
























































CHAPTER 2

IONTZATION OF ATMOSPHERIC PARTICLES

2.1 Introduction

Under normel conditions, geses are among the best insulators
known. From the first studies of electricity, it was known that a gold
leaf electroscope or other charged body gradually loses its charge
regardless of the precautions taken to insure good insulation.

Cowlomb was the first to conclude thal, after allowing for
the charge lost by a body due to conductivity, there remained an
additional loss of charge vhich must be attributed to leakage through
the swrounding air. Later, Elster and Geitel, and Wilscn, indepen-
dently were led through experimental observations to ccnelude the
existence of ions in the atmosphere, and these may be classified as
follows:

(1) smell ions

(2) intermediate ions

(3) large ionms.

In addition, the atmosphere carries uncharged particles which
serve as nuclei for the initiation of condensation. These are called

(k) Aitken or condensation nuclei.

2,2 Nature of Small Tons

Through the effect of some primary ionizing agency, neutral
molecules in the gtmosphere are dissociated into positive ioms and

free electrons. In the lover atmosphere, the mean lifetime of the




electron is of the order of & few microseconds due to the fact that it
combines with & neutral oxygen atom to form a negstive 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
polerized, 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.

Similerly, 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 esteblished in the air, it swperimposes on the
rendom molecular motion of the ions,a drift velocity. The average
ionic drift velocity in wnit field is called the mobility. Small ions
have & mebility ranging from 1 to 2 cm/sec per V/em. The mobility

varies with pressure and temperature according to the equation

(1) K(p,t) = K ( t)a"--T—
o o' Porto’ 3 T

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.




2.3 Nature of Large Ions

Whereas the small ions are not much larger than molecular
size, the large ions are considerably larger. These are probably
suspended particles of evaporated sea sslts, dust, water or other
substances mostly derived from industrial smoke. The large ions have
mobilities ranging from 3 x 10-l+ to 8 x 10-h, cm/sec per v/em. Large
ions are distinguished from small ions by their tendency to remain

attached after the charge has been removed.

2. Intermediate Ions

Intermediate ions have mobilities renging from 10-1 to
10_2 cm/sec per v/em. The existence of these was reported by Pollock
(1915) under conditions of low humidity, and diseppear at higher
humidity. These were identified as particles of HQSOh and, consequently,
are detectable near industrial areas. Condensation (Aitken) nuclei are

uncharged particles end consist of water soluble substeances.

2.5 BResults of Ion Counting

The accepted normal concentration ~f small ions is about
100 per cm3, though a low of 40 per cm3 and a meximum of 1500 per cm3
have been recorded.

The concentration of large ions is dependent upon the
locality and varies from a minimum of 200 per cm3 to 80,000 per cm3 in
the vicinity of large towns. The concentration of large ions increases
at the expense of small ions, thus explaining the lower conductivity in

fog and smoke as reported by Elster and Ceitel in 1899.
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Experimental evidence has also established the fact that the
nurber 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 ionms.

At higher altitudes, the number of small ions per cm3 increases, values
of over 2000/c:m3 having been found. The excess of positive ions also
becomes more marked, implying an ihcrease in conductivity, Above the

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

2.6 The Ionizing Agencies

Three principal agencies are responsible for the jonization
of the lower atmosphere. These are:
(1) Rediation from radicactive substances in the ecrust 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
(k) The photo-electric effect - effective in the higher
regions of the atmosphere.
(5) Breeking of water drops.
(6) Lightning flashes.

(7) Dust and snow storms.
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2.7 The Effect of Radioactive Matter in the Earth's Crust

Only in the immediste vicinity of the earth is the effect of
the radioactive elements of the earth's crust of primary importance.
The elements of thorium and urenium and their daughter products emit
o, B and y rays into the stmosphere. The a particles are only
effective for the first few cm 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 nunber 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 ot the surface to 0,1 I at 10 meters is
due to B rays from the esrth.

The y rays can come from still greater depths and, consequently,
from a lerger volume of radioactive meterial., 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 meesurements 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-
redium and thorium families. Local crustal geochemical conditions
will have a controlling effect on the atmospheric ionization. The
average values range from 2 I to sbout 10 I. Fig. 2 shows the effect

of the various ionizing agencies with altitude.
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The radiocactive 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 geses, radon end thoron, sre produced in the earth's
crust from the rediocactive decay of radium and thorium and diffuse into
the atmosphere. These gases are very effective in producing ionization
due to their emission of o reys which is directly incident on atmespheric
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-rediation, is extremely small over the oceans where the emanation

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

2,9 The Effect of Cosmic Rays

Cosmic ray primaries are deflected by the earth's magnetic
field so that only the most energetic reach the earth near the equator
while the less energetic enter the atmosphere at higher geomagnetic
latitudes. Cosmic ray ionization over both land and sea varies from
about 2.0 I in high geomegnetic 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 intensity of ionization with altitude is

shown in Fig. 3.
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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 rediocactivity,
cosmic rays and other causes.
(2) Combination of smell ions end wncharged 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 smell ions is usually negligible, which is
glso true for the recombination rete of large ioms.

The following symbols will be used in further discussion:

n, = number of smell positive ioms.

n, = nuber of small negative ions.

Nl = nuwber of large positive ions.

N2 = number of large negative ions.

N0 = nunber of wncharged nuclei,

zZ = No + Nl + N2 = totel number of nuclei.

g = rate of production of small ions,

a = recorbination rate of small ions.

P recorbination rate of positive small ions and negative

large ions.

These symbols represent the number per unit volume.
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= recombination rate of negative small ions and positive

a1
large ions.

g = recombination rate of positive small ions and uncharged
nuclei.

Ny = recorbination rate of negative small ions and uncherged
nuclei,

Y = recombination rate of large ions.

The concentration of any ion group per unit volume under equilibrium
conditions depends upon & balance between their rate of formation and
their rate of recombination.
Thus, for small positive ions, the ionization-recombination
equation has the form
dn
(2) ——1=q-cmn-n n.N, - n,.0.N
dt 172 12712 107170
Analogous equations can be written for Dys Nl’ N2 and NO.
In a state of equilibrium and in quiet air dnlldt = 0, and

we have

q
(3) -

n =
1
ony + npply * ny ol

Thus, the concentration of small positive ions will decrease as the

concentration of heavy ions end uncharged particles increases.

If nlEN +n is much greater than on, and, if we assume

2 lONO 2

that N, is approximately equal to ™o and put NO + NP = N, then using

2

y
. ’/‘?7
o
I NI

x
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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,

2,11 The Conductivity of the Atmosphere

The conductivity is defined as the current density produced
by & wnit field. If there are several groups of ions present in the
air, the total current density is given by

(5) is=s inrerer

where n, = nurber of ions with the same charge

e, = charge on ion
w, = mobility of ionms
E = electric field.

The conductivity (1) is then given by

(6) A

E -

= Ineuw .
rrr

L

Because of the relatively high mobilities, only the small ions meke a
significant contribution to atmospherie conductivity, so that we can

write

(7) A= new; + nyew,

The twc expressions on the right are called polar conductivities.
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The deily and annual veriations of the conductivity at the
earth's surface are influenced by the deily and annual variations
determining the conductivity, nemely the ionization intensity and the
atmospheric pollution. The conductivity usually decreases during the
daytime when pollution of the atmosphere incresses. 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 ionizetion and ionic mobility, and a decrease in concentration
of lerge 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 verticel conductivity profile consists of two parts:

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

the conductivity 1s given by

(8) NN L,

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

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

region is a function of pressure and temperature and can
be expressed by
r
Pl
Py

B
(9) Mn) A(OL TJ

= 1,5 are approximate values,

)
where r = 0.5

]
1
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The existence of such an altitude variation of conductivity
sbove the continents was investigated by Segaly: and Faucher (195h),
and Stergis et al (1955). Since the solid and liquid impwities in
the stmosphere usually accumulate in the turbulent region between the
earth's surface and temperature inversion layers, there exists a
minimue value of A in this region and in consequence & maximum value
of E under such inversion lgyers. A lower value of corductivity is
cbserved over the oceans than over land aress in spite of a lower
large ion content over the oceans. This is attributed to the greater
icnization over lend due to the emission of radiocactive gases from the
decay of radioactive decay 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

> >
g 1

(10) =105 .

2.12 The Electrode Effect

In the layer of air mear 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 colum of air
bounded at its base by a negative electrode (the earth's surface) and at

its upper limit by a positive charge extending upvards. Then positive
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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
hend, 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 aequiring 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 P to the rate of
combination of positive ions and uncharged nuclei "0 is the same as

the combination ratio for negative ioms,

T -
ekey = 3
"o Mo

(11)

M2 Mo
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
must be mainly due to the difference

the difference between n,, and n

10 20

in the speeds of the small ionms.
If ve measure the conduction current at ground level and at a

height h (of the order of 1 m) in still air, the values obtained should
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be nearly equal as is proved by observation (see Fig. 5).

Let El = electric field at height h,
E = electric field at ground level,
Ai = positive conductivity at height h.
AE = negative conductivity at height h.
A, = positive conductivity at ground level.

Then it must follow that
1,1, .1, _
(12) EO ¢ ) =By

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

According to Hogg (1939), the local effect of o and B rays
from radiocactive matter in the soil is sufficient to make A+ equal to

(Ai + AE) and El is approximately equal to E for the altitude considered.
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CHAPTER 3

THE VARIABIES OF ATMOSPHERIC ELECTRICITY

3.1 The Ilectric 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 entirely arbitrary.

The most important world-wide variable is the potential V of
the ionosphere relative to the earth, The most recent value of this
potential (Chalmers 195k4) was estimated in the range 3 to k. hundred
kilovolts. In the same r?port, Chalmers quotes:

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

The zero potential in electrostatics is erbitrary end in
theory is usually chosen as a point far removed from any electrostatic
charges. It is not known whether the outer surface of the ionosphere
is charged or not, and this cannot be determined from measurements
conducted within the ionosvhere. By convention, the pctential of the
earth is assumed to be zero, despite its known surface charge. The
varisble most directly dependent upon the spatial distribution of V is

the vector potential gradient, grad V.
(13) grad V=-1

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

P Ot |
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so equation (13) is reduced to

v _
(14) %o

where the positive direction of the z-axis is upward.
The potential as a funecticn of altitude may be obtained by

direct integration.
(15) V(z) [VE .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) divE=%

vhere ¢ is the permittivity of the atmosphere, Although e is a
function of humidity, pressure and temperature, its range of veriation
in the lower atmosphere is so small that it may be assumed as a constant,
Equation (16) may also be simplified to give
(17) Lo

9z €
Since Ez usually becomes negative as the altitude increases, the
resultant atmospheric space charge density is usually positive.

We have already discussed the conductivity of the eir and

showed it to be given by the expression

(6) A= eZwrnr
r
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so that the totel conductivity is given by the sum of the two

conductivities, namely

A =elw + w.n

1M1 7 v
The columar resistance R(z), which is the resistance of &

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

to a glven height z, is given by
Y
(18) Rlz) = 28

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 totel resistance
is contributed by the lowest 2 km.

It is thus evident that potential gredient measurements
over land and, in particuler, near centres of industrial activity or
urban areas, where locel atmospheric pollution has a dominating effect
on the resistivity, cannot be expected to yield informetion which cen
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, practicelly all the ionization 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 aveilable

for the capture of small ions.

e
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Since g potential difference V exists across a columnar

resistance R, & current density
= I

exists, flowing domward to the earth, This current may slso be

measured directly at the earth's surface from the relationship

(20) I = \E

The average value of j is approximately 3 x 10% amp/mz.

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

\i
(21) g = B

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, end with the local
characteristiecs ) and E, measured at any sltitude end in a particular
locality near the earth's surface.

The guestion arises as to the maximum rate at which V or R
may vary end still have a sensibly constant 3 at all altitudes.

The equation of continuity,

(22) div3'+%%=o ;

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

(21), equation (22) becomes

A oL
(23) ~0 0 .
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The solution of this equation is

(2h) p=p e .

£
A

function of altitude and is inversely proportional to the conductivity.

The ratio < is known as the stmospheric relaxation time t. It is &
A greph of 1 against altitude is showm in Fig. 7. 1 gives the time
required for the charge on & conductor to diminish to 1/e of its initial
value. Only when significant field changes oceur in intervsls substan-
tially greater than 1 can it be assumed that a steady state is
approximated. At the earth's surface, this time is of the order of
500 seec.

The average value of the "fair weather" field intensity at
the earth's surface is sbout 120 volts/meter. Therefore, the charge

on the earth's surface given by

(25) o= ¢k

9

amounts to about 107~ coulorbs per meter2.

Israel (1953) quotes:

"With 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."

)
v
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3.2 Atmospherie Current

The cwrrent flowing between the atmosphere and the earth may
be considered as the sum of the parallel components composed of

(1) the diffusion current.

(2) the conduction current.

(3) the convection current.
Each of these is treated separately below,

(1) The diffusion current

Since the space charge is wnevenly distributed in the
atmosphere, and the turbulent diffusion coefficient K in the atmosphere

is quite large, a diffusion current given by

3 - -@E: - a&
(26) i Y

flows in the atmosphere.

g%-gives the number of charged particles crossing wnit
cross-sectional area in wit tire.

X is the diffusion coefficient and is derived from the

formula:

vhere k = Boltzmann's constant
w = mobility
T = absolute temperature
e = electric charge

do . space charge concentration gradient.

i
¥
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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 electrie

field E. Thus, the conduction current is given by

(6) i AE

cond

where X = Al + 12

and Al = B0, 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. & 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 pv

conv

where v = vertical component of wind velocity

charge density.

p

Thus, the total current in the atmosphere in good weather zones is given

by

(28) SE-K 2oy

1y

i:
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I. Kraskevik observed that the conduction current above the
mixing layer remsins constent within * 10%, vhile in the mixing layer,
it mey be on the average 30% and sometimes even 200% larger than the
conduction current at considersble altitude (see Fig. 5). If it is
assumed that the total current remains constant, then the ocbserved
effect can be ascribed only to the turbulent diffusion produced by the
upward moving positive space charge in the mixing layer.

Mlso, according to Kraskevik, the conduction current density

12 amp/m2 and is constant with

above the oceans amounts to 2.7 x 107
altitude to within 2%. Assuming this estimate to be correct for the
earth as a whole, en estimated total current of 1400 amps. flows from

the ionosphere to the earth in regions of good weather,

¥
t
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CHAPTER k&

THE LOCAL VARIATIONS OF THE ATMOSPHERIC ELECTRIC FIELD

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

the Electric Field

Several workers 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 conditionms.

Israel (1952) reported that the diurnal variation at three
different stations in the Alps varied with the season, and the height
of the exchange layer. Sagalyn and Faucher (1956) carried out observa-
tions from andrcraft and investipgated the vertical distribution of
the several electrical parameters in the excheange layer and compared
the results with those obtained in the region above the exchange layer.
These results confirmed the conclusion arrived at by Isrsel. 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 the local anomaly of the atmospheric
electric field on the basis of the ionization equilibrium process.

In order to determine the locel atmospheric electric

parameters on the basis of the ionization equilibrium process, Kawano

o 3
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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 ares per wnit
concentration gradient,

The variation of the concentration of small positive ions

with altitude on account of eddy diffusion can be expressed by the

formula
.@)
dn _ d\dz
(29) at ~  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

can be expressed by the formule

d (Kdn Ka(nE) _ 2
(30) dz ( dz tar dz = fln + an

vhere R 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-hend side gives the rate of the combination of small
positive ions with large ions and the rete of recombination of small
ions. The last term on esch side producesinsignificent resulis and the
final equation may be simplified to give

d ( Kdn

(31) Fre az—-) +q=5p8n .
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This is assuming that the quantities of radiation of cosmic rays 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,
qy vhich is the radietion by the radicactive gases and
their decay products in the atmosphere, and which is
affected by air motion, and
9, vwhich is the penetrating radiations by the radioactive
substances in the earth's crust, and
q3: redietion due to cosmic rays.
Hence, we may write
(32) a=q *g,tag -

The intensity of % and q3 is independent of air motionms,

The radioactive substance in the atmosphere is due to the
diffusion of radioactive gases {mostly thoron and radcn) 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 radicactive substance present at a given altitude in the

exchange layer may therefore by expressed by the formula

7/1% (z-h)

(33) Q=0 e

é
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where Q‘h = amount of radioactive materisl at a given

height h.
1 = decay constent of radon = 2.09 x 10—6/sec-l.
K = coefficient of eddy diffusivity (here assumed

to remain constent with altitude, though

strictly speaking, it is a function of height).

z altitude.

The ionizing effect of the radioactive material in the
etmosphere 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 radicactive gases present. Consequently, the rate of ion pair

production (ql) due to the radioactive substances in the atmosphere is

proportional to the quantity Q,
(3h) e g =kQ .

Substituting for Q in this equaetion, we get

- (z-h)
(35) Q9 = qy © K

where 4y = the value of the rate of ion pair production
et z = h,
¢ = +
(36) SooaEag e ta,tay s

from equation (32).
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Substituting in equation (31), we get

T
(D,
2 " %

dz

(37) + a5 = fn .

%

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

e-\/]—%l (z-t) + q& e_‘/%- (et + q2+q]*

Iy %) 2t
AN~ BN J )

(38)  n=){n - (BN-T Y

We can express the electrical conductivity of the abmosphere by

X = new

where n = number of smell ions.

e = electronic charge.

w = mobility of small ions.

Substituting for n, we now get

BN ki
€ gli-1 © BN

%1n qz)
(39) A= nh-(ﬁ—-?*“B_N

ew

From Poisson's equation

vi= £
E

and Chm's law

(40)

IR oo
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assuming only & vertical variation in E.
Differentiating equation (39) to obtain g;( %) and substituting
M = newk for the current i, and substituting these expressions in
equation (40), we get
)i [t qe \[_(“‘) (_) - J_(“‘)
h™\K h - BN-T k| B-t ¢
(b1) p =
2
rn Gy % e-—(zh) Uy j_(zh+32_
17 h (BN-t BN Bt © BN
When z = h, this expression reduces to
L
(42) =EE_h A fan q?q +1 dn
pTn K i K -t
Since T equals 2.09 x 10-6 secm1 for radon (which is the major o-ray
source in the atmosphere) and AN is 107 sec™! o land, this relation
reduces to
1) B /an)? U9t
(k3 °h'r(k_) T
h
p, N
N T e
. s_N_)Z A N
K h BN
This formule 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.
N
T
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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 = 109/1113

p =ne=1.6x 10710 Coul/n

e =8.8x 1077 Coul/newton—m2
K =14 mzsec.

B = 10"%/sec.

4 = lOTpI/m3

Hence, according to equation (hl4), the value of E is about 100 V/m.
The fluctuations in the atmospheric field cean 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

Layer

Local agitation of the electric field can also be attributed to
the columnar resistivity. Kawano investigated the vertical distribution
of the air resistivity and the columnar resistence by taking into
account the influence of the eddy diffusion on the ionization equilibrium.
At the lower levels of the exchange layer, q, has a dominant effect. 1In
this case, ve will consider the variation of the earth radiation effect

with altitude, and can express q, as

(15) 4 = Gy ©

}
i
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where p is the absorption ccefficient for air of y-rays of RaC which
is the emitter of the highest energy in the earth's crust. % is the
absorption coefficient of RaC at the earth's surface.

The ionization equilibrium equation may now be written

T
d2n _\/';— (z-h)

&n vz,
(46) th2+qlhe ta,e +q3 fin

Solving this equation for the seme boundery conditions as before, we

get
(47) n ={n_ - i R q20 f— (o-1) -———qlh e“ i (= -—---—qzo' e"u""+E
T BI'I-Ku2 e BN-KUQ BN

This formula expresses the vertical distribution of the ion concentration

wder conditions of ionization equilibrium in the lower atmosphere.

1.06 x 10"5 cm-l.

Now u

decay constant of Rn = 2.09 x 10-6 sec L,

gy = 1072 gec™t. '

T

Hence, terms involving u and 1 are many orders of magnitude less than

those conteining BN and the expression may now be simplified to give

q +q,,+ \/— (z-h) -‘/i(z-h) )
(48) n=)n ]h203 %ﬁ qlheK +q20euz+q3.

The expression for r., the resistivity of the atmosphere in

13

the exchange layer, can now be expressed,
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: S S
since r, = " nes by the formula

1
1
(b) r = -
Qg+t -J-I%— (z-h) 1 -ﬁ (z-h) -z
nh~——-—§r—e +Eﬁqlhe +q20e +q3 eu

The first term in the denominetor in the right-hand side depends on the
distribution of the air resistivity up to a height of about 20 meters
above the growmd. The second term expresses the distribution of the
gir resistivity above this level,

From the above equation, the value of the electricel resistance

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

iy
(50) Rl =5 rldz

1 dz

BN
0 (nh ) qlh+q20+q3) e-\/R_-- (z-h) 1 -j% {z=h) -z

B e

where H. is the height of the exchange layer.
Stergis et al (1955) made meesurements on the conductivity in
the stratosphere and were able to assess the resistance (Re) of the air

column in this region by the relation
H2

(51) R, =S r2dz
H1

vhere H2 is the height of the upper conducting layers of the atmosphere.




-3 -

The columnar resistence of the exchange layer thus represents
a significent variable contribution to the total columar resistance R,
Results indicate that the total resistence of a column of air of cross-

T ohms. The conductivity from an

section one square meter is sbout 101

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 their day-to-

day 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 L0 to 60 kilometers is wniform

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

7

ohms, then

i=3t0hx 10-16 amps

Given that R amounts to 10l

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




-4 -

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 study of the current-voltage characteristic slope curve of a dis-
charging electrode, The electric field has been determined directly
in two ways:

(1) By determination of the voltage difference between
vertically separated collectors, each in equilibrium
with the atmospheric potential in its immediate
vicinity.

(2) By electrie induction effects on moving conductors,

The currenl density has been obtained either directly by using an
insulated plate mounted flush with the ground to collect the current,
or indirectly from the product )E.

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

stations on land, and the results of the same measurements over the

oceans. The table is produced below.
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QUANTITY
Potential gradient
Air-earth current
Conductivity
Columnar resistence
No, of nuclei
No. of +ve small ions
No. of -ve smell ions
Rate of production of

ions

Space charge

- 14§ -

LAND STATIONS

130

2. x 107

1.8 x 2072
1.9 x 107
4000
750
680
9.5

lo-ll

OCEANS

126
12

14

3.7 x 107
2.8 x 10”
1.2 x 102
4500 (?)
610
215

1.5

Further work was carried out to determine the variation of the

electric field with increasing altitude.

variation with altitude was observed at three Russian stations.

During the IGY, the field

It was

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

be quite varied.

three groups (Figs. 8, 9, 10).

decrease exponentially with increasing altitude.

of the altitude profiles.

(52) E=T e

where E
n
a

(See Fig. 8.)

It was found convenient to classify the profiles into
The first group includes profiles which

This accounts for L0%

This profile can be expressed by the relation

electric field at a given level

constant.
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in many ceses, the field intensity was found to decrease with
height at first in accordance with equation (52), and then to reverse
sign at an altitude of about 3500 to 4000 meters. This comprised the
secomd group, Finally, in the third group which comprised more than LO%
of the profiles, the field first increases with altitude and then starts
decreasing. Usually the field waes found to chenge 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 American 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
shicwed an anomaly at around 2 km, &t which the potential gradient was 1.5
lerger then the exponential approximation value (see Fig, 12). This
anomaly coincided with the base of an inversion layer.

Group C is characterized by a meximum velue near the surface
and which is several times as large as that of the A profile, Group C
gradient decreases rapidly until at an altitude of about 1 km the
gradient is smaller than that 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 encowtered. Thus, near Newfoundland, this ratio was found to

be of the order of 5.8, while off the San Francisco shore the ratio was

'
'
1
'
'
0
'
i
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found to be 67. The profile obtained off the Newfoundlend coast is
shown in Fig. (1h).

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 days 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,"
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CHAPTER 0

EXPERIMENTAL TECHIIQUES

6.1 Methods of Measuring the Potential Gradient

The methods of measuring the electric field may be divided
into two types:

(1) those employing probes or collectors and

(2) those depending on the induction of charge.

The collector may be considered as an arrangement in which
an insulated metal probe is located at a convenient position in the
atmosphere. If its potential initislly differs from the surrounding
atmosphere, it will collect ions of the appropriate sign wntil it
acquires the same potential as the atmosphere. The potential thus
acquired is measured by an instrument with a high input impedance.
Various forms of collectors that have been used are classified below,

(1} Probe with gloving fuse.

{2) Probe with radicactive source.

(3) Water dropper (Kelvin).

(4) Two vertically displaced horizontal wires (Scrase).

Induction meters depend upon the basic fact that, when a
conductor is placed in an electric field, the density of charge (o)
induced on its surface is proportional to the field intensity at that

point, that is,

(25) D

Q
It
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The first of these types was described by Russelveldt in 1926, In the

sape yeer, a simllar form was described by Mathias,

6.2 The Absolute Determination of the Potential Gradient

It is necessary to have means to calibrate potenfial 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 errangement consisted of two wires stretched horizontally between
two antenna masts separated by a distance of 120 f£ft. A small ratchet
winch made it possible to adjust the sag in the wires so that they were
separated by a vertical distence of one meter. A polonium source Po 210
attached to a copper strip was fixed to the midpoint of the antenne.
Two conductors with polyvinyl insulation were attached to the midpoints
of the antennee and led through metal conduits to the room below where

they were connected to a quedrant electrometer.

6.3 The Antenna System (Photos 15, 16)

An entenna system of symmetrical form and suspended far
enough sbove the grownd so that the mirror effect can be neglected
will develop an open circuit voltage (v) proportional to the electric

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

(53) v=En .

When a change occurs in the potentiel field, the sntenna will respond

in such e 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 phencmena in the atmosphere.

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

potential field close to the antenna is given by

(5%) £=%

A total current

(55) i

consizting of ions of caz sign flows until the antenna is in equilibrium

with its swrrowmdings. Thus, for unit area,

Q_x
(56) at ¢
X
(57) Q=g e T .

Actuel relaxation times are shown below.

Air near the earth, 5 - U0 minutes,
(The actual velue near the earth's surface depends on the amownt of
pollution in the air.)

Air at 18 km., U sec.

Air et 70 km., 107 sec.

The earth as a whole, 107 sec.

i
p -
1
i
I
i

£
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It is thus seen that the relaxation time is inversely pro-
portional to the conductivity X of the atmosphere. ) is a very varieble
quantity. It increases after rain and is decreased in fog, clouds, dust
and heavy atmospheric pollution.

In caleculating the conductivity of the air, the effect of the
positive and the negative ions is taken 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 t = ¢/2,
only the positive conductivity should be taken into consideretion,
Consequently, the aversge relaxation time is increased to double its
value. The same reasoning leads to the fact that the antenna acquires
the potential of the surrownding 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
alwminum symmetrical vane (needle) is free to rotate in & horizontal

plane. The needle is suspended by a delicate fibre of quartz so that
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1t can rotate without 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 edjust the alignment of the
needle in the centre of the quadrants. To begin with, the fibre is
adJusted so that, in the meutrel position, 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 gquadrants

may be regarded as forming a parellel plate capacitor.

6.5 Theory of Operation

Let v be the potential of the needle,

V1 the potential of one pair of quadrants - the A-quadrents,

say,

V2 the potential of the other pair of quadrants ~ the B-
quedrants, say.

Suppose that when the needle has turned through an angle 8, the total
area A of the needle is placed such that a fraction S of the aree is
inside the pair of quadrants at potential Vl, 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
quedrants,

The system mey now be regarded as two parallel plate capacitors
of area S, the distence apart of plates being equal to d end difference
of potential v - V., together with two parallel plate capacitors of area
A - 5, the distance apart of pletes being equal to d and difference of

potential v -~ V2. There are two capacitors of each kind, since there is

o
Sl
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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

£ 2
- o (av)
(58) W= =5 .

In this formula, S denotes the overlspping area of the plates. There-
fore, in the case of the quadrant electrometer, we may write an

expression for energy thus,

(v=v,)° (v-V,)2
(59) w=€°:1 s+€°:2 (a-8) .

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

increesing 6 is given by

€
(60) %% = a-o- Ev-vl)z - (v-VQ)ﬂ %%

since § is the only term which veries with 6. If r is the radius of
the needle and is adjusted so es to lie symmetrically wunder the inter-

section of the diamsters forming the quedrants, then we have

2
(61) g%=5§r— Eve-vl)(zv-vg-vl] .

In equilibriwm, this torsion is balanced by the torsion couple of the
fibre, which tends to decrease 0, This couple may be expressed as k8,
where k is a constent depending on the nature of the fibre. The

equation of the quadrant electrometer may now be expressed as

2
ET
(62) k0 = -g—- [(:vz-vl)(ev-va-vl] .

et

Sl
.u
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There are two ways of employing the quedrant electrometer as a device

for measuring potential,

6.6 The Heterostatic Method

In this method, V2 > Vl end the needle is given a high

potential such that

2v>Vl+V2 .

The unknown potential to be measured is applied to one pair of quadrants,
while the other pair is grounded. If v is very large compared to V,, and

V, equals ground potential, equal to zero, then we can write

1
2
eor
(63) kg = —=— .V, .2
or 6= CV2v 5

2e r
where C is a constant and equal to kg .

Uowever, if V2 is large compared to v, then the relationship
epproaches a square law proportionality, since the value of 6 is now
given by

6= C.V2.(2v - v2) .

Thus, the deflection of the needle is dependent on three
factors. It was found necessary to draw verious 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

H
#
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in Fig. (17). This method had the disadvantage, hovever, that it was
difficult to obtain the same potential on the needle on every occasion

end, 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 grownded.

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

_ 2
e-dg-“)

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 leakege 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 midway
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.

Er—
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In the idiostatic method of employment, in order to maintain
the needle end one set of quadrants at the same potential, the quartz
fibre was dipped in a solution of calecium chloride, thus rendering the
fibre electrically conductive. The needle was then connected to ane
set of quadrants ~ the A quadrents, while the other set - the B
quadrants, was connected to a good ground system.

Celibration of the electrometer was obtained by applying
known valteges to the needle and the A quadrants. A light beam
directed onto a mirror attached to the quartz fibre formed e light
spot on e metric scale located about one meter from the electrometer.
The graph thus obtained is shown in Fig, (18). This graph of deflection
versus voltage provides s quick method of obteining the potential at any
instant, thus ensuring a quick check on the calibration of the potential

gradient meter.

6.9 The M-Type Pctential Gradient Mill

The M-type mill was the term used by Mepleson and Whitlock
to distinguish between mills producing sinusoidel waveform outputs
from mills producing triangular waveform outputs, The latter types
were classified under the term S-type mills, The first forms of these
types of instruments were originally designed by Russelveldt (1926) and
Mathies (1926). The M-type mill described here consists essentially of
a conducting system of small capacity which is alternetely end regularly

exposed to, and then screened from 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 Schonland (1950). The stator consists of & tufnol disc 23.5 em in
diemeter. The conducting system is embedded in this disc end consists
of 18 metal studs with diameier 6.5 mm and arrenged in a circle of
20 cm diameter. The metsl discs are connected electrically below the

disc, The charge on these discs given by

(25) 0 =¢k

is thus directly proportional to the atmospheric field E. During the
screening period, the charge lesks to earth through a high impedance.
The screening rotor disc is 23.5 cm in diameter, 1.3 thick and provided
with 18 equally spaced holes of diameter 2.0 cm, and arranged such that
their centres lie directly above the centres of the studs in the con-
ducting system. The specing between the two discs was set at 2 mm,
This spacing between the stator and rotor discs is not criticel but
the effects of various spacing distances is considered in the theory of
the field mills (see later).

The sereening 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 gt & frequency of 480 ¢/s. An essential requirement is a

good grounding connection to the rotating sheft to which the screening

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

with deterioration in the electrical contact between the shaft and the

connecting grounding contact. This trouble was finally eliminated by

constructing & spring loaded carbon brush device which maintained

constant pressure against the rotating shaft end 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 vhich has a good grownd connection,

6.11 Details of Motor

Iyye "~ 3-phase induction symchronous
Speed - 3200 RPM

Voltage - 208 volts

Power = 1/4 horsepower.

6.12 Details of Screening Rotor Speed

Diameter of motor shaft pulley - 5 in.

Diemeter of screening disc shaft pulley - 2% in.

Speed of screening disc

Frequency of output signal

1600 RPM

180 ¢/s.

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

mains interference. This signal frequency is also easily

amplified by

stendard electronic circuits. The output waveform approximated very

nearly to a pure sinusoidal waveform.

The output emplitude varies with
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the applied field and, in the laboratory with artificial fields applied

to a cover plate over the meter, this amplitude varied from 2 to § mV.

6.13 Electrical Measurements on Output

Insulation resistence (rwnning) - 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,
Newfoundland, at a location situated 47° 34,3 snd 52° bh.0 W, The
meter was located on top of the Physics/Chemistry Building at a height
of 89.5 ft. above gromd level and 279.5 ft. above sea level. Due 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 meaéurements 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 lst of October 1968.
The top of the Physics/Chemistry Building 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 sir ventilation system of the
building. What is more troublesome is the fact that the outlets for

chemical fumes are loceted on this roof, also. Furthermore, the power
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distribution station is located only asbout 300 ft. from the site of

measurements.

6.15 Theory of Operation of Field Mill

Let C = capacitence of stator to earth.
R = resistance of stator to earth.
E = electric field.
8 = ares 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 = eBa

and the maximum value of the induced charge is given by

(65) Q=eFA .

Since the waveform is sinusoidal, it can be expressed by the expression,

(66) Af2 (14 sinwt)

(67) q
(68)

eoEA/Q (1+ sin wt)

Q2 (L+sinwt) .

Now the current i is given by

(69) i = dg/dt

wQf2coswt
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The peak value of q is given by

(70} I=uQ/?

we oEA/2 .

The peak voltage across C and R is given by

(71) V=1z
= ug EAL/2
(12) where 7 = R/(s°C°R + 1)
(73) Ve V= (mgOEA/E) . R/(MQCQRQ + 1);2 .

This relation will be true only if a veries sinusoidally, C will vary
somevhet in synchronism with a eand this will introduce a slight error.

However, if these effects are small end m202R2 >> 1, then

(7h) V=g EAC .

Thus, the output voltage is

(1) proportionel to the electric field E.

(2) proporticnel to the area of the plates exposed,

(3) inversely proportional to the stator-ground capacitance,
According to the asbove 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 stetor is somewhat
of a compromise, since both output voltage end Volta effects decrease
vith increasing rotor-stator spacing. The existence of Volta potentials
on the exposed surfaces of the measuring system gives rise to apparent

fields celled the residusl 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 (Vh - Vf)/Vf to become equal to 1/e

vhere Vh = voltage after n half cycles

and Vf

This method was used by K. N. Groom (1965),

voltage ultimately attained,

(2) nunber 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 resistive and capacitive effects are concerned, and including
the input circuit of the field effect trensistor is shown is the diegram

below.

6@.—<—-—’;>JJ

\S' ; c‘L
[

Vhen a change AE occurs in the electric field, a corresponding
change Ag takes place in the bound charge on the upper surfaces of the

conducting studs, Thus,

{70) Ao = eoA AR
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vhere A is the area of the exposed surfaces of the studs., This chenge
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.
¢ is the capmcity of the system including the input
circuit.
R is the totsl resistance.
Then the rate of discharge of the system during the screening intervel

is proporticnal to
(11) o=e .

Successive half-cycles of exposure and screening result in
changes in the charge on the studs. These changes cen be expressed by
the terms of the convergent series
(12) Ao 5 (-a

The final steady amplitude is thus given by

Ag
l+a

(73)

which is attained when n is very large.
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The output signal frequency of the mill is 480 ¢/s and,
therefore, this gives a value of approximately one millisee, for the
screening or exposure interval, The capacitance of the mill and the
input circuit of the field effect transistor is about 100 pf.

The resistance betveen the stator and grownd is approximately

107 ohms.
Since T = ,001 sec.
¢ =10"0%
R = 107 ohms
. TfR=1,

Thus, the amplitude is equal to l/e of its final value in ebout one
millisec., which is the time of exposure of the studs.

Alternately, if we define the response time as the number of
half-cycles (N) required until the amplitude atteins 99% of its final
steady value, we can proceed in the following menner.

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

(7 e -y

Hence, the required number N is given by
N+1
(75) (.31) = .01

R N=36 .

Thus, the signal output amplitude is 99% of its final value after ebout

b half-cyeles.
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A sudden change in the field is thus menifested by en equally

sudden response of the field mill., This initiasl response decreases to

I i‘ S of its initial velue, i.e,, the final steady value will be
1—;;1?-37 = 70% of its initial peak value. In the desigm of the
emplifying circuit, the time constant was chosen so s to be within

this limit also.

6.17 Design Requirements for Amplifier

It was found desirable to design an emplifier with the
following characteristies:

(1) Gain of at least 30 db.

(2) Stebility of the zero level,

(3) Low noise level,

(4) Insensitive to veriations 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 centrol the zero setting of the output.

(8) Operate on low power d.c. currents to eliminste inter-
ference between the various circuits.

(9) Have a high input impedance and & low output impedance.

6.18 Development and Modificetions

In the original instrument dosigied by Malen and Schonlend

(1950), the output of the mill was fed by a cathode follower circult to

i
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the amplifying stages and the output displayed on & cathode ray screen.
Recording of the trace was effected by photographing the screen. The
polarity of the field was detected by additional studs which fed a "pip"
which appeared either on the top or bottom of the waveform every ninth
cycle according to the polerity 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 resulte obtained ere showvn in diagrams 20, 21 and 22,

This method suffered from two disadvantages:

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

at the low or high signal levels.

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

other method,

In the final arrangement, & phase sensitive detector was
designed and all circuits were trensistorized to eliminate the need for
cables carrying a.c, currents. The added advantage of a phese sensitive
circuit is that it will alsc

(1) give & linear response

(2) record the polarity of the field

(3) eact as a narrow band-pass circuit.

The response of the mill using the transistorized phase sensitive
detector for incremental voltage steps of 5 V is showm in Fig. (232).

This graph was obtained with minimum sensitivity of the recorder to

prevent the readings going off scele, The response of the meter to
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zero signal (cbtained by covering the mill with e well-grownded mebal
box) is shown in Fig. (23b). This shows the stebility of the 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 & filter circuit shown in Fig. (2la).

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 liable to go off scale. The
circuit finally adopted to overcome this residuel field is shown in

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

signal to zero.

6.19 The Amplifying Circuit

A block diagram of the amplifying and detection circuit is

shown in Fig. (25). The circuit diagram is shown in 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 &

completely transistorized electronic circuitry. The disedvantage in

the utilization of transistors is in their low input impedance which

tends to load the previous stage.

B —— ek e s o e,
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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 any amplification had
been spplied. This signel was due mostly to the residual voltage and
the electrode effect. This signal voltage was developed across &
capacitance 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 transistor in cascade vwith an ordinary
bipolar trensistor., The main purpose of inserting the presmplifying
stage vas to provide the proper matching between the output of the
mill and the input of the transistor emplifier.

The field effect transistor is a majority cerrier controlled
device wherein the resistance of a semiconductor channel is moduleted
by e transverse electric field., This offers a voltege controlled device
which absorbs practically no current end therefore offers & high imput
impedance of the order of the value of the gate resistence Rg which, in
this circuit, hes a value of 22 megohms. The dats for the 2NT18

trensistor is tabulated below.

I =125uvA
¢

he = 30

h, = 5000 ohms.
ie

The current gain of this arrengerent is given by the equation

' Rd
(76) hfe - hfe R, + hie

d
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where Rd is the drain resistor and equels 15000 ohms.,

hfe =22.5 .

The voltage gein is given by

1

eout _ gmhfeRs

= 1
ein 1 &mhfeRs

= 0.98 .

(17) A

The output resistance given by the formula

R
s

(78) R =

- 1
out 1+Rgh
s°m

fe

= 580 ohms (spproximstely).

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

capacitence.

The effective impedance of the circuit is considerably higher

due to the boot strapping effect of C £ 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, = .
in
(l—Av)(%" + ;1—-) + ;—l—
g e gd

This equation emphasizes the importance of meintaining a high value for

R if high input resistance is to be maintained. The equivelent gate to
8

10
are in excess of 10 ‘ ohms ,

drain r . and gate to source resistence rgs

gd

|
'
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Fig. 28
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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
8 low output impedance thus providing the necessary coupling from the
mill to the transistor smplifier. The gate current of the 2N2606 FET

is less then 107

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 Pig. (27).

6.21 The Main Amplifier

The equivalent circuit of the transistor amplifying stage is

shown in Fig. (28).

hie = input base resistance.

e - output conductance.

h fe = forward current gain for common emitter configuration.
re = peverse voltage ratio.

ib = base current.

load resistance in collector circuit.

By

From the equivalent circuit we can write

(60) vin = ibhie * hrevce
(81) v _ hfelel
out hoe +1 .
hfelel

v ub hoeRl t1

0
(82) voltage gain = T .

% Vin  Die™ Bre'ce
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The voltage amplifying stages are provided by the transistors
Tr3, Trk and Tr5. In the first of these stages, R,, and Ry, provide a

potential divider for bias and the emitter resistence R., is incorporated

12

for stability against thermal runaway. The values of the emitter
resistors were chosen lov values to allov maximum voitage gaein 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 negetive 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 Trh, which is essentially a similar

cireuit, was also found to have a similar gain.
Tr5 was biased through the series resistor R18. CT end VR1

)
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 mechenical setting of the rotating discs providing the

signals, after which VR1 was used for finer control.

The collector load of Trd wes reduced to 2.7 kilohms, thus

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

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

i fyi thus
The gain of this stage which was more of & pover auplifying stage Was

] 3 b-
reduced to less thean 2. The total possible gain Wes thus sround 50 d

Reducing the emitter bypass capacitors provided & negative feedback

loop providing ebout 20 do.
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6.22 The Phase Sensitive Detector

The signal required to act as a reference source was obtained
Wmmoﬂﬁ-m%mqwmmmmwm.MMMMMdmmw
oo the same shaft as the rotor and having the seme number of slots

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

DC amplifying stege switched the bese of the transistor Tr8 such that

the supply current to the peir of transistors Tr9 and Trl0 vas 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 showm in Fig. (29). Depending on the polarity of the field, either

T¢9 or Trl0 conducted producing & DC voltage output.

The filtering circuit Ll, L., C9 and ClO 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 gpplied to 2

Westronics decade divider and then to a span and zero adjusteble unit

before entering the Westronics pen recorder.

6.23 Measurement Errors

The main errors to which a field mill is subjected to may be

classified as follows:
(1) the residual voltage.
(2) drift.

(3) noise.
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The effect of the residual voltage is shom 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 potentisls between the stator and adjacent surfaces, to
volume and surface charges on insulators. Minimizing of this potential
has been schieved by Nathan 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. 2lb).
Drift is defined as the relatively slow veriation in the

residual voltage caused by changes in the responsible contact potential

di fference and charge distributions. Noise for the most part is due to

electromagnetic radiation from sources such as arcing brushes, micro-

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

For a bandwidth B cps and a8 perallel RC cipcuit at gbsolute

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

(83) vﬁ = | KTBR

where K = Boltzmann's constant

inpedance of the input

i

yA equivelent series

w
circuit at angular frequency

The amplifier used has & flat bendwidth of sbout 20 KHZ ranging

10 db, The signal to noise

from the points where the response is down by

3 o4 lifier
ratio could thus be reduced much further by designing & tuned amplil

with a very narrov response around the 460 C/S frequency.
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CHAPTER T

RESULTS AND DISCUSSION

7.1 Measurements of the Potential Gradient

According to the Working Group of the IQSY of the joint
committee of Atmospheric and Space Electricity, the atmospheric "fair

weather" 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 less than the influence of global generators. This requires the
exclusion of all periods with hydrometeors at the station .. ot

Previously, the definition was more restrictive, in that a
fair weather observation excluded the presence of low and mean c¢louds
end any fresh winds, Thus, Some oObservers restricted their observations
to clear skies and winds at less than 5 mph. During the period that the
following observations were 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, Gherzi made continuous record-
ing of the electric field at Montreal. He reports from his observations
that the potential gradient in those instances when maritime air vas

th
sweeping his locality was much less than when they were under the

his
influence of Polar air masses. The reasons put forward for thi

difference were that:

i here
In poler air, the minute particles suspended in the atmosp

ic, Maritime
are composed of rock and plant matter end sre not hygroscoplc
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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 according

to the two types of aerosols. Continental polar air is slso found to
be more subsiding than the meritime air vhich is mostly convective.

Maritime air would thus affect the columer eir resistance to 2 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

number of sign reversels of the field. Confirmation of these reversals

vas given by the quadrant electrometer when connected neterostatically.

These changes cannot be gttributed 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 vorkers have

reported the variations of the electric field and other basic electric
parameters of the atmosphere. These were reported to oceur about one

to two hours before the onset and glso pefore the dissipation of fog.

The recordings made here show vexry strong egitation mostly during the
durstion of the fog end the extent of this variation varied with
e of the recordings made during the fog,

di fferent observations. In som

‘s ; . o rare
strong negative spikes are observed. Positive going spikes &I

but did occur during a local thunderstorm.
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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 & negative base.

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

expressed by

ek 2E

(83) v -
2)%

= 7
hneo(H2 + D°)% hneo(h2 + D

where H = height of positive charge

h = height of negative charge.

Differentiating this equation, ve get the potential gradient

- 2EH 2Eh

(84) % - 2)3/2,

—
2
hne (H2 + 1)2)3/2 bye (h° + D
0 0
The distence at which this changes sign 1is given by
H h

el e

(85) L D6 - 3h2H2D2 - h2H2(h2 + H2) =0 .

If h and H are nearly equal, the reversel distance is /2H.

If § = 2h, the value is about 1.2h.

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

the season. The zero point nad drifted here duve to @ Paulty zeroing

potentiometer which wes later replaced by 2 smoother oper&ting
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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 noticesble,
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 always positive is shown by the curve in Fig. 33 which shovs

negative excursions of the field. Large fluctuations occwrred during

snow flwrry sctivity and a wind of gbout 20 miles per hour (Fig. k).

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

of Fig. 35, there wes & sustained negative field associated with the

shower. Noticesble in this curve are positive and negative going

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

distant thunderstorms, but they are &lso reminiscent of the spikes that

are sssociated with agitation due to fog. The effect of high winds on

the electric field is evident from Fig. 3. As described in Chapter b,

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

The decrease in fluctustions during 2 calm period is

local anomalies.

shown in Fig. 3T, This would confirm the convective notion of the air

particles producing the local anomalies shown. Dwring the period of

this recording, the ecloud cover remained the seme and the quietening

down of the recording needle appeers 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 diurnel variation
of the electric field, the speed of the graph paper vas reduced to

2 in/hr.
The fair weather electric field over the whole earth (Fig. 1)

shows & meximum and e minimum. The maximum occurs at sboub 18,00 hr and

the minimum at ebout 04,00 G.M, T, There is also & small morning

maximm at eround 08,00 G.M.T. Over the oceans, the morning meximum is

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

as having one maximum arownd 19.00 end one minimum aromd 04,00 G.M.T.

According to Fig. 1, the N, American maximum occurs around

20,00 G.M.T. Gherzi reports the maximun at Montreal occurs around

14,00 G.M.T, During the same period of observation ab Murchison Bagthe

maximun occurred ab 19,00 G.M.T. Also, ab Montreal, the minima were

occurring &t random, although there appeared to be & tendency to recur

gt night and also early in the morning.

Fig. 38 shows the daily variation of the field on four

consecutive days. $.U. and S.D. denote sunrise and sunset times

respectively. The graphs shov & definite increase commencing about

sunrise. The maxima, however, oceur at different times, 19,00 and

15.00 respectively. Further cbservations 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 mein error involved the calibration of the field mill.
The fluctuating field encountered during the calibration tests was by
no means ideal and 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, calibretion using
the horizontal sntenna and the quadrant electrometer was carried out,
Errors inherent in the amplifiers or the phase sensitive detector are
insignificent 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 veriation was adjustment

of the zero level for the residual field. Two other external sources

of error are
(1) air-earth cwrent
(2) the electrode effect.
The effect of the sir-earth current was demonstrated by

Mapleson 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, Fer a current density

3, the alternating voltage across the resistor-capacitance circuit

between stator and ground is given by

jazfe .

T A TITRE R TS W

The signal voltage is given by

(66) € EAZ/2 .

=
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The former should be insignificant compared to the latter.
Thus J/uw << eOE, 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-esrth current is inversely proportional to the

10

angular velocity of the rotor and for & value of 107" amp. which is &

maximm velue for this current; the effect is less than that for a
field of 1V/meter if the engular velocity of the rotor exceeds hr.

The electrode effect is mostly present for a few meters above
the grownd. Our field meter is located on top of the Physics/Chemistry
Building et a height of 89.5 ft. above ground level. Thus, the
electrode effect should not be affecting our readings.

Two other factors that mey be affecting the readings, however,

are the location of a substation at & distance of about 100 meters from

the Physics/Chemistry Building, and the location of the outlets of the

chemistry fume cupboards which were glso located on the same roof.

Chelmers and Little (1947) reported thet, during fog and mist, negative

air-earth currents were detected from messurements made at Aachen,

Nurburg end Switzerlend. Iater, Wormell (1961) reported that these

negative fields oceurred downwind from power trensmission lines. For

the "reduction factor" should also be taken into

sceurate measurements,

consideration. By meens of this factor, it is possible to convert from

the actual neasurements of & collector to the absolute values that

exist over level ground.
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SUGGESTED IMPROVEMENTS

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 & d.c. emplifying stage employing & trensistor. These components
exposed to the climate of Newfouwndland sre 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 redueing the readings slightly and probebly gave false

readings during damp weather, Mso, it was found necessary to include

g small heater coil in the box.
To eliminate these disadvantages, this type of instrument

should employ & radioactive prove completely protected from dampness

and sufficiently storm proof to vithstand the inclement weather. This

device would be thus independent of the veather at the cbserving

station.

To reduce the size and weight of the mill, the stator and

rotor could be shaped in simple sector segments which would produce

trianpular wavefom output. This type, called the S-type, by Mapleson

and Whitlock, also ylelds a lerger output current than do stator-rotor

sectors designed to produce a ginusnidal variation. This type of mill

would also operate with a smaller power motor.

The amplification of the amplifier is quite sufficient and

the only improvement that is suggested here is that it could be
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designed as a twned circuit amplifier, thus cutting down even mere con
the noise level.
For further observetions, the location of the measuring site

should be teken into consideration. The present site suffers from the

D68 BELL Bumin -2 dnd

following disadvantages:

(1) The metallic ventilation outlets are situated on the

same roof as the meter.

(2) Chemical fumes from the fume cupboerds sre also situated

on the same roof.

(3) The electrical trensformers for the University supply

are situated et a distance of cnly 300 ft. from the site

of observations. This may produce negative space charge

in the vicinity.

(L) The room in which the recording instrument, final

amplifier and phase sensitive detector is located is in

close proximity to the electric fan systems for eir

ventilation of the building, This may cause spurious

3 pick w by the amplifier and could be troublesome if

picked up in the early stages of the smplifier.

An essential feature of potential gradient measurements is

the provision of fecilities for checking the cglibration of the meter.

ed by Melen and Schenland was used.

In this case, the same methed as us
This did not prove satisfactory here due to the egitated nature of the

rield. The only religble source of calibration

stmospheric electric

would be the construction of & verisble artificial electric field.
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SUMMARY

The agitation of the electric field during fog, the diurnal
veriastion, the sunrise effect and the relatively lov stmospheric field
heve been demonstrated. Comtinuous recording of the electric field is

now in progress and participation in & synoptic investigation of

global, regional and local phencmena can be emberked upon. For &

complete investigation, it is necessary that the other two basic

elements - sir-earth conduction current density and the two polar

conductivities - be measured gimultaneously. Access to reteorological

data should also be available for correlation.

Further investigation could be devoted to variations of the

smrise effect, diurnal variation of the reduction factor and

s tuned to,

correlation to thunderstorm activity using radio receiver

say, 10 ke/s or 100 ke/s. The sgitation of the electric field one

or two hours before the onset and dispersal of fog has only recently

been cbserved end the location of this station offers favoursble

conditions for this observetion.
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APPENDIX A

a°n K % (z-h)
SOLUTION OF THE EQUATION K—= + q. e + g, = B¥n. (1) '
2 1 b ‘

Boundary conditions for n are:

n=nhforz=h
n is finite at z =~ .

First of all, we find the special solution, i.e., the solution of

2
K-d—g- = Bln
dz

(2) i.e gﬁl— -l
. . 2 K *
dz

The solution of this equation satisfying boundary conditions at z = 0 is

_ az - [N
nl_e vhere a = \/K- .

Now set
n = eaz v
dn _ &z az 4V
a—z- = ae . V + e . dz
d2 2.8z av az d2V
an_ v +2e Tt )
2 dz dz
dz
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Therefore, by substitution in equation (1), we get

2y fE (o)
az dv az 4V _ 8z
AR +q,= BV e

Ka.2Veaz + 28 €

i\l
Since 8.2 = %" , we get

]
[¢]

1
no
[+
(3]

’-_N—\
ey
D
=l

[

ml

o
—

T

=

~—
+
no
S
[}
[+
[
(=9
(2]
+
(]
\V\/

=

e—2az {_ ﬂ_ Se(a-b)z+bh iz - EE_S eaz dz + C}
K

~2az { 9 1 e(a—b)z+bh ) E_Z_eaz N C}
€ - Ka

9 -(a+b)ztbh _ 9 R o282

=) © Ka

93 Se-(a+b)z+bh iz - ‘_lg LS\e—az dz + C§ e—2az dz
. 0 v=E - K(a—b) Ka

q2 !
4 - atb)z+bh -82 _ [ -2az C

" 2d) ‘o

e —————— '
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9 —(atb)z+bh . % _az ¢ -faz , '
< e — e

* Wt we "% +e
a
. _ ez _ -1 b(z-n) % ¢ ez, ' o az
C.on=e U= Eﬁ:;-e + " 2a e +C e .
Since when z = ©, n is finite
)
.. C =0
Y e-b(z-a) N b C_ -8z
¢ n_B-'l: RN 28
Whenz=h,n=l'1h
q q -
. n =-——1—+£—g—eah :
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LS. -
e 2g T \Mn T BT N
. 4 -b(Z'a)+E_+ n ..-E-l—-gg) e-a(z-h)
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APPENDIX B

CALIBRATION OF THE POTENTIAL GRADIENT METER

The requirements for en adequate calibration of the instrument

are:

(1) A measurable non-varying atmospheric electric field of

sufficient duration to exceed the time constant of the

antenna.

(2) No zero drift of the needle for the duration of the

calibration.

Both eriteria are outside the control of the operator due to the

vagarieg of the atmospheric electric field and the ability of the

instrument to pick up substantial electric static charges.

The method adopted for gbsolute calibration, namely an

sntenna in equilibrium with the potential st that location and en

electrostatic electrometer to record the potentiel of the antenna,

provided satisfactory calibration during periods of "quiet" electrical

. . . L
conditions. However, this method is not feasible during "disturbed

conditions.

The first requirement wes to aedjust the span range of the

amplifier so that & division of one inch on the recording paper
represented 100 volts. The sequence adopted in gttaining this

necessitated a long series of observations as follows:
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(1) For a given change in the field value observed
simultaneously on the quadrant electrometer and the
mill, 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 &
field change of 100 volts per meter.
(4) Repeat the procedure wntil the celibration is satisfactory.
This ves 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 October 3, 1968, was obtained soon after

such a calibration had been performed. Between October 3 and COctober T,

the zero level drifted greduelly while the field was in a continuous
state of mgitation. Fig. 31 shows the extent to which the zero level
did drift. The range of the excursions which were positive, demonstrates
the existence of an.oscillating electric field extending to a value of
gbout 250 volts for the duration of the showers.

A drift in the opposite direction is shown in Fig. 32. The
range here shows a meximum positive excursion of 150 volts.

Tdeal conditions for calibration were provided during the

recording of the graph of Fig. 34. The recording of this graph vas
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kept under observation and comparison maintained with the readings of
the quadrant electrometer connected for heterostatic operation. There
were long periods during which the needle of the quadrant electrometer
remained constant and simulteneous readings of both instruments thus

made possible. However, a positive zero shift is observed in this case

also.

By this time, the linearity and the range of potential
gradient of 50 volts per meter per one half inch division of graph

paper had been satisfactorily established, and the zero shift had

become the most troublesome factor.

In Fig. 35 and Fig. 37, the location of the actual zero line
was located by shorting the output of the mill to ground, to eliminate

ell static charge, and then cover the mill with a grounded metal screen

loceted about 5 cm above the collecting studs.
Tt has been suggested that further work using this mill be

carried out using an artificial veriable field. This method would

ensure that calibration could be performed at any time, with a quick

adjustment of the zero level and calibration of the meter as required.
This would eliminate the reliance on the vageries of the

. . X d
atmospheric electric field which is required to give a z€ro level an

< . . o
at least two definite distinct readings to set the calibration rang

span of the recording needle.
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