the idiostatic method of employment, in order to maintain 

the needle and one set of quadrants at the same potential, the quartz 

fibre was dipped in a solution of calcium chloride, thus rendering the 

fibre electrically conductive. The needle was then connected to one 

set of quadrants - the A quadrants, while the other set - the B 

quadrants, was connected to a good ground system. 

Calibration of the electrometer was obtained by applying 

known valtages to the needle and the A quadrants. A light beam 

directed onto a mirror attached to the quartz fibre formed a light 

spot on a metric scale located about one meter from the electromet er. 

The graph thus obtained is shown in Fig. (18). This graph of deflection 

versus voltage provides a quick method of obtaining the potential at any 

instant, thus ensuring a quick check on the calibration of the potent ial 

gradient meter. 

6.9 The M-TyPe Potential Gradient Mill 

The M-type mill was the term used by Mapleson and \fuitlock 

to distinguish between mills producing sinusoidal waveform outputs 

from mills producing triangular waveform output s. The lat ter types 

were classified under the t ermS-type mills. The first forms of these 

types of instruments were original~ designed by Russelveldt (1926) and 

Mathias (1926 ). TheM-type mil l d~scribed here consist s essentially of 

a conducting system of small capacity which is alternately and regularly 

exposed to, and then screened f.rom the electric field by the movement 

of a rapidly rotating earthed metal screen. 
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6.10 Details of Construction (Fig, 19) 

The construction is essentially similar to that used by Malan 

and Schon land (1950). The stator consists of a tufnol disc 23.5 em in 

diameter. The conducting system is embedded in this disc and consists 

of 18 metal studs with diameter 6.5 mm and arranged in a circle of 

20 em diameter. The metal discs are connected electrically below the 

disc. The charge on these discs given by 

(25) a = e:E 

/ 
. I 

. . ( 

i /::n is thus directly proportional to the atmospheric field E. During the 

screening period, the charge leaks to earth througn a high impedance. 

The screening rotor disc is 23.5 em in diameter, 1.3 thick and provided 

with 18 equally spaced holes of diameter 2.0 em, and arranged such that 

their centres lie directly above the centres of the studs in the con-

ducting system. The spacing between the two discs was set at 2 mm. 

This spacing between the stator and rotor discs is not critical but 

the effects of various spacing distances is considered in the theory of 

the field mills (see later). 

The screening disc is driven by a 3-phase induction motor. 

A pulley and belt reduction drive of ratio 2 : 1 resulted in a screening 

rotor angular velocity of 1600 RPM. This gave rise to a pulsating 

signal output at a frequency of 480 c/s. An essential requirement is a 

good grounding connection to t he rotating shaft to which the screening 

disc is attached. This proved to be a source of trouble at the 
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beginning of the experiment as the noise level increased substantially 

with deterioration in the elect.rical contact between the shaft and the 

connecting grounding contact. This troUble was finally eliminated by 

constructing a spring loaded carbon brush device which maintained 

constant pressure against the rotating shaft and thus provided good 

electrical contact. The framework supporting the device is built of 

angle iron with welded joints. The whole framework is enclosed in a 

rectangular metal box which has a good gr01.md connection. 

6.11 Details of Motor 

· - 3-phase induction synchronous 

Speed - 3200 RfM 

Voltage - 208 volts 

Power 1/4 horsepower. 

6.12 Details of Screening Rotor Speed 

Diameter of motor shaft pulley 5 in. 

Diameter of screening disc shaft pulley - ~in. 

Speed of screening disc 

Frequency of output signal 

- 1600 RPM 

480 c/s. 

A frequency of 480 c/s is sufficiently high to be free from 

mains interference. This signal frequency is also easily amplified by 

standard electronic circuits. The output wavefoT'!!! approximated very 

de . ' th nearly to a pure sinusoidal waveform. The out put emplitu van es Wl 
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the applied field and, in t he laboratory with artificial fields applied 

to a cover plate over the meter, this amplitude varied f~om 2 to 8 mV. 

6.13 Electrical Measurements on Output 

Insulation resistance (running) - 75 kohms. 

Insulation resistance (stationary) - 78 kohms. 

Capacitance (running) - 110 - 120 pf. 

Dissipation factor - 0.02. 

6.14 Location of Measurements 

The measurements were made at Memorial University, St. John's, 

0 I 0 I 
Newfoundland, at a location situated 47 34.3 N and 52 44.0 W. The 

meter was located on top of the Physics/Chemistry Building at a height 

of 89.5 ft. above ground level and 279.5 ft. above sea level. iJue to 

the nature of the weather, it was found necessary to protect the meter 

inside a wooden box, which also acted as an anchoring device. Originally, 

the top of the box was removed when measurements were being taken. Later 

it was found that the wooden box was quite transparent to the electric 

field and continuous recording was commenced on the 1st of October 1968. 

The top of the Physics/Chemistry Buil ding is by no means an ideal site 

for potential gradient measurements. The location is shown in Fig. (16). 

There are numerous metal outlets for the air ventilation system of the 

building. What is more troublesome is the fact that the outlets for 

chemical fumes are located on th:i.s roof , also. Furthermore, t he power 
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distribution station is located only about 300 ft. from the site of 

measurements. 

6.15 Theory of Qperation of Field Mill 

let C = capacitance of stator to earth. 

R = resistance of stator to earth. 

E = electric field. 

a = area of stator studs exposed to atmosphere • 

A = maximum area of stator studs. 

w = angular velocity. 

The charge induced on the stator studs when an area a is 

exposed to a field E is given by 

(64) q = E Ea 
0 

and the maximum value of the induced charge is given by 

(65) Q = e EA 
0 

Since the 1·raveform is sinusoidal, it can be expressed by the expression, 

(66) 

(67) 

(68) 

A/2 (1 + sin w t) 

q = E: EA/2 (1 + sin w t) 
0 

= Q/2 (1 + sin w t) 

Now the current i is given by 

(69) i = dq/dt 

= w Q/2 cos w t 
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The peak value of q is given by 

(70i I = wQ/2 

= we: EA/2 
0 

The peak voltage across C and R is given by 

(71) 

(72) 

(73) 

V = IZ 

= we: EAZ/2 
0 

This relation will be true only if a varies sinusoidally. c will vary 

somewhat in synchronism 11ith a and this will introduce a slight error. 

(74) 

However, if these effects are small and ,}c2R2 » 1, then 

V = e: EA/2C 
0 

Thus, the output voltage is 

(1) proportional to the electric field E. 

( 2) proportional to the area of the plates exposed. 

( 3) inverse),y- proportional to the stator-ground capacit ance. 

According to the above expression, the signal output is independent of 

the frequency, and the resistance of the stator to the ground. 

The position of the rotor relative to the stator is somewhat 

of a compromise, since both output voltage and Volta effects decrease 

~rith increasing rotor-stator spacing. The existence of Volta potentials 

on the exposed surfaces of the measuring system gives rise to apparent 

fields called the residual field. 
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6.16 The Response Time of the Field Mill 

The response time of potential gradient meters has been 

defined differently by two authorities on the subject, namely, 

( 1) time required for ( V - V ) /V to become equal to 1/e 
n f f 

1·There V = voltage after n half cycles n 

and Vf = voltage ultimately attained. 

This method 1ms used by K. N. Groom ( 1965). 

(2) number of half-cycles before the amplitude reaches 99% 

of its final steady value . 

This method was used by Malan and Schonland (1950). 

The equivalent circuit of the stator-rotor arrangement as far 

as the Tesistive and capacitive effects are concerned, and including 

the input circuit of the field effect transistor is shmm is the diagram 

below. 

-
1 

R c v 
. I ~ 

vlhen a change llE occurs in the electric field, a corresponding 

change 6o takes place in the bound charge on the upper surfaces of the 

conducting studs, Thus, 

(70) 6o=e:A6E 
0 

! .! 

I . 
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where A is the area of the exposed surfaces of the studs, This change 

takes place instantaneously and, provided it occurs when the studs are 

exposed, the initial response of the instrument is instantaneous. 

However, the final steady value of the amplitude is less than the 

initial response. 

Let T sec. be the duration of either the screening or exposure 

interval and, for simplicity, let us assume that they 

both start and stop instantaneously. 

C is the capacity of the system including the input 

circuit. 

R is the total resistance. 

Then the rate of discharge of the system during the screening interval 

is proportional to 

(71) a = e 

T 
- CR 

Successive half-cycles of exposure and screening result in 

changes in the charge on the studs. These changes can be expressed by 

the terms of the convergent series 

(72) 
n n 

11cr E (-a) 
0 

The final steady amplitude is thus given by 

(73) 
bcr 

1 + ex 

which is attained when n is very l arge . 

/ 
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The output signal frequency of the mill is 480 c/s and, 

therefore, this gives a value of approximately one millisec. for the 

screening or exposure interval. The capacitance of the mill and the 

input circuit of the field effect transistor is about 100 pf. 

107 ohms. 

The resistance between the stator and ground is approximately 

Since T 

c 

= .001 sec. 

= 10-lO F 

R = 107 ohms 

T/CR = 1. 

Thus, the amplitude is equal to 1/e of its final value in about one 

millisec., which is the time of exposure of the studs. 

Alternately, if we define the response t ime as the number of 

half-cycles (N) required until the amplitude attains 99% of its final 

steaQ1 value, we can proceed in the following manner. 

The nth expression of equation (72) can be written as 

(74) 

Hence, the required number N is given by 

(75) (. 37 )N+l = .01 

I~ = 3.6 

Thus, the signal output amplit ude is 99% of its final value after about 

4 half-cycles. 
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A sudden change in the field is thus manifested by an equally 

sudden response of the field mill. This initial response decreases to 

1 ! a of its initial value, i.e., the final stead.y value will be 

1 
1 + 0, 37 = 70% of its initial pe~~ value. In the design of the 

amplifying circuit, the time constant i·Tas chosen so as to be within 

this limit also. 

6.17 Design Requirements for Amplifier 

It was found desirable to design an amplifier with the 

following characteristics: 

(1) Gain of at least 30 db. 

( 2) Stability of the zero level. 

(3) Low noise level. 

(4) Insensitive to variations in the supply voltage. 

( 5) Provision to alter the phase of the signal. 

( 6) Provide a good sine wave output to the phase sensitive 

detector. 

( 7) Provision to control the zero setting of the output. 

(8) Operate on low power d.c. currents to eliminate inter-

ference between t he various circuits . 

( 9) Have a high input impedance and a low output i mpedance· 

6.18 Development and Modificat i ons 

In t he original instrument dc;;i g;;.ed b;r Malen e.nd Schonle.nd 

( 1950), the output of the mill 11as fed by a cathode follower ci r cuit to 

. - ·, ../. 
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the amplifying stages and the output displeyed on a cathode rey screen. 

Recording of the trace was effected by photographing the screen. The 

polarity of the field was detect~d by additional studs which fed a 11pip" 

which appeared either on the top or bottom of the waveform every ninth 

cycle according to the polarity of the field. 

In the instrument described here, the output of the mill was 

amplified sufficiently to allow detection by tubes or crystals. The 

original results obtained are shown in diagrams 20, 21 and 22. 

This method suffered from two disadvantages: 

(1) The rectified output showed a non-linear response either 

at the low or high signal levels. 

( 2) The polarity of the field had to be determined by some 

other method. 

In the final arrangement, a phase sensitive detector was 

designed and all circuits were transistorized to eliminate the need for 

cables carrying a.c. currents. The added advantage of a phase sensitive 

circuit is that it will also 

(1) give a linear response 

(2) record the polarity of the field 

( 3) act as a narro1·r band-pass circuit. 

The response of the mill using the transistorized phase sensitive 

detector for incremental voltage steps of 5 V is shown in Fig. (23a) • 

This graph was obtained with minimum sensitivity of the recorder to 

prevent the readings going off scale. The response of the meter to 
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Fig. 23a. Response of' Mill using Phase Sensitive Detecto:r 

The Steps are Due to 5V Increments 

- -,. 
-~-

, .. 
I 

•• 

Sit: -~ 

-~-

j_ f ; ti -PI ·. - -r _2-T 

• I -y l 
; TTT -, 

L ; h 1- 8 L-c ~=L ~ L t=F- :--
1-. 

i;~ '-:_: ~ 
-1 ; • ,=o 

' h_ --. '1- ~ ' T -;: 
' 

~ 
; ! 

~-

;.J;~ !--h l ' C:! ·-~ ' 

'- r 

t 

I" .£ t_ ,__i :- ·- -~ T" 
t;~ 

~;o'-~ ~ " i rt: IT1 I .l ' Hi -, 
;j ~- loi i ! i ~i l 

Fig. 23b. Response of Mill to Zero Signal 

_t 
T 
-~ 

--

M rt .. 
;-i-= 

t; ~ -j+-~ 
'f-

' 
, 

--

,j__~ 
~~-- --~~ 

~ 



4.7 k 

SIGNAL 0.25 uF 

IMPUT ~----------------~--------_j 

FILTER CIRCUIT INCORPORATED 

FEEDBACK VO '1'0 PflEVENT 

Fi~. 24a. AMPLIFYING CIRCUIT. 

IJ\IPUT 

FROM MILL 

CIRCUIT 

. F i g. 24o. OFFSET 

TO 
I ~ AMPLIFIER 

+ 4·5 v 

. ~ .. 

l10DIFICATION ADOPTED TO 

THE RESIDUAL VOLTAGE. 



- 84 -

zero signal (obtained by covering the mill with a ''ell-grounded metal 

box) is shown in Fig. (23b). This sh01·rs the stability of t he electronic 

circuits and the low noise level. 

Initially, troUble was encountered in preventing feedback 

from the phase sensitive circuit to the amplifier. This was finally 

reduced to a workable level by using separate power supplies and 

incorporating a filter circuit shown in Fig. (24a). 

As mentioned earlier, an inherent error of the field mill 

is the residual voltage generated by volta potentials in the rotating 

head of the mill. This shows a constant field value even when the 

signal input to the mill is zero. Its effect is most serious at high 

sensitivity level where the needle is l i able to go off scale. The 

circuit finally adopted to overcome this residual field i s shown in 

Fig. (24b), and consists simply of a backing-off voltage to reduce this 

signal to zero. 

6.19 The Amplif¥ing Circuit 

A block diagram of the amplifying and det ection circuit is 

sh01m in Fig. ( 25). The circuit diagram is sh01m i n Fig. (26) • 

6.20 The Preamplifier 

In order to eliminate the interference due to the a.c. power 

supply required for vacuum tube operation, recourse was made to a 

completely transistorized el ectronic circuitry. The disadvantage in 

the utilization of transistors is in their low input impedance whi ch 

tends to load the previous stage . 
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The charge induced on the stator studs created an almost 

perfect sinusoidal waveform. This voltage developed to a value of 

4 mV in amplitude in laboratory tests and before a:ny amplification had 

been applied. This signal was due mostly to the residual voltage a:nd 

the electrode effect. This signal voltage was developed across a 

capacita:nce of about 100 pf and a resistance of 75 megohms. Coupling 

to the amplifYing stage was therefore achieved by a preamplifYing 

stage employing a field effect tra:nsistor in cascade with an ordinary 

bipolar transistor. The main plL.-pose of inserting the preamplifying 

stage was to provide the proper matching between the output of the 

mill and the input of the transistor amplifier . 

The field effect transistor is a majority carrier controlled 

device wherein the resistance of a semiconductor channel is modulated 

by a transverse electric field. This offers a voltage controlled device 

which absorbs practically no current and therefore offers a high input 

impedance of the order of the value of the gate resistance Rg which, i n 

this circuit, has a value of 22 megohms. The data for the 2N718 

transistor is tabulated belo1·r. 

I = 125 uA 
c 

h = 30 
fe 

h. = 5000 ohms. 
1e 

The current gain of this arrangement is given by the equation 

(76) 
I Rd 

h = h 
fe fe Rd + hie 
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where Rd is the drain resistor and equals 15000 ohms. 

I 

hfe = 22.5 

The voltage gain is given by 

I 

(77) 
e g h R 

A = ~ = m fe s 
v e. 1 

1n 1 + ~hfeRs 

= 0.98 

The output resistance given by the formula 

(78) R 
out 

R 
=--.::.s __ 

I 

1 + R g hf s m e 

= 580 ohms (approximately). 

The 2N2606 is a low level, high input impedance device 'lvith a low 

capacitance. 

The effective impedance of the circuit is considerably higher 

due to the boot strapping effect of Cf. If the reactance of Cf is 

small compared to the parallel resistance of the gate bias divider, the 

input resistance is given by 

1 

(79) R. = ---------
m 1 1 1 

(1-A)(R + -r-) + rd 
g gs g 

This equation emphasizes the importance of maintaining a high value for 

R if high input resistance is to be maintained. The equivalent gate to 
g 10 

drain r and gate to source resistance r are in excess of 10 ohms· 
gd gs 

./ 
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The calculated a.c. input resistance using equation (79} is approximately 

1250 megohms. 

The preamplifier thus provides a very high input impedance and 

a low output impedance thus providing the necessary coupling from the 

mill to the transistor amplifier. The gate current of the 2N2606 TI;T 

is less than 10-9 amp. at room temperature. Furthermore, a blocking 

capacitor C isolates this current from the mill so that no interference 

to the signal from the mill is possible. The equivalent circuit of 

the preamplifier is shown in Fig. (27}. 

6.21 The Main Amplifier 

The equivalent circuit of the transistor amplifying stage is 

shown in Fig. ( 28) • 

h. = input base resistance. 
1e 

h = output conductance. 
oe 

h = forward current gain for common emitter configuration. 
fe 

h = reverse voltage ratio. 
re 

ib = base current. 

Rl = load resistance in collector circuit. 

From the equivalent circuit we can write 

( 80) 

( 81} 

(82} 

V = i h + h v in b ie re ce 

volt age 

hfe\R1 
V h R1 + 1 
out _...::o:.::::e...::.--::-­

gain=y-=h i +h V 
in ie o re ce 
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The voltage amplifying stages are provided by the transistors 

Tr3, Tr4 and Tr5. In the first of these stages R and R provide a 
' 10 11 

potential divider for bias and the emitter resistance R is incorporated 12 

for stability against thermal runaway. The values of the emitter 

resistors were chosen low values to allow maximum voltage gain through 

the voltage drop across the collector resistors. The emitter bypass 

capacitor was reduced from a normal value of 50 or 100 uF to 5 or 10 uF. 

At the frequency employed, this provides insufficient biasing of the 

emitter resistance and thus ensures a negative feedback loop from the 

output to the input circuit. 

The gain of this circuit was experimentally found to be about 

30. The second stage incorporating Tr4, which is essentially a similar 

circuit, was also found to have a similar gain. 

Tr5 was biased through the series resistor R18. C7 and VRl 

provide a phase shifting network capable of a phase change of up to 5°. 

A rough synchronization of phase relationship with the reference was 

achieved by mechanical setting of the rotating discs providing the 

signals, after 1·rhich VRl was used for finer control. 

The collector load of Tr5 w·as reduced to 2. 7 kilohms, thus 

affording a low input impedance for matching the output of this stage 

to the primary of the input transformer of the phase sensitive detector. 

The gain of this stage which was more of a power amplifying stage was thus 

reduced to less than 2, The total possible gain was thus around 50 db· 

Reducing the emitter bypass capacitors provided a negative feedback 

loop providing about 20 db. 
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6.22 The Phase Sensitive Detector 

The signal required to act as a reference source wa~ obtained 

by means of Tr6 - an OCPTl photoelectric cell. A slotted wheel mounted 

on the same shaft as the rotor and having the same number of slots 

interrupted a light beam to the photoelectric cell. Tr7 wired as a 

DC amplifying stage switched the base of the transistor Tr8 such that 

the supply current to the pair of transistors Tr9 and TrlO was in the 

form of a square pulse at the same frequency as the signal output from 

the mill. The phase relationship of the signal and reference signals 

is shmm in Fig. (29), Depending on the polarity of the field, either 

Tr9 or TrlO conducted producing a DC voltage output. 

The filtering circuit L
1

, L
2

, c
9 

and c10 constituted a low 

pass filter. This has the added effect of improving the signal to 

noise ratio. 

The DC output of the phase sensitive circuit is applied to a 

Hestronics decade divider and then to a span and zero adjustable tmit 

before entering the Westronics pen recorder. 

6.23 Jvleasurement Errors 

The main errors to which a field mill is subjected to m~ be 

classified as follows: 

(1) 

(2) 

( 3) 

the residual voltage. 

drift. 

noise. 
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The effect of the residual voltage is shown in Fig. (21). 

This is a steady field which persists even when the field meter is 

completely shielded by a metallic screen. It is due to the development 

of contact potentials between the stator and adjacent surfaces, to 

volume and surface charges on insulators. Minimizing of this potential 

has been achieved by !Iathan and Anderson (1965) by plating the exposed 

surfaces with highly polished chrome plating over a thin gold substrate. 

A more practical method has been to return the stator resistance to an 

adjustable d.c. bias voltage (Fig. 24b). 

Drift is defined as the relatively slow variati on i n the 

residual voltage caused by changes in the responsible contact pot ential 

difference and charge distributions. Noise for the most part i s due to 

electromagnetic radiation from sources such as arcing brushes, micro-

phonics due to ·,ribration, and to thermal noise in the input circuit. 

For a bandwidth B cps and a parallel RC circuit at absolute 

temperature T, the mean square thermal noise voltage is given by 

( 83) ,f = 4 KTBR 
n w 

where K =Boltzmann's constant 

z = equivalent series impedance of t he input 
(I) 

circuit at angular frequency w • 

The amplifier used has a flat bandwidth of about 20 KHZ ranging 

· d b 10 db The signal to noise 
from the points where t he response l S own Y' • 

ratio could thus be reduced much further by designing a tuned amplifier 

1<ith a very narrow r esponse around t he 480 C/S frequency· 

1. 
/ 
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CHAPTER 7 

RESULTS AND DISCUSSION 

1.1 ~leasurements of the Potential Gradient 

Accordine to the Harking Group of the IQSY of the joint 

committee of Atmospheric and Space Electricity, the atmospheric "fair 

veather" electrical condition was defined as follows: 

"A fair weather period occurs when and where the influence of 
the atmospheric electrical local generators on the measured value is 
far l ess than the influence of global generators. This requires the 
exclusion of all periods with hydrometeors at the station .•.•• " 

Previously, the definition was more restrictive, in that a 

fair weather observation excluded the presence of low and mean clouds 

and any fresh winds. Thus, some observers restricted their observations 

to clear skies and winds at less than 5 mph. During the period that the 

follovring observations ,fere conducted, the conditions for "fair weather" 

observations were rare. Consequently, the curves obtained show the 

effects of disturbed weather on the electric field. 

During the period 1957 - 1965, Gher zi made continuous record­

ing of the electric field at Montreal. He reports from his observations 

that t he potential gradient in those instances when maritime air was 

s~reeping his localit.v was much l ess than when they were under t he 

influence of Pol ar air masses, The reasons put forward for t hi s 

di f fer ence wer e t hat: 

In polar ai r, t he minute parti cles suspended in the at mosphere 

are d t h'!"roscopic. Maritime 
composed of rock and plant matter an are no . eo 

/ 
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air, on the other hand, contains suspended particles of chemical 

compounds such as chlorides, sulphides, bromides, etc., and these are 

hygroscopic. The resistivity of the air column is different a~cording 

to the two types of aerosols. Continental polar air is also found to 

be more subsiding than the maritime air which is mostly convective. 

Maritime air would thus affect the columnar air resistance to a much 

higher altitude and, being more conductive, the effect would be to 

decrease the electric field whereas the polar air would increase the 

field. 

Another aspect of the field found in these recordings was the 

ntunber of sign reversals of the field. Confirmation of these reversals 

was given by the quadrant electrometer when connected heterostatically. 

These changes cannot be attributed to the changes in resistivity, nor 

to the changes in the dielectric constant of the atmosphere which is 

highly dependent on the humidity. Since 1956, many workers have 

reported the variations of the electric field and other basic electric 

parameters of the atmosphere, These were reported to occur about one 

to two hours before the onset and also before the dissipation of fog. 

The recordings made here show very strong agitation mostly during the 

duration of the fog and the extent of this variation varied Hith 

different observations. In some of the recordings made during the fog, 

strong negative spikes are observed. Positive going spikes ere rare 

but did occur during a local thunderstorm. 

/ 
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Fig. 31. St ep, Short Duration Positive Fields During Snow Showers 
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7.2 Discussion of Results 

Fig. 30 shows the curve obtained when two banks of cumulus 

cloud were present over the station. The shape of the curve is assumed 

due to a bipolar cloud with a positive top and a negative base. 

The potential at a point 0 distant D from cloud can be 

expressed by 

2E 2E 

(83) 

where H = height of positive charge 

h = height of negative charge. 

Differentiating this equation, we get the potential gradient 

( 84) 
dV - 2EH 2Eh 
dh = 

4
ne: (H2 + D2)3/2 + -

411
_e:_(_h2_+_D2_)_3/.,..'[• 

0 0 

The distance at which this changes sign is given by 

H h 

( 85) 

If h and H are nearly equal, the reversal distance is FE. 

If H = 2h, the value is about L2h. 

Fig. 31 shows the field associated with the first snowfall of 

the season. The zero point had drifted here due to a faulty zeroing 

potentiometer which ;ras later replaced by a smoother operating 

/ 



Fig. 32. Gradually Increasing Positive Fields During Snow Showers 
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Fig. 35. Local Variations of Field During Period of High Wind Velocit~ 
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Fig. 36. Effect of Decreasing Wind Velocity on Electri"c Field 
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potentiometer circuit. This was a short shower with dry snow and the 

sudden rise of the field as well as the sudden decrease is noticeable. 

The field also remained positive during the shower though there appears 

to have been some oscillations, though with no negative excursions. 

Fig. 32 shows the field during a snow shower of longer 

duration. The field in this case rose gradually and also remained 

positive for the duration of the shower. That the field associated with 

snow is not ahra,V'S positive is shovn by the curve in Fig. 33 which shows 

negative excursions of the field. Large fluctuations occurred during 

snow flurry activity and a wind of about 20 miles per hour (Fig. 34). 

During rain, the field may be positive or negative also. In the curve 

of Fig. 35, there was a sustained negative field associated with the 

shower. Noticeable in this curve are positive and negative going 

spikes of short but equal lengths. Such spikes could be attributed to 

distant thunderstorms, but they are also reminiscent of the spikes that 

are associated vtith agitation due to fog. The effect of high winds on 

the electric field is evident from Fig. 36. As described in Chapter 4, 

this could be due to the convective currents in the atmosphere producing 

local anomalies. The decrease in fluctuations during a caJJn period is 

shown in Fig. 37. This would confirm the convective motion of the air 

particl es producing the local anomalies shown. During the period of 

this recording, the cloud cover r emained the same and the quietening 

down of t he recording needle appears to have been due solely to the 

reduction of the wind velocity to zero. 

./ .. 
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7. 3 The Diurnal Variation 

In order to carry out observations on the diurnal variation 

of the electric field, the speed of the graph paper was reduced to 

2 in/hr. 

The fair weather electric field over the whole earth (Fig. 1) 

shows a maximum and a minimum. The maximum occurs at about 18.00 hr and 

the minimum at about 04.00 G.M.T. There is also a small morning 

maximum at around 08.00 G.M.T. Over the oceans, the morning maximum is 

very small and the diurnal variation over the oceans may be considered 

as having one maximum around 19.00 and one minimum around 04.00 G.M.T. 

According to Fig. 1, theN. American maximum occurs around 

20.00 G.M.T. Gherzi reports the maximum at ~lontreal occurs around 

14.00 G.M.T. During the same period of observation at Murchison Baythe 

maximum occurred at 19.00 G.M.T. Also, at Montreal, the minima vrere 

occurring at random, although there appeared to be a tendency to recur 

at night and also early in the morning. 

Fig. 38 shows the daily variation of the field on four 

consecutive d~s. S.U. and S.D. denote sunrise and sunset times 

respectively, The graphs shovr a definite increase commencing about 

sunrise. The maxima, hovrever, occur at different times, 19.00 and 

15.00 respectively. Further observations are required in order to 

decide the actual times. These variations could be due to the local 

anomalies ·being superimposed on the fair weather field. 

/ 
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DISCUSSION OF ERRORS 

The main error involved the calibration of the field mill. 

The fluctuating field encountered during the calibration tests was by 

no means ideal end it was concluded that the only way to conduct 

calibration procedure was by means of variable artificial fields, 

However, during periods of calm and clear weather, calibration using 

the horizontal antenna and the quadrant electrometer was carried out. 

Errors inherent in the amplifiers or the phase sensitive detector are 

insignificant as long as the linear response of the circuits remains 

constant. Once a satisfactory calibration had been effected, all 

controls were locked and the only permitted variation was adjustment 

of the zero level for the r esidual field. Two other external sources 

of error are 

(1) air-earth current 

(2) the electrode effect. 

The effect of the air-earth current was demonstrated by 

Mapl eson and Whitlock (1955). The rotation of the rotor interrupts 

the flow of air-earth current, thus producing an alternating component 

of the same frequency as that due to the field. For a current density 

j, the alternating voltage across the resistor-capacitance circuit 

between stator and ground is given by 

jAZ/2 

The signal voltage i s given by 

(66 ) e: w EAZ /2 
0 

·, 
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The former should be insignificant compared to the latter. 

Thus j/w « r.
0
E, in order that the effect of the air-earth 

current be insignificant compared to the effect of the electric field. 

The effect of the air-earth current is inversely proportional to the 

angular velocity of the rotor and for a value of 10-lO amp. which is a 

maximum value for this current; the effect is less than that for a 

field of lV/meter if the angular velocity of the rotor exceeds 41T. 

The electrode effect is mostly present for a few meters above 

the ground. Our field meter is located on top of the Physics/Chemistry 

Building at a height of 89.5 ft. above ground level. Thus, the 

electrode effect should not be affecting our readings. 

Two other factors that may be affecting the readings, however, 

are the location of a substation at a distance of about 100 meters from 

the Physics/Chemistry Building, and the l ocation of the outlets of the 

chemistry fume cupboards which were also located on the same roof. 

Chalmers and Little (1947) reported that, during fog and mist, negative 

air-earth currents were detected from measurements made at Aachen, 

Nurburg and Switzerland. Later, Hormell (1961) reported ~;hat these 

negative fields occurred downwind from power transmission lines. For 

accurate measurements, the "reduction factor" should also be taken into 

consideration. By means of this factor, i t is possible to convert from 

the actual measurements of a collector to the absolute values that 

exi st over level ground. 

/ 
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SUGGESTED I!vl.PROVEMENTS 

The type of mill described here 'vas designed for recordings 

of the potential gradient in s. Africa. The outside portion of the 

instrument contains an a.c. electric motor, a photoelectric device 

and a d.c. arnpli~ring stage employing a transistor. These components 

exposed to the climate of Newfoundland are sure to deteriorate during 

long exposure periods. To improve matters, it was found necessary to 

protect the instrument by enclosing it in a wooden box. This had the 

effect of reducing the readings slightly and probably gave false 

readings during damp weather. Also, it was found necessary to include 

a small heater coil in the box. 

To eliminate these disadvantages, this type of instrument 

should employ a radioactive probe completely protected from dampness 

and sufficiently storm proof to withstand the inclement ;reather. This 

device would be thus independent of the weather at the observing 

station. 

To r educe the size and 'veight of the mill, the stator and 

rotor could be shaped in simple sector segments which would produce 

triangular wavefonn output. 'l'his type, called the S-type, by Mapleson 

and lfuitlock, also yields a larger output current than do stator-rotor 

sectors des igned to produce a sinus0idal variation. This type of mill 

would also operate ;rith a smaller power motor. 

The amplification of t he amplifier is quite sufficient and 

the only improvement that is suggested here is that it could be 

- - ) -. . 
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designed as a tuned circuit amplifier, thus cutting down even more on 

the noise level. 

, e ocation of the measuring site For further observations th 1 

e present site suffers from the should be taken into consideratl'on. Th 

following disadvantages: 

(1) The metalli c vent ilation outlets are situated on the 

same roof as the meter. 

(2) Chemical fumes from the fume cupboards are also situated 

on the same roof. 

( 3) The electrical transfonners for the University- supply 

are situated at a distance of only 300 ft. from the site 

of observations. This may produce negative space charge 

in the vicini ty. 

(4) The room in which the recording instrument, final 

amplifier and phase sensitive det ector i s located is in 

close proximity to the electric fan systems for air 

ventilation of the building. This me,v cause spurious 

pick up by t he amplifier nnd could be troublesome if 

picked up in t he early stages of the amplifier . 

An essential feature of potenti al gr adient measurements is 

the pr ovision of faciliti es for checking t he calibration of t he met er. 

In t his case , t he s arne method as used by Mal an and Schon land was used. 

Thi s did not prove satisfactory here due t o the agitated nature of the 

atmospher i c el ect ric field. The only r el i able source of cal ibrat i on 

vrould be the construct i on of a var i able artifici al electr ic fie ld. 

1. 
/ 
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SUMMARY 

The agitation of the electric field during fog, the diurnal 

variation, the sunrise effect and the relatively low atmospheric field 

have been demonstrated. Continuous recording of the electric field is 

now in progress and participation in a synoptic investigation of 

global, regional and local phenomena can be embarked upon. For a 

complete investigation, it is necessary that the other two basic 

elements - air-earth conduction current density and the two polar 

conductivities - be measured simultaneously. Access to meteorological 

data should also be available for correlation. 

Further investigation could be devoted to variations of the 

sunrise effect, diurnal variation of the reduction factor and 

correlation to thunderstorm activity using radio receivers tuned to, 

say, 10 kc/s or 100 kc/s, The agitation of the electric field one 

or two hours before the onset and dispersal of fog has onlY recently 

been observed and the location of this station offers favourable 

conditions for this observation. 

---, 
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APa~NDIX A 

2 -Jf (z-h) 
SOLUTION OF 'l'HE EQUATION Kd n + q

1 
e K + a~ = SNn . (1) 

dz2 -c 

Boundary conditions for n are: 

n = n for z = h 
h 

n is finite at z = ro 

First of all, we find the special solution, i.e., the solution of 

2 
Kd n = SNn 

dz
2 

(2) i.e. 

The solution of this equation satisfying boundary conditions at z = 0 is 

Now set 

az fi3:N 
n
1 

= e 1vhere a = -JK 

az 
n = e • V 

dn az az dV 
dz = ae . V + e dz 

2 
a2n 2 az az dV + az d V 
- = a Ve + 2a e dz e 2 al ~ 

/ 
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Therefore, by substitution in equation (1), we get 

2 _If ( z-h) 

K 
2V az + 

2 
az dV + az d V + ~K aNv az a e a e - e - q e + a~ = fl e 

dz dz2 1 -~ 

S. 2 BN t 1nce a = K , we ge 

-az 
e 

dV T 
Now let P = dz and b = K . Then 

dP _
0 

_ fql -b(z-h) + q2J 
- + 2!l.C - - e K 
dz K 

-az 
e 

dV -/2adz f f(q1 -b( z-h) + ~) -az /2adz dz + c] 
p = dz = e -J K e K e .e • 

= ,-2az [- J(~l ,-b(z-h) + i) ,•z dz +c) 

= ,-2az {- ~1 ~,(a-b)ztbh dz _ i J eaz ·dZ t CJ 

-2az { ql 1 (a-b)z+bh _ ~ eaz + cJ 
= e - K . (a-b) e Ka 

ql -(a+b)z+bh ~ -az C -2az 
-- e + e = - K(a-b) e Ka 

- ~ r -(a+b)z+bh dz- ~ r e-az dz + c \ e-2az dz 
• • V - - K (a-b) J e Ka J J 
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ql ( ) q :: __ - a+b, z+bh 2 -az C -2az 1 

BN-T e + BN e - 2a e + C 

n = e az v = l -b ( z-h) + ~ C -az 
1 

az • aN e ---e +Ce 
~> -T BN 2a 

Since when z = ~, n is finite 

I 

c = 0 

_ ql -b(z-a) ~ C -az 
n--e +---e 

eN-< eN 2a 

vllien z = h, n = n h 

ql q2 C -ah 
n =-+---e 
h SN-T 8N 2a 

ah 
e 

n 
ql -b(z-a) q2 

= -e + -+ 
eN-T eN 

(
n _ _l. _ ~) e-a(z-h) 
h eN-T SN 

q _II (z-h) a~ 
1 vK -c =-e +-+ 

BN-T BN 
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APPENDIX B 

CALIBRATION OF THE POTENTIAL GRADIENT METER 

The requirements for an adequate calibration of the instrument 

are: 

(1) A measurable non-varying atmospheric electric field of 

suffici~nt duration to exceed the time constant of the 

antenna. 

(2) No zero drift of the needle for the duration of the 

calibration. 

Both criteria are outside the control of the operator due to the 

vagariee ~f the atmospheric electric field and the ability of the 

instrument to pick up substantial electric static charges. 

The method adopted for absolute calibration, namely an 

antenna in equilibrium with the potential at that location and an 

electrostatic electrometer to record the potential of the antenna, 

provided satisfactory calibration during periods of "quiet" electrical 

conditions. However, this method is not feasible during "disturbed" 

conditions. 

The first requirement was to adjust the span range of the 

amplifier so that a division of one inch on the recording paper 

represented 100 volts. The sequence adopted in attaining this 

necessitated a long series of observations as follows: 

' 
I 
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(1) For a given change in the field value observed 

simultaneously on the quadrant electrometer and the 

nrlll, find the deflection of the recorder pen in. 

inches per unit field change. 

( 2) Ground output of mill to eliminate all static charges 

and adjust the zero level using the backing off voltage 

control. 

(3) Now adjust the gain to give a deflection of 1 inch for a 

field change of 100 volts per meter. 

(4) Repeat the procedure until the calibration is satisfactory. 

This was satisfactorily accomplished during the "quiet" periods 

and the zero level also set to coincide with the central horizontal line 

on the graph paper, thus providing for equal excursions of positive and 

negative fields on either side of the centre line. 

Fig. 30 obtained on Octob~r 3, 1968, was obtained soon after 

such a calibration had been performed. Between October 3 and October 7, 

the zero level drifted gradual~r whi le the field vas in a continuous 

st ate of agitation. Fig. 31 shows the extent t o which the zero level 

did drift . The range of the excursions which were positive, demonstrates 

the existence of an .osci l lating electri c fi eld extending to a value of 

about 250 volts for the duration of the shower s. 

A dri ft in t he opposite direction is shown in Fig. 32 . The 

range here sho;rs a maximum positive excursion of 150 volts. 

Ideal condit ions for calibration were provided dur ing the 

recording of the gr aph of Fig. 34 . The recording of this graph was 

/ ' 
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kept under observation and comparison maintained with the readings of 

the quadrant electrometer connected for heterostatic operat ion. There 

were long periods during which the needle of the quadrant electr~meter 

remained constant and simultaneous readings of both i nstrument s thus 

made possible. However, a positive zero shift is observed i n t his case 

nlso. 

By this time, the linearity and the range of potential 

gradient of 50 volts per meter per one half iuch di vision of graph 

paper had been satisfactorily established, and t he zero shift had 

become the most troublesome factor. 

In Fig. 35 and Fig. 37, the location of t he actual zero line 

was located by shorting the output of the mill to ground, to eliminate 

all static charge, and then cover the mill with a grounded metal screen 

located about 5 em above the collecting studs. 

It has been suggested that further work using this mill be 

carried out using an artificial variable field. This method would 

ensure that calibration could be performed at any time, with a quick 

adjustment of the zero level and calibration of t he meter as required. 

This would eliminate the r eliance on the vagaries of t he 

atmospheric electric fie ld which is required t o give a zero level and 

at least two definite distinct readings to set the calibrat i on range 

span of the recording needle. 

·= 
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