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PREFACE. -

The.units employed in this work are rationalised M.K.S. However,
fcr‘ébnveniencé‘practicgl units have been quoted in some diagrams,

. Extensive use has ﬁeen made 6f diagrams-to'halp in the description
of apparatus and expfession of results.

The fdllowingcwbgeviations and symbols have been useds

¢ - curie o
lf‘é'-:permittivity‘of air,taken as 8,85 x 10"12 F/m
and the following prefixes:

M= 10 - as in megohm

. K=40% - as in kilo-ohm
m = 103 - as in milliamp~
/§=,10'6 - as in microamp

n = 10'9 - as in nanoamp
-12

P =10 ' “- as in picocoulomb

' The'léss‘conventional n is especially useful in the expression of
: , ' ’

. values of collector current.




ABSTRACT
.. Several workers have suggested that the current flowing to
'1eai£h'through an eafthed radio-active collector could, if wind
“ 7§peéd was considéred, be used to measure the earth's vertical
potential gradient. Withbdt measuremenf of wind speed such a
' gollector has been used to give an approximate estimate of the
potential gradient.

The present work sets out to show whether, in fact, an
accurate estimate of potential gradient can be got from the
simultaneous recording of the current flowing to earth from an
earthed radio-active collector and the wind speed. Records were
taken at the Durham University Observatory of the two variables
mentioned and were compared with records of potential gradient as
‘measured with a field mill.
| The records shoﬁ% agreemeﬁt with the results of other workers
in that there was: a highly significant correlation between the
"coliector current and the”potential gradient; and in almost all
cases a"s;gnificant correlation between collector current and wind
speed; ‘Howeéer, the results showed that no reliable estimate

,could be got of potential gradient from the other two records.

-+ "It was found that the errors in such an estimate were about 8%

‘over short periods (up to three hours) and appreciably greater

.”over longer periodso
It is suggested that the apparently random short term errors

"~ are due to rapid fluétuations in wind speed which are not

acourately'recorded on the anemometer because of the smoathing

which was necessary. The long term errors are thought to be due




"bto 6£riationé in the éffeéti#é actiVity of thé'collector

‘ ﬂlbecause of eontamination on the surface of the radlo-=active

"{'1aminae restricting the emission of radiation,
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CHAPTER 1

~ INTRODUCTION

| Measnnemene of the eaggb'e vertical potential gradient
| The‘vebtical potential gfadient in theeepace between the earth
and tne’ionoephere’can be measured by'two methods.

~ The firet to be used was that of measuring the potential, v,
k at two heighte, a & b, vertically above one another and computing
the potential gradient, F, from |

Favb-va
D =a

Seescsenssssnvevse (1 01)

It is now conventional to take b as the higher of the two points
.of measurement thus giving the potential gradient a positive value
in fine weather. It 1s often convenient, for measurements close to
the earth, to take_a-a-o-wnere;by idefinition, Vo= 0. Thus
equation 1.1 1s reduced to ' |

 Fe Vb/b verenenens (1.2)

The second method of meaeurement makes use of the charge bound
:onto the earth'svsurfaee by the lines of force ending thereon. The
surface eharge aeneity,dj of tais bound charge 18 given by

F277¢  vrvvevinene (103)
f‘ It can be eeen from equation. 1.3 that the charge on any area exposed
"Tto potential gradient is direotly proportional to that potential
: 1gradient.;

 ‘Bimple boun& charge method
A simple method of measuring the bound charge has been

described by CHALMERS (1955), ‘
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'A-plate‘is'expoeed to the potential gtadient'and is electrically
n_oonnected to the grid of an amplifying triodeo ~When the plate is

removed from the potential gradient the bound charge will leak away
through the grid reeietor of the Valve giving an amplified impulse

: ,iin the output circuit. On re-exposing the:plate charge will flow

1dback to the plate. . The amplitude of the pulses in the anode circuit
‘"givesa measure of the potential gradient. o

The field mill and agrimeter are two field machines which
employ-the above ‘principles to give a continuous measurement of
1'potenﬁia;lgnadient. " Both these machines have been amply describved
’ieleeWhebe.but eince a fdeld-millvnae'been used in this work it has

been thought worth while to deeeribe it again here. A description
of the agrimeter can be found in CHALMERS (1955).
The F;eld Mi1l | o

- In the millitwo identical vanes are set coaxially such that when
. the upper earthed vane is rotated]it altennately covers and exposes
the lower vanee. Hence the flowing of the bound charge through the
dreeistanee to earth produces an alternating voltage which can de

~ amplifiedAand measured. The amplitude of the voltage is directly

proportional to the potential gradient., A nore detailed description
of the mill will be given in m&e#cufm 2,

8ign Qiggrimination

Hd | Becauee the mill gives an elternating output it is not possibvle
.from the output to determine the eign of the potential gradient.
Several methode of eign dieerimination have been employed by

eeveral Workere- all involve further complicating the apparatue.
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‘A method ueed by MAPLESON & wm'rx.ocx (1 955), among others,
“'involves a8 secondary pair of emaller vanes driven on the same axle

‘.a,;ani a phaee sensitive amplifier.‘ ' -

B “ - COLLIN (1962) has described how the sign of the potential
dlgradient may be determined by applying pulses to the rotating vanes
at intervale. o ,

A-eimtlar.method.ie tonepplyuen additional field large enough$
to render the sum of the'appiied and natural potential gradients
positive for all natural negative potential gradients to be

; encountered. :f~ ‘ '

 Problems in the use of the ML

a If there is any contact potential between the two vanes a high

2e10 output will be enoommered. ‘Contact potentials are of the
r'order of a few volts but the eenaration of the vanes is small, about

" 5mm, ~ Thus for a. contact potential of 4 volt there ¥i11 be a

spurious rield of 200 voltq/metre.;. o

. The usual way of overcoming thie problem is to use highly

" polished chromium plated vanes which are unlikely to tarnish.

However, 1t rould seem that.in'an 1ndnstr1e1 area certainly, the

vanes will become coated with foreign matter.

A . Regular cleaning may appear to be the eolution to the problem,
) This Would remove the foreign matter and therefore the contact
f.potential, but one' could not be ‘certain that the vanes would be

'”Areetored to their former state.l' It would seem then that regular
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?cléahing would cause the contact potential to vary in an erratis
manner. | - ' | - S
.'Thé aiternative is to allow foreign'maitei to be deposited on
»~;the vanes and meaeure the zero output regularly, uaing an
1 extrapolation of these resulta to obtain a correction.
A second problem is that of exposure. If a mill 1s to be used
:at any posltign, other than that of having the vanes at ground level,
an expoaﬁre factor has to be foﬁnd. - If there is any space charge
“between theklevels.of the-mills»uaed‘in determining the exposure
factor it will be eubject to. error. (COLLIN 41963) .
| ISRAEL (1963) hae proposed that a11 measurements be stand-
 ardised to height other than ground level, say 2m., and that all
| apparatus shouid}be,instalied atuthié height., If this were doné
- the m111 ﬁoﬁ1d4have to be kept:étlthé ﬁotential of the surroundings
which would involve more electronics, _
Other bound charge methoda have been described by CHALMERS (1953
and IMANIATOV (1962).
Gollectors A N _ |
The-potential gradient is measured with collectors by measuring
the potential at two heights as described previously..“.The potential
is meésured by allowing the always highly insulated collector to
reach the potential of its surroundings after which this potential
: ;s'measured with an electrometer. | |
| Some of the‘earliegi'méasurements in Atmospheric Electricity
‘Vwe?e'méde by Lomohdsov.andlnikhman with an "electric gnomon" or

point. .In sufficiently high fields a highly insulated point will
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f:‘disoharge until its potential ie eqnal to that of its surroundings.
It woald reach the potential of 1ts surroundinge even in low fields

if 1t was allowed sufficient time to colleet (or give off) the

_rnecessary charge by conduotion current. For a reasonably rapid

- frespense the point collector 1e only suitable for high fields.

‘ More recently crozier has used ‘a method employing an extremely

'highly 1neulated point with a high degres of electronic feed-back, -
“ "He refers to his arrangement as a passive antsnna" The details
of the set up are awaiting publication, but it is clear that it will
need a good deal of electronic amplification.
Rater Droppers ggg Atomisers S

' The ‘water dropper devised by KELVIN (4859) attaine the potential

'rjof 1ts surreundings by having the excess charge carried away by the

- water: drope. When there is a potential difference there will also

" be a potential gradient (in addition to the earth's) so lines of

force will end on the dropper and a drop sbout to leave. If the

'v_ydropper ie negative ‘with respect to the surroundings ‘the lines of

force w111 end on negative charges on the drepper and drop and vice
| versa. Hence when a drop leaves it will carry away an amount of

charge depending upon the petential difference and'tne capacity of

. the dropper., - As the drops leave the drepper the charge left and

potential difference will become smaller and smaller until drops
‘eventually cease to carry any net charge.: When this state has been
reached the dropper must be at the potential of the surroundings.




For any given collector and potential dirference the rate at
which the potential 15 equalised depends,upcn the rate at which

' 1drops are expelled.;. In order to- gain a fast reeponee SMIRNOV (190&)

;¢ueed a water collector 1n which the water was forced out and

‘V}ﬂ“fatemtsed.under preseure.; It ie pesefble, with surficient water, to

'"Tuee water collectors “for continuous recording.

'”?'fff'Collectors whicg 1ncreaee 1onieat;on

The 1netantaneoue current, i, flewing te a collector is given by

- iz w vc) /R . )
| | . where V leL

-g:the petential ef the eurreundinge' V ie that or ‘the collector and

" "R 18 the resistance between the air layer of potential V and the

'7'ieolleetor ueually called ‘the. "effective resistance" - The change of

. charge ef the coliector 18 dQ = idt. 1r the capacity of the

| ,.eolleetcr and 1te meaeuring device ie c the relative change in

'petential of the collertor 1n time dt ie:"

‘/(V_VJ /Rc . eeeeoeeeeeo(1e5)
S EO o ~ integrating equation 1.5
. : : ' gives
(for v.a & c eenetant) ‘
: 5/ .
V(,(t) V= (VG(O)'V) e- ........‘-.6(1 06)

o ‘ where Ve (t) 1s the potential .of the collector
at time te ,_
It can be seen from equatioh 1.6 that Vo(t) will approach V

“expongentially with time.’ A measure of the effectiveness of a
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collector is obtéined from the relaxation timeT= RC., T is

© the timé in which the fraction (Vg = V) / (Ve(t) = V) becomes equal
to e, the base of~natﬁra1 logarithﬁa. Olearli to decrease Y ons
can decre&se Ro -~ Now R depends upon ‘the 1onisation of the air;so
to decrease the relaxation time of a collector one must increase the
donisation in the air close to the collector. The earliest way of

increasing ionisation was to use burning or smouldering wicks,

¢andles ahﬂ fuses.

. The Radio-act;ve gollector as an egualiger

' More recently radio-active substances have been used to enhance
‘the natural 1onisatiqn clgse to the collector, Many workers both
experimental WICHMAN (1953), HANNFELD (4932), ISRAEL (1939),
MUHLEISEN (1951), and theoretical WAGNER (1955) have investigated
the-Operaﬁion of the radio-active collector. They have found that
'the magnifude of the effectivgféésistance depends upon the radio-
- active substance used, the qﬁrrént fldwing to the collector and
upon the ventilatioh'of;tﬁé coilecﬁor. '\?he nature of the inter-
" relation has onl&'been given in a very much simplified case, From
‘ ‘a consideration of the fonic currents in the electric field round
a spherical collector located in the centre of a spherical conducting
shell WAGNER (1955){c6ncluded that the effective reé}ancé depends
" upon both the potential applied to 1t and on the wind speed.
DOLEZALEK (1960) in a continuation of Wagner's work has given
the equivalent circuit of a-rédiofactive collector. He considers
the collector as behaving’as an "active; non-linear and asymmetrical
v.;fourfpole".' In his paper he éives chafaoterietics for different

1oads, ( the load being thé resistance of the recording apparatus)




= 8w
'_:anﬂ indicates how the values of the components of the equivalent
'.ﬁcircuit may be determined.

. A danger with ionising collectors i1s that the ilonisation may
distort‘theiconditions they are attempting to measure. If they are
used iﬁ'conjuctidﬂIW1th'dther'éppératus, to measure conductivity for
; inetance, great care must be taken: to reject readings taken when wind
-:was blowing from the 1onieing collector to the other apparatua.

- . It should be noticed that a. wind which blows away ions will
'”cause the effective resietance to incfease and so will 1ncreaee the
relaxation time. »

| KGERASHI & KYOZUKA (1962)»foﬁhﬂ that radid-active collectors
were ndinéﬁitailé for the measnrement‘of‘pbtential gradieht'during
balloon ascents because of the varisble influence of wind speed.

. The eartged gag;o4adt1ve co;iegggg

Another way of using the radio-active collector is to earth it

‘ through a galvanometer. _If}the air close to the collector 1s at a

| positive potential, then negative charge will flow up from earth in an
"‘atiempt‘to neutraiiaé this pétential i.6. in a positive potential
gradient é'positive'éurrent £lows from the collector to earth.

Similarly a negativé poteptial'gradient produces a negative current,

| ngvioﬁs'WOrk done with earthed radio-active collectors
. scheefer's werk
N ih.an invéstigatiop on the‘AmeSpheric.Electrical effects of Jot
.[‘steams-SGHAEFER'(1955)_used a braaé needle wrapped with a small strip
|  of gold foil 1ﬁpregnated with é:Radium salt, the activity of which
was 250 mC (ﬁioroéuiies); This he mounted on a 36 ft. mast taking

the current to earth as an indication of potential gradient.




*Ewind-epeed and suggests that in his case this may be due to the high
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Sohaefer reporte that on dayc with wind speed less than 3 m/sec
the effect of even small gusts of wind is considerable. Schaefer
euggeete that during poeitive, eay. potential gradient the negative
space charge left by the positive current forms a sheath masking the
potential gradient, On removal of the space charge sheath by a gust
.of wind there 18 an‘inorease in current due to the increased potential
ugradient. .Preeumably on daye with wind speed greater than 3m/sec
.the wind effectively removes the spaoe charge 80 that the effect of
gusts is not apprecieble. _ _'

Schaefer regards the earthed rgadio-active collector as a cheap
and effecient instrument with Whieh to measure potential gradient.

In his paper Schaefer does not mention any attempt to calibrate the

g collector but refere throughout to the values of the collector
_u.ourrent._t L S

| Be 's work _."

| At Mount Washington 0bserv¢atory BENT (1955) has used a collecton
of 250/u0 mounted on a X ft. tower. Simultaneous records were
taken by Bent of the collector~earth current and the meteorological

' - parameters: temperature, wind-gspeed and dew-point. From his
'-'recorde he computed mean hourly values and so produced a single 24
hour oecillation which indicated the diurnal varatione noted by other

workers.;; Bent found also that the current was high on days of high

'winde bringing in atmospherio pollution from downwind.
. In eumming up he euggests that the earthed radio-active
'colleotor 1s "a eimple tool with which to study local pollution and

convection"



‘ . ..10, :
, ‘Bent, like Scheefer, did_ndt*make'any attempt to get absolute
'values'of potential gradient but merely used the collector current

'-'to give ‘an 1ndication of potential gradient.

' cgagman'g Wogk

CHAPMAN (1956) has made wind tunnel and free atmosphere

L measurements with earthed radio-active collectors. His collector

. -wag a point round which was wrapped a foil containing 3207u0 of

41 'current before they are sble to reéch the collector.

,.gradium.;' | ‘ “ |
i The collector was placed 1n a wind tunnel between two plates
| separated by one metre. His measarements showed that thers were
“‘threé regimea'o:'rurrent: -i;hé firat‘at low plate voltages was one
) of ;onﬁboiléctioh. described‘ébove;. @he second was that of
. :Saiurétiéh'wheh,the current increased very little or not at all with
’1ncreasing £ield; ‘the third regime occurred at very high fislds and
'*was that of simple corona or point diacharge.~
From his date Chapman has shown that in the ion collection
régime a small increase in wind.speed can 1ncrease the magnitude of
the current by a factor of almost ten. He explains that this is dus
to the space charge which on its remoral dauses the field at the
sollector to be restored to the prevailing value of the surroundings.
For very high wind speeds (above 20 m/sec.) in the first two
. regimes thére'is a decrease in current instead of the normal incfease

This 1s due to the wind removing ions which would contribute to the

From his out of doors measurements Chapman found that sometimes
'he had steady records while at other ‘times they fluctuated greatly.
- He found that the ateady records. were those taken in the saturation

" agime ar an nerfe et]_v ecealm nichta. The rennnda which Pluactucted
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wéfe those tokéh‘withAtholcurrent iess than soturation in periods of
' fluctuating wind speed. (almost always).

| ‘From his data, which he admns, is "rough® he ie able to show
that the effect of wind 19 considerable- for example, at 100 ¥/mr the
collector current was found to vary. 'betwoen 10 Wm.amps and 7@ n.amps
with varying wind speeds. | -
sEggagx of main points. .

f} | It can been seen from the foregoing seotions that there is a
wide range of methods of meaauring potential gradient. It 1s
desirable to have the simplest 1natrument possible. This oriterion
rules out the hound charge methods because of the relatively
complicated machines. Oof the oollectors !able 1, reproduced here
from IMANIATOV (1962), may help the shoice.

The collectore with the- fastest relaxation times are the high
speed atomising collector and the radlo-active collector. Of these
two the;radio-aotive collector(ié.oertainly the most convenient as it
does not 1h#o1vé ejecting water at high pressures.

| ﬂUﬁLEISEN (1951) hae studied expefimentally the effect of wind
on radio-octive.oollectors. Using polohium collectors of saturation
eurrent 20An.amps ho foond that 1h'light winde (apparent calm) there
were varlafions in collector output of up to 30% of the mean, He
recommends that for potential measurement the collector should be
ventillated (to blow away spaoe charge) by a flow of air in the
dlrection of the equipotontial sorfaces. ' The presence of this
artifioial air f‘low.will 'obsouré the natural wind thus leaving' the
collector cuﬁrent unaffected by natural wind fluctuations. The

supply of aipr flow to the radio-active collector would make it almost



as inconvenient as a water}dropper. : |

' Thé on1y insfrument not yet rejected as being unsuitable for
obtaining a measure of potentlal gradient gimply 1s the earthed
redio-active collector.
Object of ggéearch L

SCHAEFER (1955) and BENT (1955),have used the earthed radio-
active collector to give them an indication of potential gradient.
However, without a knowledge of the wind speed it is certainly not
possfble to get anything better than an indications CHAPMAN (1956)
has said "oﬁe-can draw any significant conclusions about the (radio-
active) corona cﬁrrent record as an indication of the earth's
eleétric field only if the wind speed 1is measured too".

From this report of Chapman's it would peem that it may be
possible to get a measure of potential gradient from simul taneous
measurements of radib-actlﬁe collectSr current and wind speed. The
.object of the present work is to determine whéther or not this is so,

If #t is possible to get a reliable measure of potential gradient
-from apparatus as simple as é radio-active collector and an
anemome ter it would prove a most usgful tool to workers in the field
'of Atmospheric Electricity. o | ,

If it can be done the probiém of‘méaeuring potential gradient
would be very much simplified.

N It wbﬁ1d be poséible to make measurementé anywhere without the
. problem of supplying power to the apparatus either by battery or
‘imains supply. , The recording would also be very simple for all that
would dbe heeded would be two Sensitive galvanometers.

' This apparatus would be able to be left for very long.periods
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without maintenance.

‘Note_on_the effect of wind on radio-active colisctors
" Abové'it vas sald that wind would tend to incresse the effective
_resistance of an eqnalising collector by removing ionisation and so
reducing conductivity. : Thue for collectors as equalisers, increase
+in wind epeed will reduce the current. " In the case of the earthsd
¢ollector there will always be a very large potential difference
| between the air cloae to the collector and the collector itself.
Thus the fons will be in a very high field and so virtually unaffect
by the wind., (CHALMERS (1962) has diacuaeed this subject in the em
similar problem of point discharge). " Hence the effect of wind is
" to blow away the excess ions in the space charge sheath which hed
»reduced the field 1.e. the effect of an increase in wind speed is an

1nnrease af current,-
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 CHAPTER g"
DESCRIPTION OF_APPARATU

Overall reguirement

» For the 1nvestigation 1t ie necessary to measure the vertical

E potential gradient, the current down th@ earthed radio-active
d_collector and . the wind speed. ' '

 Bite of investigation ’d _ ,

It has been suggested that ‘this 1nvestigation could be best
'.perfcrmed in a wlnd tunnel. ' Here steady conditions can be practicarh
realised, and variables which cannot be controlled (e.g. temperature
and humidity) could be kept constant, such that there would be no
.'dlsturbing influences. The drawback to thls proposition 1s evident
| when one considers the mechanism of the collector current. Ions are
repelled from (as well as attracted to) the collector. These ions
affect the field close to the collector. The effect on the field of
any ion depends upon its dietance from the collector. Even at great

‘n.dietanoes‘(ﬁheoretically 1nfinite)fif has some effect - although small

' The 1ntegrated effect of many ions may however be appreciable. If
" the ccllector were enclosed inh wind tunnel the ions would be

' vprevented.from diffusing naturally away from the collector, thus

' making any free atmosphere interpretation’of‘results obtained
virtually-meaningless. Furthermoreiif the wind tunnel walls were
‘conducting ihere would be dietortlon-of the ecuipotential surfaces -
round the collector possibly giving mlsleading results.
| The- investigation has been carried out at the Durham Universlty

'SObservatony. ;The,apparatue was mounted on 8 wooden telegraph pole
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" and . the cables led to the Atmospheric Physice Laboratory of the
 0bservatory where records were taken. |

“ -In this work, as with any using natural air flow, it was
}'necessary for the~fe&ch of the wind‘to be undistuﬁbed. From the
'pole this is, the case’ if the wind is blowing from anywhere between

"{NW and SW. Fortunately the prevailing wind is westerly in Durham,

B0 there was little 1noonven1ence 1nvolved in imposing this

: restriction on dbservations.

' The measurement of radio-active collector current

The ideal requirements for tﬁe collector is that its response
should be close to linear for field9 1ess‘than those giving point
discharge. (i.es saturation is not reached before the onset of
" point diséharge).‘ f?hié‘will depend on the height of the collector
and its gébmetrical properties.'~\ItIWas thought that a redio-active
HLightning‘Preventor, which WAsvon;haﬁd, would be suitable, The
Preﬁentor uéed‘Was'a model Qf the British Lightning Preventor Ltd.
7.(F13; 20) . , , .w . _ ,
| Thé radio-active Lightning Pieventor, which from henceforth shél
. pe referred to as!%hé collectbr“, ﬁas'fadiq—active material in three ‘
blaﬁinae distributed éymmetricaliy about the surface of the middle
: plate.‘f~The ﬁotgl activity of the laminae is L6O MC giving an

-1ntensity of ionisation of 1.5 x 1012 ion pairs / sec. Now if the
‘fleld is- sufficiently large to separate all the ion pairs the maximum
‘ or saturation current will be
2 X 1.5 x 1012x 146 x1o-49 = 0.48 /uamps.

'The radio-aotive material used 15 88 Radium 226 which has a half-life

- of 4650 years 80 there need be,no worries about any decrease in
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j'activity over the time of the inwestigation. '
The collector was mounted on the top of the pole, being 7.3
. metmws above the ground . —ﬂ -
. The measurement of Qoten§1a1 gragien .
R A Field Mill waa chosen to measure potential gradient- being an
"1nstrument with which the group has had considerahlo experience.} It
" was mounted u metwes above the ground on the West side of the post so
vvthat during observations the space charge from the collector would nof
be bl,ownl"ovex- the Mill where 1t would affect the poténtial gradient.
The Mill was Operéted upside down to keep out the rain.
Prineiples of operation of the Field WALl

‘The_ﬁill cpnsiats of two exééply similar vanes, one of which is
i'the rotor;which'is made to sﬁin auove the sfator by an electric motor
The statorbie highly insulated by polystyrene blocks and is connected
electrically to earth by a 400 M resistor. When the stator is
exposed to the potential gradient (as 1t is four times in each
-revolution4of the rotor) linea of forcé end:- on the stator. Hence
therevwili'be u bound charge, q,'on the staﬁor where

| g = =eFA eeeereceean(241)

| T R . | | where A is the
. exposedvérea of the stator. iiThis bound chargc can be seen to be
f: directl& broportioualvto thé potential gradient.‘ As the rotor

covers the stator the lines of force will cease to reach the stator,

.“so the bound charge will flow to earth through the high resistor.

As soon as the rotor completely cqvers the stator 1t begins to
| . re~expose the stator causing the bound charge to flow back from earth

through the high resistor to the stator. The alternating current
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‘_through the high reeistor has a triangular wave form and a frequency

. four timesthat of the rotation of the rotor. The alternating

ipotential difference across the 100 M reeietor is amplified, rectified
end recorded as a meaeure of ' the potential gradient.

Since theloutput’of the~Mill ielalternating it is not possible to
distinéuieh'between-positive and negative potential gradients.
However, in thiswworkfthe‘eign.of the potential gradient can be found

. from the collector current record. The cdllector current to earth

_,ivhas the same eign as the potential gradient,

.'lgleetron;ce of the Eield Mil; 3

-In order to maintain the high ineulation of the stator a cathode
follower is used a5 the firet stage of the M1ll amplifier (Fig 2.2).
The cathodeﬂ§pllower has a very high imput impedance (equal to the
Veathode-grid leakage resistance) and serves to isolate the head unit
i described above from the amplifying unite The cathode follower also
‘.provided the energy neeeesary to convey the eignal from the head unit
'along the cables to the recording apparatue.

Snagg and gregautione in eonetructiog
| The snags encountered in the oonetruction are -
(i) contact potential on vanes (see Chapter 1)
(ii) piok-up from varioue sources. This is serious dbecause the
output is. Ao, any piek—up is therefore registered as signal
- (iii) ‘non linearity of the amplifier diode.
;.gontgct gogeggig; R -
The vanes are made of stainlese eteel.k They are polished so

fthat they have as near identical surfacee as poasible, thus minimising

' -the effects of,oontact potential,
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. Sources of pickeu L
| gieggoeleotrio gp microghonie pick-up |

Viberation of any cable or valve can produce interference due to
‘the piezo-electric effect.‘ The valve 1in the cathode follower 1s very
lfsusceptible because of 1ts 'having to be in the head unit with the motx
H'Valves have been designed especially to minimise microphonic pick-up,
' 7e.g. EF 37A and EF 86.1 Sueh a Valve was used with the extra
i[precaution of mounting 1t on & frame suspended by rubber bands. = The
,eomponents associated with the cathode follower were also mounted on
this anti-vibration mounting.

After<the cathode follower‘fhere appeafed'to be no appreciable
: micrOphonie'pickaﬁp se that it was not necessafy to support the |
signal cable rigiél& between the cathode follower and the amplifier.

‘Radiated electric pigk-up |

Any component or wire carrying alternating currents will radiate,
’Thie radiation will be received by any output wires unless precautions
.are taken. Each section of the head unit 1s screened from every
.oths? by'a sheet of earthed aluminium, The outer case of the head
~unit is also screessd aéainsf raaiation from external sources.

Further preesutionszare to use screened mains cables throughout and

. ? to screen the 1nput‘(grid) and output (Gathode) leads of the cathode

“followera' The only part of the field mill which cannot be effecthnﬁy
'jscreened is the stator which, being 1arge, can pick-up a considerable

~‘spurious signal..' ‘This can be minimised by employing en earthed

| guard ring at the 1evel of the vanes.

' 1f the. heaters of ‘the cathode follewer tube are AC the radiation
: isseffectively eliminated by the use of a ”humdinger”.
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‘This 18 a low value potentiometer (up to Sd“ohma) put in parallel with
*‘the heater windinés of the trahsformer with-ihe centré ‘tap earthed.
:_This system acts as an L - R filter, the centre tap is adJusted until
~ the 50 ¢/8 pick-up as observed on an oscilloscope is a minimum. The
,'humdinger was found to be as effective as using DC heaters.
The motor used was a 2uo volt, 50 ¢/s mains synchronous motor.
- The synohronoue motor was used after an attempt had been made with a
‘-foommutator_mopor. _ The signal from thebeparking of the commutator
" .could not be rpduoed to a suffioienily low level g0 as to be
- insignificent in-fine weather fields. (There is of course no
commutator71n a eynchfooooe moto?);j, |
s !aggetic gigg up | : |
The only source is the transformer- thontrouble could be
‘5removed by enclosing the transformer 1n a mu-metal box. However,
'..the eaeier course of moving the transformer a fev feet from the mill
“was adopted with complete sucoosg._k

| F&' ﬂ' eagthigg o A _

Piok-up due to faulty earthing of the rotor will appear on the
:Adisplayod 8ignal as "grass .-» Somo workera,have found that it is
.hecessafy to use a mercury cup to‘éarth the  rotor (e.gs ECCLES 1961).

Trouble:was not however encountered with the. more oonvential carbon
~ brueh earthing. , - , . ,., » - i

"yon-linearigz of the amglifier dlode

' The AC output of the mill has to be rectified before ‘being
recorded. Crwstal diodes. of the uaual type are not 1inear for small
| outputs, In order that most fields would be recorded on the linear 1

- part of the charateriotio ‘an amplifier was employed.



" The ggpligier
The amplifier employed wae a hybrid of the design successfully

-;goi- ;f

‘used by MILNER (1960) end RAISBECK (1963) the circult diagram is shown
in Fige 2.2. | R S
The power for the amplifier wae obtained from a conventional
; power pack with HT etablisers.
‘7';229 Megguremggt of Eing speed
| | Since the site ehoeen was the Durham University Observatory it
was at first ﬂnought t@at the Dines Pressure Tube ‘anemometer on the
“top of the builéing'miéht be used to measure wind speed. There are
;however,'eeveral dieadvantages to this proposition, The chart speed
- of the Dinee is only one inch per hour, This could not be interfered
‘f:u;s it would disturd the meteorological recordings of the ﬁeography
mpartment. The Dinee has. for the convenience or the Geography
], Department been biased go that the sensitivity below 5 meters per
'eecond is greatly supressede Shortfterm wind changes occur very
locally eo thet the wind speed at the Dines position may be (and very
. often is, as later comparisons have shown) very different from the
';f wind at the position of the collector. |
| Any one of these points is sufficient justification for the
adOpte& prqcedure of using an anemometer at the same height as the
sollector on the pole. The anemometer is mounted to the side of an
| eaet-west line drawn threugh ﬁhe 6011ector 80 that the rotating cups

~do not interfere with any space charge cloee to the collector when the

" wind 18 westerly.

The type of anemometer employed is a three cup generator, Itse

:0peration depends simply upon the principles of electro-magnetic
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| induciloni" Thofﬁiﬂﬁ causes the ouﬁo to rotate with a»pefmanent

magnef;J'fThe méghet rotates between the ends of two 1000ohm relay
“eolls (Fig. 2.3)} The oizérof the alternating emf. induced in the

" colls is directly proportional to the angular velocity of the magnet.

" The output is rectified and recorded with & moving coil galvgmeter.
.The long period of the galvqpeter (30 sec.) causes the peaks of the

~ full wave rectifioation to be smoothed and also causes the record to

gilve the average value of the wind of the past half minute. (This is

also the case with the other two records). |

| Ihe detection of wind direction -

In ofder thatrho'records would have been taken when the wind was

. not from the wooﬁ'a wind vane voa_oonotructed. Instead of recording

the difeotion fbom‘whioh the wind wéa blowing the vane was arranged to

actuato a switch which passed current only when the wind was between

NW and SW. This switch closed a. oircuit allowing lights to shire,

oné at the monitoring pannel and the other onto the photographic

reoording paper, whenever the wind yas in the quarter suitable for

vreoordihg. ) |

‘ The moﬁing'Vane carried .a carbon frush on an arm which made

‘contact in the 90° arc when the vane pointed between NW and SW.

| - The Vane was,moﬁnted on a post close to the telegraph pole. It

. was not mounted on thé telegraph pole in case its swinging disturbed
l any space charge presenﬁ. | |

The recording apgargtus -

| The three variablea were photographically recorded by directing

kthe refleoted,beam from the mirror galvanometera onto a rotating

o drum.oamera.'n'Thé galvonometers were used at critical damping, this
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'condition being maintained throughout range changes by the use of
Ayrton Shunts. | |
‘zhe gonitor;gg agpargtus

Little monitoring was found to be necessary in this work. The
'wind speed was-recorded on only two ranges, either one of which was
usually éuiiable for long periods. The potential gradient record
Avwas monitored with a moving coil mieroamméter. The collector current
was fguhd to follow the field, for monitoring purposes, gquite closely.
If 1t had been necessary to monitor the collector current
':rindeﬁendantly a high gain D.C. amplifier would have been needed.

The wave trace from the mill was monitored on an oscilloscope 8o
that‘any'pick-up éould be detected when 1t arose. (None was in fact
deteéted)e : Such'monitorihg by osciiloScope, although helpful, is
not really‘necgssafy but sincg aﬁ'oééiiloecope was avallable it was

‘ pﬁt to this use. - . - Lo - '
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HE CALIBRATION AND OPERATION OF APPARATU
.The Collector
' Qalgbrat;og*

It was neceesary to measure the current flowing to earth from'ﬂm
'oollectoro Th;s,-as has been.eaid,_was done with a sensitive
‘ galvonometer. : TneAgelvonometer_hed‘a.sensitivity for 4 metre
| :separetion'of ecale and galvononeper of 0091 b 4 10'9 anp/em. Pig.
"(3.1) showe the calibration curves for the colleotor current against
deflection on the photographic paper for the ranges used.
o The ranges were chosen 80 that a. fairly high resolution could be
made in all conditions of field of interest. Table 3.1 shows the
factors ofzinterest regarding the collector ranges., |
COIt ean be seen from the table that tﬁe-rangea will not allow
'study of currents muoh greater than 1 microamp. This is not howsver,
'fof any coneequenoe because this 1s 1n the region of point diecharge
_ .and 1is above the. region of the colleotors saturationg
"gperation - | | L
on closing the collector circuit there is a very large surge

~ourrent three or. four times the value it falls to after the surge.

"'~‘When the colleotor circuit is not closed the collector is not earthed.

It 1s therefore acting as an equalieer so will be at the potential of
’pite surroundinga; on being earthed the collector will discharge an
: amount of charge depending upon the potential of its surroundings and
.1t8‘capac1tance. - This surge current may lead to confusion when the

-coilector'is'switched on because the long period of the galvanometer
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causes - 1t to be in evidence for half a minute after switching on
(The time when the ranges are selected)
The problem was very easily overcome by simply not opening the

7 collector oircuit but merely shorting the galvqnometer to get a gero

- ;.trace on the record. This of course keeps the collector permanently

:.iearthed.gl‘ o

It was noticed very early 1n the investigation that the collector
- gave spurious results during and immedietely following precipitation.
vburing these conditions the collector current was well off scale on
“ the least sensitive range 1.6, the current was much greater than a
microamp, always'poeitive and-independent of the potential gradient.

' It had been expected that strange results may be encountered

during rain due to there being perhaps a film of moisture over the
. Jaminae reducing the emitted ionisation. xThie would clearly reduce
‘the current not increase it. pg, | |

It was thought possible that in rain the collector may act in
:. eome way as a water dropperuthe drops carry away negative charge in
-'T”pesitiue'potentiel gradient. If the dropper was earthed, as it is in
4V‘this case, & negatiie-current would flow up from earth, to replace
ithie,charge‘i.e. atpositi#e current would flow to earth through the
;galvonometer from the collector. In a negative potential gradient
the galvonometer WOuld ‘register e negativejcurrent from the collector
to ‘earth due to the. dropper effeot.v

_ The ourrent observed was always positive, even in negative

- potential gradients, so could not therefore be accounted for by the
#"»dropper effectg In addition the dropper effect would produce &
-eurrent dependent.upon the magnitude of the potential gradient.



The current due to the charge on rain drops would be far too small

'.to have any appreciable or even’ detectable effect on thc collector
currents . . I ' | |

7 The most probable cauee of the effect is water bridging the

g rdbber ineulation which holds the oollector to the pole, On either
. 8lde of the 0.1 inch of rubber there 18 ‘a metal fitting. A
;:1aboretory experiment showed that the voltage between the pieces of
't‘an exactly similar arrangement soaked in watar was 20 mV,

There is then during rain a closed circuit to earth through the
gelvonometer and from earth up the. pole the emr. being a voltaic cell
‘of the metal pleoes bounding the 1neulation. Aesuming the pole to
have a resistance during rain lees thah 1ts dry value of 75k

B the total resistance of the loop 18 the same order as that of the

"'galvonometer, BkJL The current flowing in the loop will be of the
71.order of 10/Aampe. | e
 This would acoount for. the value observed.
- ,Evidence in support of this theory 1sAthat during the winter of

"1962~63'the'colieetor showed this'cﬁrrent.for”meny days on end while
‘there was no precipitation but a thick 1ayer of snow bounding the
collector 1nsulationo ‘ v' ) _ )

The collector could only be used with its insulatlon as 1t is

'”vwhen dry conditions were preeent.,. This was not regarded as too

eerious a. draWback as 1r the 1nsuhation had been made 'safe' the other

Aeffects desoribed would have come into play. So that in any event

) ‘the dry and wet behaviour of the collector would be so different as to

e inoompatible.;

l
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- The Field M111 I

gal;bration R

The field mill is calibrated very simply by putting it into an
artifiael field between two platee ‘and applying a potential difference
: Qto the platee. ‘ Oare had to be taken to keep separate calibration
f'curves’for:positive and negative potentialegradients on the loweat_
range becaﬁse 6f]the‘a&stematic errOr;dﬁe to contact potential. The
calibration curves are shown in Fig§'302.

'Ezposure factor S o

Since the mill was not operated3upright with the vanes at ground
level the potential gradient neasured would not be that at ground
.3leyel. Two attempte to dete:mine-fhe exposure factor were made,

_ The exposure '@ is given by.

| _ R =e P seeieeeenienens (301)
. where F 18 the potential gradient at the ground and F' 1s the potent
gradient measuredtby the field mill. . F' is a measure of the number
of lines of force ending on the stator of the mill.
"The,exposure factor has been”defined;te'be the factor by whioh
the field has been concentrated. This definition gives the reciproc ‘
of that 1n>equétion 3.4. Thé attempts to determine e were made by
running two mills eimultaﬁeouslye“ One in itaAposit‘on on the post
and the ‘other in the obeervatory oalibration pit with its vanes at
ground 16981. The mill in the oalibration pit was constructed for
Nwork on precipitation electricity reported elsewhere . by Collin,

" Raisbeck and Chalmers (1963) by Mrs H.l., Collin to whom the suthor is

‘indebtedQ‘ It was calibrated by the author in the manner described

~ &boves ~ From afeomparisien_of the records of the two mills the
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exposure factor oan be easily found.
 For the two ettempts, two fine 8till days with clear aky were
chosen as.being the most suitable for the non-existence of space
charge in fhé layer between'the ievels‘oflthe milla. Space charge
-would cause the potential gradient to be different at the two heights
so the value of e found would be. falae. .

. - The first attempt produced a record for 75 minutes end gave,
faking readings at i minute intervale,a mean for e of 0.265 with a
variance of 0.034, . The eecond determination about a fortnight later

f"glave for a 66 minute record a mean\ralue for e of O 39 with a
variance of 0.058." B |
Statistical tests show that the epparent differences are in fact

significaot ‘differences. There ie a.variance ratio of

wi 1713

31 VW?‘, . which is

| significant at O. 5%." ﬁere the conventionﬁstatistical notation is

being used 1.e. The probability of getting e value of F with degrees

of freedom 149 and i32 as large as 1.M3 by chance from samples having

Athe same variance is less than 1 in 200, |

‘ A student's t! teet on the difference of the means shows the

fdifference to be overwhelmingly significant. Tho value of t 1s
.687; AeSince t is a normalised function the probability of this

'Value of t by .chance from populations of the same mean is equal to

: that of getting a value of 9,687 etandard deviations from the mean of a
',normal population a probability ¢f very much less than 4 in 1010
' These figuresshow that there can be no doubt that the

. determination of exposure ‘factor was erroneous on at least one of the

PPN B o e
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| A eimilar account fo the following has been given.by Collin (1963)
but is worth repeating here with emphaeie on error in exposure factor
rather than potential gradient.

The notation used is ae follows:-

Potential gradient at ground ;;= £ vm
Potential gradient at height h =P v/m
Potentlal gradient oomponent at ground due to the space charge
between the ground and the height h=s v/m
So . P = f -8 .
Potential gradient as measured by the field mill at height
| "h =¥ m/m
~ The true exposure factor }]'e ‘
" The. measured exposure ractor e'

‘rfrom the experiment the expoeure factor w111 be given asj-

‘3.' = f/ll o -oo-aooo (302)

Thie assumee that there 13 no epace charge.

7 NOWH = F/Q -' ‘4enceeee (303)
; : SO e’ = g e B o,ooopooo. (30“)
COF T R

ﬁliereférég:_a L =_2 = 1 - A -
e_- F f - B . '1 - f ss0ecsecn0e (3.5)
’The error 1n the determination made is about 20%

lie. o' = 4 1.2
o e . ,

. hence: '8 = 4.2 =14 T
T 9 -



S On‘daye euiteble for expeeure factor determination £ is of the
" order of 400 m/m.‘. 8o to give 20% error

3 8 = 2Q/1.2 = 16 6 z/m A
Now for uniformly distributed space charge dennity, /~’, B = £ E"

/’-: —' - '_o‘ooooooo (3.6)
vThue the epace charge deneity neeeeeary to give an error of 20% in

’ exposure factor ie

= 416.6 x 8.85 x jOf'f‘z couloumbs / m3
|  =36.9 pO/w3 - |
8o if there exiate about 35 FQ/m3 one can expect a very large
.' error in e. - Since. this is of the same order of magnitude ag the
: ~typicaiﬁaVerage'va1ues which have been found (although higher) it
. would seem-to ﬁe suffieient reeeoh for disregerding any experimental

o determination of exposure faetor using the method described,.

An alternative determination could be made for simple casee by
geemetry but in this inwestigation the proximity of large bushes
renders this approaoh impractic&ble. |

‘ The potential gradients referred to throughout. except where
otherwise stated, refer to thevpotential gradient at the vanes of

the mill, It should be noted that this‘potential gradient 18

* related by a constant of the order of 0.3 to the normally quoted

| potential gradient at the earth'e surface.. This constant,

‘.however, cannot e reliably determined.

Ope tiog _ ,
It was mentioned in the introduction that with field mills



B there is a canger>of a arift in calibration due to changing contact

'ﬂpobenbiala‘bebneen the vanee. u In view of thic calibration was
'repeabed'at the end of‘the'inveatigation. On the higher ranges,
'B and C, there waa no difference that could matter. On the
a'loweat range A .there was a difference, the zero output had changed

"slightly and the caiibration had a syctematic difference from the

) 1:initial calibration. : However a closer examination of the
e"calibration data showed that the second calibration lay within the
ferrorc of the firat (ana vioe-veraa). In view of thie. the firast
‘ calibration waa uaed throughcut. ,- |
‘ Except for the trivial maintenance or replaoing the rubber
:ibanda which perished while supporting the cathode follower unit
the mill worked perfectly throughout the investigation,
.b ’ There was alao no trouble with the " amplifier and its powcr—paoﬂ
o The Aggmometer a | _A_:' -
1 ‘Calibration and opeggtiog |
' The anomometcr was calibrated in the wind tunncl at the
_;INational Coal Board, Scientific Division. Benton, Newcastle upon Ty
'faThe emf's generated by thc anemometer was recorded on a portable
‘V"Scalamp galvonometer. To" obtain the calibration curves shown
| in Fig B.u the recording galvonometer was oalibrated againat the
i'Soalamp for the two rangea used. ‘ |
. The upper curvc was extrapolated when the wind was very high in
v.t.order that winds in the.higher levels 4id not nave to be rejected.
At a first calibration itlnasvnotioed that there was a ‘
:systematic error involved. ~ The anemometer was more sensitive

. when wind epeeds were reached by decreasing .the wind from a higher
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fﬁéluefthat il'iﬁ;Wéé for the samé wind spéed having been reached

‘f:'from a lower‘Value. This was subsequentl& found to be a

' . lubrication fault. It was found that the crror could be

”eliminated 1f the bearings were kept in a bath of light o0il or. a
felt 011 trap Fig. 2e3. .

| The Benton oalibration showed that the anemometer had an onset

value of wind speed for rotation of just below one metre per

second—thus,‘values of wind speed below this value (4 m/sec), which

‘were in fact recorded, wére,subjeét to large errors.

‘ The dnly‘maintenance which was found ﬁo be necessary was

' occasional oiling:of:thg.bearinga.'

A repetition of the calfbfation at the end of the investigatior
‘ahowed that the anemometer was still functioning satisfactorily.
ﬂind Vene: | |

No célibraﬁidn,df‘this 1nstfument was'necessany - it only had
to be set up such that the switoh closed between NW and SW.

S8con after the investigafion was begun the vancs developed an
electrical_fauif. Since it could easily be seeu from the
" leboratory it was not repaired but used simply &. a visual
' 1nﬁicator.



o | RESULTS - _ ‘
Reeords were taken from the beginning of January 1963 until
-,the end of May 1963. At the beginning of March the camera was
| changed as mentioned in chapter 2. Before this time records were
:eaoh of 30 minutes duration. Nona of these short records were
_}'analysed in detail.f, Some however, were analysed graphically (see
B Fig. 5. 8 example) to help decide on the méthod of analysis finally
adopted. |
During thie period of two months when the half hour recordse

‘were taken, all weather conditione and wind directions investigated,

'f'jA brief glance at records taken in rain or when snow was on the

= ,with a Northerly wind. The object of taking the records with wind

fground showed the anomalous behaviour deecribed in Chapter 3.
; , After the new camera was installed longer records could be
_"taken1~ These were taken almost entirely in fine or at least dry
| 1fjweather.v Only oocasionally were records taken in the wind blowing
~ from. direction other than WEST. o | .
Of the ten reoords finally analyeed eight were with Westerly

'ﬂ: winds comprising a total obsePVation time of 12 hra. 4O mins, one

| “hdirection other than West was to. see if there wag in fact any
”’difference as suspected. (Ohapter 2) | |

_ ' A typical record is shown in Fig. h.1; This shows an

T’obviouo oorreiation;between the collector'current; the upper trace,

* and ‘the notentin1 grndient, and the middle trace. Another record
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:fig."uo2 shows 2 gobd correlation»betWeen the collector current and
:the_potgntial gradient. 'Suberimposed on the collector current
recordAare.peaka corfeaponding to the peake in the wind speed i.e.
gustso | This shows how the current increases when the wind blows
away the space charge shesath. _

The thirdfrécord shown Fig. 5.3 shows an effect of interest,
. There is a véryilarge gust of-wiﬂd which @oes not cause an increase
in thé collector'curreht. This is because here the potential
. gradient is so low that the current is only 4 n.amp hence the

; negative sheath left screening the collector is virtually non-

'”'*exietent, B8O that its being blown away is of no consequence.

EﬁE nggma OF RESQLQS FROM THE RECORDS

It can be seen from the records shown that there are vertical
A_lines draﬁn at :égular spacing due to the switching off of a
fogging lampe. ‘ These'lines are drawn each half minute. Now at
4--eaoh of these half minute lines, measurements were méde with scales
.cohstructed with reference to ﬁhe.calibration curves and entered
on data sheets. The information from the data sheets was punched
into five hole paper tape suitable for entry into the University
"Pegasus" COmputer at Newcastle. ’

Having got the data in a form that could be handled by the
computer empirical lines of best fit could very quickly be obtained

| | THE ANALYBIS OF DATA
Graphical dnalysis had shown that there seemed to be
: differéﬁeés ig:behavi§ur of the collector from day tO'day. In
view of thiéfiﬁe'déﬁafﬁere kepﬁ separate and not mixed so that the

“déy-io-day differences could be obsefved in detall and if possible










- 3}4'-

explained. | |
The computer performs the operation of maltiple regression in

the conventional etatistical manner of minimising the equares of

‘Q_,the deviations of-points from the regression equation. If desired

- - .the significance of the regression oquation can be tested up to the

01 % level i.e. any eoerficient which 1s not significantly differer
from zero will»be set equal to zero and a corrected equation for
the remaining Variablespcalculated; | The statistical principles

-'empioyed oan'pe found in any fairly advanced statistical text book.

Two regression equations were found for the ten records

' 'selected for analysis and these verese

o I=a+‘bF+oW+dWF .......(1)
e Te+kF WL A..............(u)

The radio-active collector in some wsys resembles the
fdiseharging point collector. Tnere has been a good desl of work
iidone on the mechanism of point discharge‘e.g; CHALMERS (41952, 1952a
j'1957a,1962)., | o |
- From theoretical considerations CHALMERS (1962) has derived an
B approximate expression for point discharge currents-

| 1 =kW (P - Fo) -

It was suspected ‘that an equstion of this form may fit the results
‘:}Obtained with the radio-active eollector. With a redio-active
'oollector the onset" field should be zero so that we should have:-
o t=
To test this eqpation (11) wes fitted with the expectstion that
both p and q would po unity.
Equation (i) was fitted to see whether there were any onset
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valﬁeé.f If ali the coefficionﬁe in equation (1) were non zero the
egquation could be rearfanged-into a form such ag:-
1= KW - o) (F - nf).

' Equation (1) cannot be fitted by straightforward miltiple
regression,unIQBs WP -is treatedvas'a third independent variable.
'This.dén'ie done without any loss of generality, by expanding the
data to prddqcevthe-broduct WF.- ,

_' ~Eqﬁation'(ii) c‘nnoﬁ ﬁe fitted<by multiple regression of I
against any variablea, however, - a straightforward multiple
regression can be performed to. fit the eguation:-

log I=k+plogh + q log W cresresrvanns (11a)
from which a simple transformation to equation (11) can be made.
“To save 1aborious calculations the computer was used to expand the
rdata to give WP and the natural logarithms.

A further two equations were fitted to the six longer records:

- Fe=a+bl+ W eoesncersacccsesos (111)

Fza® +b" I coeviseocvsncscecces (1V)

N.B, a,b,d, are nbt the same as those in equation (1)

" In fitting pianér ahd lingar'equations one must expect to run
" into trouble whén the collector saturates. To avoid this trouble
bnly those values of the colléétqr»éurrent on the linear current -
- field curve shogld'be used. Erroneous values for the coefficients
- would be got from readings bn'the cunved portion of same. Clearly
1t 15 not posaible to determine where ‘the linearity ends until the
" curve has beenvdrawn,‘ The curve is a statistical fit so there will

" be difficﬁlty in finding a eriterion for rejection on the grounds
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. of non-linearity.

A criterion can, however, be found from the data of CHAPMAN
(1955)«. The chéracteristics he draws are linear until the
‘collectdr current reaches 0.56 of the saturation current. In this

case ﬁheisaturation current 1s 480 n.amps, so that the only useable

data for’planar,and linear eqﬁationsimust have collector current

056 X I&BO = 270 n.ampso

Table 1 shows that in no caee did the collector current exceed

Athis Value thns making no rejection necessary. The reason that no
values of collector current near saturation were observed is
]'because 1t was not possible to take records in wet conditions when

,most high fields occur, The author was not rortunate enough to

observe any occasions when a storm cloud was approaching yielding

'. high fields before tie onset of preclpitation. Nor was any other
R "dry" high field obgerved, ' | |

The results are summarised in Tablea 19 2 3. Le

Table 1 gives a summary of the data and the recording

conditions. o o ff"

Table 2 gives the eoefficients in equation (1)

- Where the . coefficient is zero it has made no significant

improvement to the. £it at the 0¢1% level of significance.

Table 3 gives the coefficient and indices in equation (11)
the value of k has béen taken from equation (1ia) as exp(k').
Table 4 gives the coeffiqiehte of equations (1ii) and (iv).
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No. a b [+

2 177.0 5.530 - 5.621
5 1.2 5.75% - 6,276
6 176.5 4,920 - 5,226
7 130.2 7,094 - 8.715
8 202,5 64207 -12,20

10 110.,0 8,188 -16,77

Coefficienta of equations

FPFza+bI +CWand P xa' « b'I

ZABLE Jy

81,12
72.98
96,46
69.92

67.29

65.27

5534
4285
be 65
6,289
5472
5968
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‘ o 'CHAPTER
'mscussmr_: OF RESULTS AND CONCLUSIONS

Statietical uethod emploxed . ‘
The results have been treated statistically. The'analyeie

'“3A‘eh0ws that none of the equatione give coefficiente which agree for

all the records. To avoid the mass of figures necessary to show
: - the 1nconsieteney from a rigoroue etatistical view point a
simplified demonstration . of the lack of agreement is given here..

Conf;dence Interva; I ’_ _

When any experimental observetion 13 made it has a certain
:inherent error depending upon the precieion of the apparatus and
care taken 1n making the reading. | Similarly when a figure, a
eoefficient for example, is derived statietically from a set of
readings the figure has en error assoclated with it. The exact

- value of'thie error 1is difficult,te assess., However, it is a
;:eimple matter to find the etandard'deviation of the figure, this
" depends upon the number and ebread of the readings.
From the standard deviation a confidence interval can be
'dwepmputed,‘“ The'cqnfidemce interval is a range about an estimate
of a éarameter,within which one can be sure, to a certain

'Aprobabiiity, that the true value of the parameter lies._ 8.g. If

an- estimate, A' of a parameter, A, has a '95% confidence interval'
extending from A1to Ao, it can be said with a certainty of 95% that
| A lies between A1and Ag.

Agglicaggons |
(1) AIf an estimate has 8 confidence interval not including a
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~.eign1ficance required. The greater the precision desired the wider

r‘The cerrelation eceffieiente are thoee given‘by the computer. It

”“would be a high correlation between the potential gradient, F, and

ST
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nnmber, N. 1t can be sdid that the estinate is not an estimate of N

.with oertainty or oonfidence to the appropriate prcbability. If this

ie the caee the- eetimate is 1said to dbe significant;x different from N.
(2) 1f. .two estimates have confidences intervals not including

" each other they are eaid t0 be significantly different.

goggutation .of Goggigence Intervals }
The- width of a confidence 1nterval depende upon the level of

the confidenee 1nterva1 muet be.

For normally distrmb;ed data the confidence 1ntervala for

different prdbabilitiea are given below.

Confidence Interval S Probability %
' Estimate % 4 standard deviation 6843
o % wo el 9505
et -“n:,Afj:."a - 99.75
I A L 99499

Diegusgion of Results _ .
" The eummary of the data given in Tdble 4 is eelf explanaxony.

was expected from graphical analysee and study of records that there

the eollleetor current, I, and aleo between the wind speed, W, and I.

Table 4 shows this generally to-be the case except for W = I in reco

‘Record L is that of least range in wind speed, only 2.1 n/ sec
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BEn

between mlnimum and maximum. . w1th euch a emall range wind effects
A'.cannot be expected to?%ery apparent. except with very many observations

-Unfortunetely,reccrd L4 was too ehort for wind effects te be detected.
'?he‘fiew eiénificent ccbrelatiohe between F and W were entirely
: uneﬁpected.‘ It 18 just possible that this effect could be due to
space charge blowing along the valley from the Consett Iron Works.
_The town of Consett lines VWNW of Durham and the two are linked by a
valley. The Valley may be narrow enough to have held the space
" charge c¢loud together while it drifted with the ‘West wind towards.
Dunham There would be correlation between w and F if the process
‘e-was similar to that observed on the North German coast during off sea
: winde. " This effect 1n Germany was described by MUHLEISEN (4963)

.at the‘uontreux Conference. A‘very_etrong correlation between wind

‘ epeed‘and potentiam_gradientvwee‘obeerved due to space charge being
5lcwn off the sea. | It must be stated that the conditions in Durham
- for thie effect are very poor compared with the coastal observations.
- .In the author 8 opinion this explanation is impewsd qule but the only
~one of which he is aware.. N _
The'coefficients of.equatibn-(i) 1= |

I=as+ bF +cW + dWF o |
are given 1n Table 2. 1If an equation of

"‘Athis form 1s to give a useful representation of the results then the

'”:.eltimatee of the coefficients must be the same, subject to experimcnt
error. Even a brief.glance'at_Table 2 is pufficient to show that a
: number cf;the coefflciente‘ere zeroe This signifies that the
:Tlvariaﬁle in: question makes no significant contribution to fitting the
dataAat'the*O.ﬂ% leiele It is clear then that there are great
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4differencee among the ten equatione repreeented in Table 2, These
great differences make it evident that an equation of the form of
‘equation (1) will oot represent the data. e
Teble 3 givee the constants in the equation i-
A -1 = kFPWQ ouo.uu.n..u-(ii)

Exemination of‘the,teble-ehowe that p is sbout unity and q is about
| a half, Thie would give a nice 'imple equation. . To test whether

.‘Aor not,the valuee cf p are estimates of. unity we assume that p has a ‘

-_fncrmal dietribution with mean unity and standard deviation as given

by the computer. . (The eomputer gives the standard deviation of each
.'eetimate it calculates). For elnormal pOpulation the probability
that a velue will deviate from the ‘mean by 3 standard deviations by

: chance alone 1s 0e3%.

Fiz (5¢1) ehowe the values of p with their deviations. If they

'-were estimates of unity then each epread would include unity. Such

"a spreed ie oalled a confidence interval and has a probability
'.aesigned to ite e.g. given-the 99.7% . confidence interval one can be
sure that ‘on average an estimate of a quantity will 1iRke in the
interval of '99,7% of trials. - The_99.7% confidence intervals are

'”fehown in Fige (5°1)

It ean be eeen that only five cuﬁ of the ‘ten eetimatee include

o ;':unity invtheir~conf1dence interval._ Thue.ehowing that the apparent

N similarity is not. real. |
It can aleo be seen that the confidence intervale are not
ccheietent. i They do not all include each other, therefore it can be
by

'ooncluded that all the data cannot be accurately repreeentedAany

" one of equatione of type (ii).
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Pig, (5 2) showing the confideége intervals for the power of W
a’shows a very similar pioture.. The' tendency to assume that the values

' dbtained are estimates of 0.5 is not valid. The only estimate which

is consistant«with-all others is that of No.l whose confidence interva
1ncludée ali the others,

The gPEat width of the confidence interval of No.4 shows that the
" estimate. is subject to great 1naccuracy. (The eontribution of wind i1
':;record h haa been discussed pr»viouely in relation to the non signifie
_cant correlation coefficient) |

A The same considerations apply here.

_Ipspection of Teble 3 shows_that the estimates of k range over a

<whole arder'df magnitude. This:range 15 not as bad as it appears if
one examines the original regreasion coefficient, k', in equation (1i
'before the transformation to equation (ii) was made. Although even
" here the minimum and maximum differ by a factor of nearly four.
. . From Téble,B it'will be noticed that records 2 and 9 are very
' mubh-differént from alllthe others;"; However, even if they are
Iomitted the‘differences mentionedﬂabbve are still highly significant
although not so atriking. The differences between records 2 and 9
‘and all'the'others is apparént in éveny representation of the data.
Examination of metwrological elemente shows no difference in
conditions which would render: recoras 2 and 9 to be exceptional.
" Both records are sufficiently long to smooth any freak effects which
. may have occurred for a short time. - The author is unable to effer
'Aany plausible explanation for the discrepancy.

It has ‘been mentioned that equation (1) and (11) were fitted wi
physical cqnsiderations in mindi, Equations (111) and (v) represent
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the simpie approacn of fitting straiéhtgorward.regression equations,.
"Fig.,(S.B), (5:4), (5.5) show the constants a,b,c, of equation (4111)
 with their 99.7% oonfidenoeiintérvale'

- -nReferenoe tofFigs. (5.3),.(5.&);Vand (5.5) shows that the values
~of the;ooefficients are not.consistent with each other. The values
and eonfidence‘intervals for the ooeffioients of eguation (iv) are
‘-“shown in Pigs. (5. 6) and (5.7). |

‘ Fig. (506) shows that the estimates of the constant a' in
‘equation (iv) are nearly consistent (i.e. even though the chance of
them: all being estimates of the same value is less than 0,3%, they
'are at least the ‘most consistent yet considered). It is to be

,»expested that equation (iv) should appear to be consistent. ' Since

Lot fits only one variable the deviatons from the best straight line

iawill be large, yielding a large standard deviation and 80 a wide
.confidenee interval.;" _ '
?**E;l Figt (5.1) shows that the estimates of b' are not consistent
' :with the hypothesis thst they are estimates of & single value of b'.

\,"'Posgible value of fittigg other eguatione

Four equations have been fitted to the data and none of these

"fare oonsietent between records. i, The equation of a particular

‘ '.type whioh gives best fit to the data of one record does not give a

. P1t to the data of another. . Therefore 1t can be said that the

" xfinvestigation has fatled to find a way of relating the radio-active

x’37collector current to the potential gradient and wind speed in such

'*:a way that an accurate estimate of potential gradient can be found

'from the other two.
It may be said that only four equations have been triéd and
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1there may well be an equation which, although not #ried, would fit
- the data of all records without having to change the coefficients.
'Fig. (5.8) shows very clearly that this is not the case. The orosses
‘and dats_represent data taken from two different records with the same
wind.dirécﬁion;f Both sets show cleérly that individually some curve
will giﬁefa good fit,to the data, ,'Equally clearly they show that
| qne4equétion wili not give a gdod'répresentation of ail the data
togethef. | |  _' o
Advantage of wind:méasuzgment
BENT (1955) and SCHAEFER (1955)'got an estimaﬁe of potential
gradient from only the collector current, The high positive
' correlaticns obtained in this 1nvestigatioh eonfirm this. The
‘l‘correlations betwren wind and collector current generally obtained
... show that wind has an influence, | Sincé none of the equatiéns found
givesa useable relation for acourate determination of potential
: gradient 1t must be asked PHow good - the equations are as eatimators?”,
. In order to get an eetimate of the accuracy of the predictions o
1"potential gradient for each equation the following procedure was
.}adopted, - A number. of sets of values of F, I and W were taken from
the redbgd, ‘The estimate or P was oalculated for each eguation from
the values of I and W. The root mean aquare of the values of
‘(F - eatimated F) was takenas an estimate of the EI'roYr. It was

';-found that~ten randomly seledted sets of data would give an estimate

L ~of the error reliable to abcut one or two parts in ten. This was

regarded as being sufficiently accurate for an estimate of an estimate
Since equation (i) was not even consistant in its form, thers

being different terms omﬁitted on different occasions, it was not
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' _'considered in this analysis.

Equation (11a) was re-arranged to give Fin terms of T and W -

log1 = K _f'°J,F"_"‘} ‘,’_le EXTTIIITORY (118)
_ ‘-E, 1o lee - ' loa W o )
‘-IQj,F .i P.* ’ 3 A% %
f K [
" He E: e /p I/P..V v/
O( : F A I /w : sevsasenese (11b)

Thf values of these estimates of error in percentages are shown
in Teble 5. | .. '
" The table shows that there 1s no apprecisble difference in
accﬁréc&'bétwaen the-estiﬁﬁtes from differentueqﬁatibna except for
| reebf& ;O. Hence in all but reeord 40 nothing has really been gained
by the measurement of wind speed.
| In‘the cases where the less general équation (114) excluding
w1hd-gives a more acourate result ihan equaticn (11) including wind,
the danger of the use of small samples is in evidence. If the error
of these figﬁres,%to'20%, is-repgllgd 1t can be seen that there i3 no
'.real paradox. '
The difference in accuracy between ‘equations (iv) and the others
in ‘record 10 18 due™a phenomeéna observed by CHAPMAN (1956). In
‘conditions of 1ow field and high winds Chapmap dbserved very great
fiﬁétuatiéne over;short periods.A Because of the great effect of
’;_wiha in tﬁese conditions, those 6f record 10, a large gain in
'accuracy.is made if wind 15 tékén into account. The mention of

| "lOW{field? by Chapman is to-ensure that there s not saturation whe
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wind changes have 1littls or no effect.
| Statgmegt of Conclusions

| As far as this investigation can show 1t is not possible to get
’én accuraéb measure of potentiam gradient from the records of radio-
-active oollector current and wind Speed. |

} An equation derived from simultaneous reading of I, I
and W-givés an error'ct about 8% on average for an estimate of F from
‘T and W taken dufihg the record. if such an equation were used to
f eetimate F beyond the period of the"record an accurasocy of 8% would be
the best one could hope for. | .

However, en the occas;ona where recpvde were takén soon after one
another '(er.g.. records 5 and 6,and 7 and 8), there is significant
differences in the coefficients qf;the equations. Thus it can be
,Seen that.althbugh'an equation may give estimates to an accuracy of
8% initially the error rises very quickly due, possibly, to fluctuaticns
in meteorelégical parsmeters not'méésured. .TPables 2,5 and l4 show
without doubt that no oné'equétioniié‘auitable for any length of time.,

The only use of the earthed radio-active oollector is to give an
1dea of the potential gradient as used by BENT (1955) and SCHAEFER
'ﬂ (4955) « The accuracy gained by measurement of wind is on average
3e7%s Thie, however, leaves the reeidual error of 8%, Thus it
~ ¢an be seen that the trouble of-measuring wind speed does not yleld

a worthwhile dividend in accuracy of estimation. An accauracy of

Vf_‘11.7% being not a great deal he*%er than one of 8% if only an

eetimate i required. .
. The error of 8% ehould not be taken as an indication of the

accuracyuof potential gradient. This error 13 that taken over a
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-’short period when the best £it to conditions prevailing at that time
vonly was made.‘ ' |

The constants in the equations were all found to be inconsistant
with each other. In view of this it is not possihle to make any
- conclusions as to the effect of different wind directions. Although
the tables and figures show differences between the West and non West
(Records 4 and 10) results, these differences are no greater than
those'within the West results alone.

‘_Pesgiyle'regsohs for inconsistenei

In view of the simple way that it is possible, qualitatively at

'leaet, to describe the action of the earthed radlo-active collector

 it is strange that the results should be so erratic.
»ef S Short*term fluctuations ; A‘,; |
| The cause of rapid fluctuations 1n collector current is rapid
'zehanges in potential gradient or wind speed., ‘The rapid changes in
" wind spesd are most likely in fine weather to be predominant. It is
l‘a'common-exberience thet wind speed quite close. to the ground is

: extremely'variable. The guste and eddies in the air moving past the
collector will interfere with the space charge there all the time.
These chenges in space charge affect the current, The duration of
the"chauges‘is very suall. : This is the erux of the matter., For the
" peasons described the wind speed galvonometer had a long (20 sec)
Jperiod. Hence as well as smoothing the peaks of the generated AC 1t
will have sueothed'the small period gusts and eddies. The wind speed
fmeaeured was -an average as were the others. | It msy be that an average

B 1! not good enough While a system with a faster response time may be.
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} ;_To achieve a quicker response time is not guite as easy as 1t
may'apneart 'lt‘COuld not be done with the present system. The wind
would have. to be measured with a non-mechanical anemometer (e.g. hot
wire or'thermistor’. ~ With all records now having a period of 4 or 2
seoe.'photographic'recording becomes difficult for the trace will be
- very faint because of its rapid movement. The camera would have to be

speeded up to avoid the rapid'deflections producing a wide blur on the
paper. .'

The speeding up would facilitate the obtaining of data rapidly
but would result in either ueing a great deal of photographic paper
or sampling over shorter timee. _'

Other eeourcee of variation are hard to find. Tempersture and
pressure eanwhave only.a marginal effect on the range of the radiation
partielees .KoAnaturallatmOSpherie-change in temperature or pressure

'eould'have any apnreciable effect\on the mobility of the ions. High
frelative humidity would not cauee any difference other than marginal

"in the range of the emitted particlee.
The range ie of importance becauee ieae-#erm ion pairs formed a

" long way from the collector will have less chance of rea&dng it, and

‘ contributing to the current, than those formed close to the collector
"“whioh do not have to suffer the effect of wind for so long.
J If some metwrologioal effect allowed the range to increaee more
'~inn paire would be blown away before they could eeparate and migrate

‘as part of the current.

‘Bffect of surface eontam tion on day to dey variations
It s probable that the eurface of the radio-active laminae may

become covered with foreign matter owinL to dew and rain leaving



'-,activity would not affect the eperation of an equalising collector.
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‘deposits dn the;r eventual evapérétion. Such deposits would absord
radiation leaving the laminae and so would rgquce the number of ion-
pairs prod&ced'in¥§he air around the collector. Now since the
‘aocumulétign of'déposits would be~va£i&ble it is to be expected that
{the-charaétéristica‘of the collector current will vary from time to
‘time accdrdihg to the amount ofide§661t present,

It is of 1nterest to note that this variation in effective

Provided that some effective activity remained to perform the

equalising,accumulation of deposits would be of no consequence.
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