W Durham
University

AR

Durham E-Theses

The application of electronic methods to
measurements in atmospheric electricity

Kay, Alfred Ernest

How to cite:

Kay, Alfred Ernest (1950) The application of electronic methods to measurements in atmospheric
electricity, Durham theses, Durham University. Available at Durham E-Theses Online:
http://etheses.dur.ac.uk,/8390/

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a link is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
http://etheses.dur.ac.uk


http://www.dur.ac.uk
http://etheses.dur.ac.uk/8390/
 http://etheses.dur.ac.uk/8390/ 
http://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk

-

Presented in candidature for the degree of
DOCTOR OF PHILOSOPHY
of the University of Durhem

by

"Alfred Ernest Kay, B. Sc.

entitled

THE APPLICATION OF ELECTRONIC METHODS

The copyright of this thesis rests with the author.

No quotation from it should be published without

gzgTiod

his prior written consent and information derived
LIBRARY

from it should be acknowledged. c
: : |
The work was carried out at the @8cience Laboratories

of Darham Colleges in the University of Durhem, during
tha period 1947-1950, under the supervision of
J.A. CHALMERS, M.A., B. 8¢, Phe Do |




THE APPLICATION OF

BELECTRONIC METHODS

j3
o

MEASUREMENTS IR

ATMOSPHERIC ELECTRICITY,




INTRODUGTION, |
" Genersl.

Pine end Stormy ®esther Phenomena
The meintenence of the Earth's Charge
‘ma geparation of Charge | |

The Origin of Charges on _Precip_itatton
‘I’he Alr-Zarth current

) easuremsnt

: '(11)' The Indirect Method

| ) (3443) Genersl Results

(iv) | compééison of the Direcct
"~ end Indirect Methods

Precipitetion Currents
(1) Keasurement
(41) General Results

" CHAPTER X. AN APPARATUS FOR RECORDING
B “BARTH A0 PRECIDIY

1.1 Preliminary mnsidebationa

1.2 The Appparatus

GHAPTER 11, THE GOLLECTOR,

2.1 Ghamcteriatice
N 2.2 Insulation
2,3 FElectrification of the Insulators

Paseo

A D

(W)
A

15
17
17
19




"GHAPTER II,  ZHE COLLECTOR (Continued).

2,4 Contact Potentisl Differences = 3z

' 2.8 The Collector . - a6
. CHAPTER III., THE MEASUREMENT OF SMALL DIRECT

— - cumeents. 20 A

8.1 General Methods 29 A
8.2 The Electrometer Valve o o 40
8.3 Eources of Grid Current | | ' 41
2,4 Use of the Electrometer Valve 42

e B Limitetions.to the Lineaf anplification

of Small Direct Gurrents 46
3.6 A.C. Methode | | | 48
3.7 Selection bf é Kethod 50
CHAPTER IV, A _D,G, NEGATIVE FEEDBACK AWPLIFIER, 52
- 4.1 Design considerationé . 52
4,2 ‘he Ela'ctrometer_'lnpnt stage 53
40 & .Zefro-nritt Compensation ' . 57
4.4 The Main Section of the muplifier . 68
| 4,5 The Recording Apparatus 64
4.6 Celibration and 'Zeroing' 65
4.'? Pai'fomancs o - 67

. 48 Resporise of the Amplifier to 'Impulses' 68
GHAPTER V.  STABILIZED POWER SUPPLIES, 7
Be1 Characteristics | 76

5.2 General Design Considerations ™




Bage

CHAPTER V.  STABILIZED POWER SUPPLIES
R -—Tﬁon‘. aued) ., '

' B+3 Berlier work | ;)
5.4 Ggs-discharge Regulator Valves . 80
6eb | fnelysis of the Circuit ' 83
5.6 ci.rcuit Dat.ails of‘ the High Teneion
o Sapply _ 86

67 Pert‘omance ,, 87
6.8 Mﬂitional Bigh Tension &Dply ‘ 90

Be9 _Heater Power Unit . 90

CHAPTER Vi, THE AUTQMAQXC SHUNT-SELECTING UNIT, 92

6,1 gpecification ,, 92
6.2 Earlier Work - | 93
6.2 An Electronic Trigger Circuit 94
- Ge¢ Ehunt Selector 1 : __ 97
6.5 ohunt gelector 8 . 99
CHAPTER VIf. OPERATIONAL TESTS WITH THE .
o AP ARATUG: 103
7.1 Intmduction '_ _ N . 10% .
7.2 Fluctuation. in Fine Weather | 102
7.3 Compensation for Field Chenges 106
7.4 The Alr-Earth Current o " 109 |
7.6 The Conductivity of the Air 11

706 -Rein -
'7.7 Insulation Feilures




CHAPTER VIII.  CONCLUSIONS. | 113
 SUMMARY | - | 115

REPERENCES

- BLAIES




1.

- INTRODUCTION,

OENERAL,

The study of atmospheric electricity is concerned
wvith the observation and expienation,.both physical and
__xnathematical. of the electrieal conditions in that part
‘_ éf'the earth's aumogphere between thﬁ earth and the
:16noephere. Much greater attention has been given to
the lower region extending to sn altitude of about
70.000 feet, Oenerslly the phenomena cen be claséiriod
ebnveniently according to whether they ere associated

with fine or stormy weether conditions,

FTNE AND STORMY WEATHER PHENOMENA,

1In fine weather there 18 a ’bound' eharge of
negative sign on the earth's surface which is associated
with a poaitivé'electmc field in the lower regions of
the aﬂmoaphere end any concentrations of charge which
exist in thsse rogions are only small. Thus the
“slectrical state of the atmosphere can be represented
by linee of force procesding upwards from the negative
'bound'! cherge on thg-earth end ending on positive
cherges in the.atmoaphére or in the 1onosphere. The
aiyr ie alway- in an ionized state and the existence of
the positive electric fleld gives rige to a vertical

 conduet1on current which bringe positive charge to the
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2.

earth end tends to neutralize the 'bound' negative

charge, However, it is found that the value of the

‘electric field at ground level remeine more or less

constent in fine weather go that the 'bound’ charge,
ﬁeo, muét bs sensibly constant. Thus ia fine weather
the electrical state of the atmosphere is e quasi-
étable one. |

In stoé&y wveather the situsation iz altered

-cansiderably;from_that which has been described for

fine weather, Higher electric flelds which show

gpprecieble fluctuations from time to time are experienced

and under. certain csnditions the direction of the field
15 reversed. The ionic current flowing towards the
eapth's curfsece is sometimes sccompanied by a precipit-
ation current due to the charge carried down by rsin,

snow end hail, while the production of ions by point

. discharge and lightaning dischergee may give rise to en

appreciablé space-charge in the aimosphere. Thus in
atormy weather the electrical situation is s complex
one end is Qynamic_in character due to the movements
of highféonéentrationa of charge which exist, particul-
grly in clouds,

MATNTENANCE OF THE EARTH'S CHARGE.

It has been mentioned that in fine weather the

positive conduction current flowing to the earth tends




tende to noutralize the negative 'bound' charge on the
_ earth's surface which is associated with the positive
.éiectric‘fielé at ground level, Chalmers (1949) has
- céicnlated thet at Kew, for eiample. the 'bound' charge
‘would be destroyed in 48 minutes if no agency for
replenishing this charge existed, The earth is e
'cpnductor_and in coneidering the charge on the surfece
at any point aécounﬁ miet be teken of the net inflow
of charge to the whole surface, Wilson (1920) was
the first to suggest that the negative charge might be
replenished at those pafts of the earth which are
'experiencing stormy weathqr. Later work has confirmed
this 1des. By considoring the four main processes
" pesponsible for the trensference of charge to the earth,
Wbémell (1920) waé abie_to assess, though only epprox-
_imataly, the annuel balence of electrical charge for
1 équare xilometre of the earth's surface at cambiidge.
He geve a value of 40 éoulombs of négatxve charge.
Boraee (1938) and Chalmers and Little (1947) have
puinted-dut the considerable variaticn in the total
" belence of the eléctrical charge for s portion of the

' earth's surface which can occur, if some periods of

'precipitatiqn are not recorded,

THE SEPARATION OP CHARGE. |
From obeervations of the electricity in thunderclouds
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;it has been eatabliehéd thet the typicel tiundercloud
has as least two locslized concentretions of charge;
a positive one in the upper regiocns of the cloud and
a negative one in the base. In England,-eome.-if not
:311; ﬁhunderatoams.have en additional centre of positive
‘charge in the cloud base, Several theories have been
sdvenced to account for this .separation of cherge, dbut
'none of them is wholly adeguate in accounting for all
the featuree observed so far, The msin theories are:-
(=2) simpson (1909): The breeking of water drops.
(b) . GaToBe wWileon (1620): Ion-capture by weter drops,
(o) simgggn and Scrase (1927): Iece friction.
'(a) Findeisen (194‘2: Production of ice-splinters.

(&) Erenkel {19462: Belective ion-cspture by water
' drops,

(£) gganan gnd Reynolds (1950)s Charge separatloﬂ

during freezing of dilute
agueoue sgolutions,

Eech theory congists essentially of a procees in
which water in either the liquid or solid state becomes
electricslly cherged, followed by & separation of the
positively end negatively cherged psrticles under the
1hf1uence of gravity.

PREGIPITATION.

. THE ORIGIN OF CﬁARGLS OH
' Investigetions on thunderstorms by Yorkman end

'.'Reynolas (1949) have shown thet no significant electrical
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effocts are observed in a cumulcniﬁhus cell until radar
has revealéd the pregence of precipitaiion elements,
Thus it aeeﬁs that the seperation of charge in s cloud

' is sccompenied by precipitation, -Thie view was held by

" CoTeR. Wilgon (1923) who stated that ’clouds other then

those essociated with precipitation do not in general
produce coanspicuous effocts on the potentisl gredient at-
the eerth's surface's Observations of the charge brought
down;by-éain'together with aimultaneons measurements of
the electrid £ield at the esrth's surface end the point
:diaeharga current should provide informstion for a
critiéa; exemination of the theories advenced to account
for the éeparatién of charge and the charge carried by
- precipitation, In addition it may be poseible to
estimate the part played.by tne_éherging processes in
o the'region below cloﬁd. ,
 Chelmers (1949) has discussed the main theories in
‘@etail,from the point of view of the cherges carried by
precipitation. serious consideration must dbe given to
theories put forward by Findeisen (1943), Prenkel (1946),
Dinger end Guan (1946) and workmsn end Reynolds (1950).
Pindeisen in a leboratory inveatigation has shown
that 8 surfece on which ice crystels are subliming,
ﬁioducés negatively charged splinters, while positively
charged splinters are fbpmea during veporization. Waen
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| an electric field is &evélopeﬁ betwaen the ‘icing'’
. eurface and an auxiliary electrode the cherged splinters
 have ti;e:pglaruy‘ which ic the inverse of that of the
fleld, Hs suggests that this phenomenon may account
for the charge separation in clouds. According to the
theory the charge on precipitation may be either positive
- or negetive, depending on the pre'va_inng thermodynemical -
conditions, o
Frenkel's theory is based on the fect 't-.hét water
'drope exhibit & permanent polsrization and consequently
cabturie-nﬁgative ions cquite esally; gravitationsl
sepamt,idxi than ‘tekes place betwsen the charged cloud
perticles end the free ions, producing a cloud of
.. positive polarity, He explains that larger drops as
they f£all eerthwards ere polarized in the electric
field in the cloud and 4n the atmosphere below, end may
capturc lons readily. The collection of positive
 charge ie aﬁsgieated as more probeble, beceuse the
poeitive'.='-galar- conductivity is greater then the negative
one, | .
i mnger and Gunn have conducted & geries of experi-
menta on the electrical effeete asccompanyiag the change
_of state ef water. Their results showi-
(a) A trensient change of eontact-potential is
associatea with the freezing of the surface
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| _of pure water,
(b). Ice which contsine ent-vap;}éd ges in the form of
. bubbles becomes positively chérgod on melting,
due to the removal of negative charge by the
. escaping gas bubbles,
- They suggest that _thi_s process wil; be important in
regions where .melting heil existz, because of the

o entrapping of air bubbles during the layer-by-layer

formation of the hailc

| ﬁbx‘kman. end Beynolds, as & result of e series of
:labox}atory expei%mznts have reported the aiucévery of
- an e].et_:tx_-'icai effect aceompanying the orderly freezing
. or.-'dilv;;tjs agueous selutions. Very high potential
" aifferences have been observed across the water-ice
int-erféce and their reesulte show that the polarity end
ma@ituc‘.é' of the pmential dit’ferénce end the quantity
-of 'charge_'separéted, during freezing depend on the nature
‘of the solute and its concentration, Asesuming sn '
elementary thunderatorm model they describe an intsr-
a_et_;i.mi between ice and water which produces & concentrstion
of negative cherge between the 0° G mmd -10° G. igotherms,

very 11ttle progress will be made in trying to under-

sﬁam?. how the charge on precipitation is acquired untii
more is known of tlﬁa-micréph_yeics of ¢loude and the

theories of electrification are formulated on a
guentitative basis.




- 'bound' charge of. 0.87 x 10 coulomb-cme which is equsal

8.

. THE AIR-BARTH GURRENT.

-'(1) - Moesurement. _
It is possible to measure tha air—earth current by
r_ two Andependent methodss The direct method involves
‘the measurcment of the actusl charge reaching en igolated
~ portion of the ¢arth's surface in 2 glven time.
*plternatively it is possible to record simultsneously
- the values of the air donductivity end the electric
field at ground level and deduce the conduction 6urrent
from the product of these two quantitiea.

To measure the air-earth current directly it is
_neceégary to isoléte'a pbrtidn of the earth's surface
-ueing a good 1nsuiating:néteria1 and in order thet the
conditions should be normel, the collecting surface
.'_ahould be placed in the plene of the earth s surface

" and ite electric potential mesintained at earth potential
or aa_near to it as possible, . This measurement of

" charge slso includes eny change in the 'bound' charge
on the surface, unlese some form of compensation is used
40 eliminate the affect of the field changes. A fiseld

-1

change of 100 volta-metra will produce a change of
-13

 3to the charge contribution of the sir-earth current

LYY

(1 x 10 amp-cme) for a period of 10 minutes.  Direct

measurements of the_ain-earth carrent have been carried
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'but by CoT.R, wilson {1906 "and 1916), C. W, lLatz (1911),
| ,G'.C.‘ smpson (1910), FeJ. 8erase (1922), Nolan and

. Nolen (1937), end Chelmsrs and Little (1947).

Wileon used the Universal Portsble Electromster for
his mea.éurements, 4n the t‘olloﬂng menner. The test-
- plate wes maintained at earth—potentiél by adjusting the
'.cmnpenéating condenser, while, the effect of field chenges
was eliminated by beginning snd ending an obseﬁation
with the plate covered, The charge collecting period
was 1 minute, Usually he mounted the instrument on a
- tripod; a cbr-récting factor was therefore necessary to
: convert the results to true eir-earth vaiues. Replacing
' thé electrometer and compenssator by a capiuar& electro-
meter, '*ﬁi_laan was able to obtain continuous adaust;ment
of the potential on the plate to that of the earth.
" Lutz emxéloyed wilson's Universal Portsble RElectro-
meter .and each observation lasted 5 minutes,

gimpecn's method .15_' unique considering the
"dirﬁeulties under which he laboured.,  The exposed
plate cbnaitéd of a8 wooden freme 17.metreezon which
cenvas was tightly stretched. A covering of brown
paper was placed on the canvés and coated with blacklead

%o produce e eonduétihg surface, Hulphur insulators

wore uged to mount the surface about 15 centim_etrea\

-gbove the general ground level. A water-dropping
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system malntained the potential of the 'expoaed surface
at that of the aurroqnding esrth and se the water drops

- emerged fram'the nozzle of the dropper they were caught

in sn insulated vessel which was connected to e Benndorf

Electrnmster._ An electraﬁagnetie relay sysfem actuated

 the recording of the electrometer deflexion every two

minutes, on a moving strip of paper, snd after each

recording the electrometer wee imnediately earthed.

" The potentiel gradient was recorded simulteneously on &

second Benndorf Flectrometer, Corrections for changes
in the 'bound' cherge were mede by using the potentieal
gradients at the béginning end end of each 2 minﬁto
observetion, |

Scrase-employe& a mothod in which the effscts of
field changee were aliminated by means of a quedrsnt

electrometer used differenﬁially. ~ The exposed plate

' wee connected to one pair of quedrants while s polonium

collector for registering the potentiel gradient was

'. connected te the other peir via g variable condenser,

Thus one pair of quedrants recsived the charge due to
the air-earth current together with . any changes in
’bcund' charge due to £ial4d cnangea, while aimultaneously

'the polonium collector reesponded to these rield changes

and effectively released 'bound' cherges en the

eondenser plate gonnected to tho other peir of quadrents,




11,

By add@_éting the capacity of the condenser the effects
_of eny ﬂeld chenges were balenced so that they made no
" contribution to the deflexion of the electrometer.

' B‘n_rexft_unately- Scrase found that the response of the
_pqqu;wn ‘collector was.. -t_o',o slow and as it was not
© Judicious to reduce this reeponse time he minimized

the effect of rapid field changes by placing @ wire
‘net over the exposed plate, The wire net was connected
‘to the polonium 'coJ_.J_..ect_éx- and 1ts height was _éa'aﬁsied

| se_):_t{iat; the f_ield. a"‘vér'-the. exposed plate was always tﬁe

seme 88, t_;hé; meaéured b;v- the collector; conseguently

at times the field was different from that which would

N : ha_#e occurred under naturel conditions. The electro-

meter was earthed for s period-of 1 minute at intervals
of 10 minutes. When the expoeed plate was screened from
the electrie field in the alr by an earthed metal box

4t was found that the electrometer developed a deflexion,

"".l'h_e csuse was traced e.vent.ually to the contget potential

difference between the exposed plate and the lining of
the pit. Corrections wefré applied to the observau;'ms
to a:!.lo\_i for this sdditional charge, A second correction
was mede to compensats for insulation leakege. |

NHolen snd Nolan used Wilson's method with a charge

. éallee‘&mg period of 1 minute for their determination
. of the air-earth currént.' For esch determination of
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 the éarrentfand the electric fieia'they made 8
‘simultaneous me@auremen@_of-thé concentrations of
positive énd negative ions; then,in.a.suﬁaidiary ast
of experiments they deduced thé mesn mobilities of the
ions.concerned, By thie mesns they were sble to
campqreuthe.reeults of eireearth current measurements
by the dirsct end indirect methods, The prodlem was
examined ‘a second time by P.J. Nolen (1940) who this
time measured the conductivities (positive and negativa)
directly, with s form of the Geralén spparatus for
conductivity measurements, whilet making simultanecus
maaanrementa 0r the conduction current by Wilson's
method. -

 Chelmers snd Little made observations of the
eir-earth carrent at-Bnrham-ua;ng s method similar to

_ that employed by Simpson. The cherge reaching an
exposed surface wea collected for periods of 10 minutes
end then the totsl charge was measured by discharging
.1t through a ballistic galvanometer. To reduce the
quentity of charge lost by leakage a condenser of large
capacity was connected bstween the éxpoged surface end
'sarth’, and thiﬁ arrangemant had the added advanlage
of prevanting the pot@ntial of the surface rrom becoming
eansiderably different from thet of the esrth. No

correctiona were. muda for rield changes.
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| - of the methods described, only simpson's, Scrase 8y
ena ‘that of Chalmers and Little sre sulteble for the
| ceminnous obgservetion of the air-earth current over
'.ll_o'ng periods,. ana of tpem has succeeded completelir
h in measuriﬁg the true conduction current under strictly
- néwrgl_-conditions;. the nearest epproach to such
. eahalt&ane being achicved only by Scraese. He meammd

m effect a mesn eonduction current and then calculated

~ from the recorded velues a meen current for each 10

minute period. ‘.Undou‘bteﬁly the most accurate method
g that (me to wilson, but the tedious manipulation

- dnvolved in taking a large number of observations
detracts frod its value as an observationsl method,

It is best reserved for calibretion experiments,

(1) The Indirect Method.
_ gimul taneous measurements of the conductivity of

the sir and the electric field in the atmosphere ere
required for.the determination of the sir-earth current
by t'ms method, A form of the apparatus devised by |

Gerdien (1908) is usuelly employed for the conductivity
- m'easummeh#s. This consists of two concentric metal
¢eylinders between which an electric field is applied.
The inner eylinder is connected to en electrometer to
record the loan current. 4An eir-atream is drawn betwsen

the cylinders at a velocity such thet only e fraction of
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the icns are removed from the eir and Omm's 1aw helds.

: me unipolar eonductivny is then obteined from a |
~ knowledge of the lon current, the geomstry of the
qy;indrl_cal,leléctrodes and the electric field, m |
- reversing the field and repeating the experiment the
‘other ‘unipolar conductivity can be meésured. The
_eonductivity of the eir le determined as the sum of
the noaitive end negetive unipolar conductivities,

A variety of methods (described by Chelmers (1949) ) are

-avauable fer the measurement of the electric 1014,

'-'('u’i)'  generel Begults,
| Table 1 showa some of the results obtained by the

_ twa methods. | ,TABLIE 1.
- o | Cuz'rent —16

L Obsgrver . | ¥ear stgtion _&ng:gnrm F"Ir‘x% ﬁ.ﬁ |
‘wilsen 1906, Edinburgh| 2,22 |- -

: ' 19184 - -
Cerdien | 1907 | Gottingen| - 2.7
gimpson 1910 | simla | 1.8 -

| Lutz - |1911 | munich | 1,0 -
Kahler  |1912 | Potsaam - 2.4
Meuchly 1926 | Oceens - 8.2
Scrase o 1932 | Kew , 1.12 -
Nolen end Nolam  |1857 | Glencree | 2.5 -
chélme:s end Little|1947 | Durhem | 2.2 -
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The ainmel variation of the conduction current
at Kew showa different fezma at different times or the
'year, The winter variation exhibits g meximun at 0600
hotre G.M,T, end a minimum at S100 hours G.M.T. In
- gummer, however, there is & less marked maximum at .
-midnight snd = minimum et 1300 houré G.MsTe  Generally
| -tahé_m is an iaverse relationship between the electric
. field vaz*iaiﬁs_.on and the current variation,
 In foggy weather Scrase found that the air-earth
current is reduced to e fraction of its normsl value and
. someeimea ha observed a negative mrrent, often with a
_pasitive electric txe}.d. The negative current tended
‘w ocecuy only in ’wet' fogs end waa attributed to the
'sottling out' of emell droplots, The decrease in the
current is eanaidered to be due to an increase in the
resistance pf the atmosphere brought ebout by the capture
‘of small ions by the fog droplets., At Durham, Chalmers
. end Little (1947) observed negative fields with negative
currents aurins periods of misty veather, On these

occasions the conductivity was elmost normal,

(v) gomperison of the Direct and Indirect Methode,

| The direct method measuree the tonduction current
entering the eax'th while the indirect method measures
the current st e certsin height ebove the ground, The

form of the two currentis ls different; the fquex- is
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uniﬁblai.(goaitive iong) whereas the latter is dipoiar.
Ihus'fundamsntally the two methods do not measure the
‘same event, At one time it wes considered that the
'indirect method gave velues of the current equel to
about twice those obtained by the direct method end
experimentel results eceemed to support this ideas,
6baarvational results hed sﬁown_that the electric rield
wes conptant in the first fow metres sbove ground and
the positive and negstive conductivitiocs were equals
Thus, if thé‘positive conductivity 414 not vary with

- height the factor é wae essily accounted for, but this
laésumption'implied the existence of a convection current
equal to the-p:oduct of the electric field and the
negative conductivity., Watson (1929), however, had

" shown that et Kew there wes no space-chergs within the
first méﬁre above the groﬁna end so the existencs of a
qoﬁvect;on current wes considered to be doubtful, The
resulte obtained by Holan and Nolan (1937) at Glencree
showed that the convection current was insignificant,
Then Hogg (1@39) gave further support to the identity
of the results of the direct end indirect methods by

. ghowing that the poeitive conductivity st ground level
-is equal to the dipoler conductivity at a height of

) § metre. and that the vositive conductivity decreases

Twith height. . Theoreticel work by Chalmers (1946), in
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whiéh he assumes @ reasonable relationship for the
::_v@pﬁétaonﬁofrionizatian wiﬁh'height; indicates the
-pqégibﬁi&h& of a state of equilibrium Qf'ionizatzén
'_mn;which'the:total spece-cherge 16 noﬁ 1arge'enough
‘to produce eny significent chenge of field with height,

P -mipxmmew CURRENTS,

(i) Heasurement.,

- Two methods sre available, using either & colleetor
shielded fraﬂ the electric field or e fullyaexpoaed one.
'The fbamer.methoﬁ-is generelly employed for investigations
on the charge carried by précipitaticn, while the latter

' ié'mpré suited for studying the function of precipite
atidn in the maintenancs of the earth's charge. The

| fui;y exposed collector meesures the actual transfer of
chérge to the earth and includes any secondsry effects
which may dbe produced by i_he splashing of the rain, Ay |
sipnificant increase in the conduction current which may
oceur.in wet weather ie &€lso recorded by this type of
collector, The shielded collector mesaures only the
cherge on rain and in addition the results may not be
ttuly represgntative of the rsin, fbr.driving rain
:@énnot.entér'the reesiving vesael,

. The ehielded collector is designed so that any
'_dharges prcducéd ingide it by the Lenerd effect are not
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ldstl_ih'_thg' s'glashing process, An electrometer 1é o
 gencrally used ss the rocording ingtrument. Elster and
: eeitel (1888.), Kahler (1909), schindelhsuer (191.3).
Baldit (1911), (1912), and Simpson (1909) heve made
ﬁbaematiens on the cmérg@ brought down dy rain with
t;hﬂf.a:_type of experimental arrangement. The recording
'géﬁﬂﬁs wem usually of the order of a few minutes.
M’Glelland end Nolen (1018), H'Clellend and Gilmour
_(19 20), mss Réarwic!c (1920) , =nd Scrase (1928) have used
‘e modified eystem in order to detem‘ine the charge
‘carpried by a definite quantity of rain, The" rain was |
' cought in @ suall bucket which was shielded from the
electric field end also protected from the effects of
splashiaga - ¥when the bueket_',was full it entomatically
ejected its contents end simaltenecusly the electrometer
wag esrthed, thus completing the record for that quentity
of rain, Scmn&elhmei', Simpson end Screse sre suong
_the- few who have mede continuous measurements;_ tﬁc
lest two nemed employed photogrephic recording.,
| The completely exposed collector has been used by
a number of workers, the first of wﬁom'.was_ weips (1906).
Ho used & wire brush to catch the reindrops, but
| ‘unfortunately his resultse ware affected by charge
..collecuon due to point diacharge.
Herath (1514) used & large erea of cloth suspended
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-_by 1naulatora-end connected to earth vié & galvanometer,
the Qeflexion of the lstter being recorded photographe
‘icslly. The cloth eprau‘rg' d14 not represent natursl

- conditions at all, thus 1t 1s péesible that the results
he obtained were sericusly influenced by the effecte of
: splashing, -

| ‘#lleon  (1916) used 8 system in which complete
compensation for the effects of splashing was achieved
by having & guerd ring earound the collector snd msking
foﬁéir surfaces ag natural aé poseidle, . He made only

| a Mmited number of observations,

Bchonland (1928) and Chalmers snd Little (1947)
have slso used the compenssted collecting system. The
1stter colleeted the charge received Guring perlods of
: '10 minutes and then discharged it through a galvanometer. _
the aeﬂexion being recorded photagraphicany. |

(11) Generel Results.

It see:me probeble that the electricity of prec!.pit-
at:i.pn is poaitive, but more world-wide continuous
meamremente are ngce'ssary before any definite concluaion
ean be resched, The results for continucus rein shov a
positive excess of charge which is more evident than in
) other t.vpas of rain, On meny occasions continuoue rain
hae been observed to bring ‘down poeitive charge for long
- periade-. . chower rain usually exhibite an excess of
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iiég&%i've chérge, while thunderstorm rein shows a positive

. excess. - |

- It has aenerally been found thet periods during
'which- t.}w;m is positive rain are longer then those
_'dm-ing which the rein is negatively charged, Often this
ratio is mater t.han the ratio of the total quanutiss
of charge. showing that the periods of negative charge
yield more tnghly charged rein then periods of positive
eharge.

- The charges per unit volume- of m’tef measured by
~different obesrvers in different types of rain very from
'_'o.o_l Ee8.Us/cCe to 22 B 8.U./cce  For continuous rain
1 E,8,U,/cc. is en average velue, while 2 E.8U./cc. 1s
] reasonable average for showers and storms.

| simpson (1509) &nd Schindelheuer (1012) found very

1ight rain to ba highly cha‘rgeﬂ', while Scrage (1938)

found 1t to be otherwise.
Ra:l.n @rrent meamvementa proviae values ranging

£rom _].O anp-ans. to 10 anp-ana.& for continuous rain,
and ub to 10°* emp-cme,  for showers. |

Balait (1011, 1913) hes observed the polarity of
the rain charge to change o nunber of times within a |
perigd of 2 minutes.

| ‘The relationship between rain charge and the electric

field hee received consigersble attention. ~ In storms
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- end ehowers there eppears to be mo genersl relation, .

though Simpson (1909) found that there was usually en

excesgs of positive pain end negativé fTield, Latev work
. by Simpson (1949) has shown that the reletionship between

tha electri.city on rein snd the eloctric field is

. 'enﬁimly different for field velues greater than

¥ 20 Volté'cns-’- » from what it is for gradients less then
% 10 volt-ome” , In the former case Simpaon found that
mg- relstion between the rain current U , the point

diaeharg'e current through & single point I and the rate

'of rainfaell R' could be expressed equally well in eny
. _ one of the three rollowing waye:

% = 20X 10 (R)ow
o oot

T .~ SSx 10° (’ )

_l".‘ . , R.‘ |

T 4x10° (R'+ 20)

From the observations he deduced that the rain current

collects ns.oharga from the normal point discherge

-current, end during very he-avy- rain the rain current

%
would become equal %o the point discharge current, due
to the cepture of all the ions produced in the dlecherge,
¥or the smeller fields, it wes found that the observations .
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‘were satisfied by the empirical relationship
o . | ¢ = - oo0i45(P-%4)
‘where ¢/ is the charge per unit volume of rain in
IE.S.Hs/ee end P is the field strength in Vblt-ans-l.
“ﬁﬁrzng periods of steady snowfall the field was between
aero_and_¢'4.vb1t-cm§?; end ﬁhe charge was negative,
wpereae'fér rain it wes positive, simpéon was uneble
to offer any satisfactory interpretation of the results
'jfin'tenna-of'the ﬁheoriesfsdyancedito-aceaunt for the
dharge on precipitation.
- observations on the charge on snow have shown that
'_'ihere may ba'Qitner a positive or negetive.exceaa,
..égpending anﬁthe'preVailing‘canditions.' gleet and
heil sre ueuslly positively cﬁérgéa. but Chelmers and

itttle (1929) recorded very lerge nggative currents,



1,1 PRELIMINARY GONBIDERATIONS.

For investigating eny of the physicsl character-
istics of 'the certh’'s atmosphere it 1s essentiel to -
use en spparatus which will record the observations
sutomatieslly during every hour of the dey end for
every day of the yesr, Only under such conditions
is 4t possidble to give en unreserved interpretation

_ of the results. |

Two methods of reéording are aveiladble for most

types'oi‘ observation, the photograph&c method end the
 more direct mothod of using & pen-recorder, The
'1at.1;ex-" syster hes seversl edventages. It is easy to
set up, and in the long run i8 xﬁor.e economical than
the photogrephic system, Furthermore, with the pen-
ree_e‘rder the rocordinge can be exeminéd as the events
ocours This. ie en adventsge which must not be over-
looked when studying phenomena which recur very
1nfrequent1§¢ .In fact, 1t was the determining factor
in the eelection of the method of measuremént to be
- outlined in this chapter. |
| Apparatus used for meking continuoﬁn observations

~ should need 8@ little supervision end meintenences es .
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poseible, Also it ehould be sufficiently robust to

withetand the heavy weer snd tesr of continuous

operaﬁ,;on.' Economy, too, is en importent consideration

in '!iha_ d_ssign of large-scsle apparatns.-

THE APPARATUS,

It was decided to design en electronic measuring

" gystem which mﬁld_ba_uéea with a temporary photographic

'reéording unit, Later it would be a simple matter to

_chenge to an electromagnetic pen-recording system,

The complete epparatus is shown schematicslly in

Swited

S m iy

) T She nt

Agrimeter Clreelt  |pgwer Unit 1 Selacter
Néeter Ny
Power Unit- [-----FPower Unit

SCHEMATIC — AIR-EARTH CURRENT RECORDER|

FIGURE 1,
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It conaists of an insulated eurface connected to an.
| 3 a_npliﬂer for measuring the emall currents reaching
-the éurfaoe; . A mirror 'gali_ranemater. is usbd to record
. the messurements, end its sensitivity is controlled
sutomaticelly socording to the megnitude of the
atmospheric slectric currente by 8 shunt-selector unit,
R A swﬂ;ch inserted between the collector snd the emplifier
is operated from a relsy circ:nit, end enables a record
o of 'th'e s'mplii'_iér zero t0 be obtained periodically,
'mé'agrimete!' is used in other research work to measure
the electric fieold at ground level., - It was used in
this resesrch in en ettempt to ennul the effects of
R field changes in the ma;lnet* described by Scrase (1933),
Power supplies ‘ere obtained from the A.C. mains supply
and are well stebilizeds |

_ The individuel units of the epparatus are discussed

| 1n detall in the next chapierse,
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To meagure the'a&n-earth current it is necessary

to use & surface which 1s well exposed to the atmosphere,
. whereas for rain-mrrént measurements, as Aiscussed en“

'_ pagel?, two types o:‘ collector ai*e available, At the
outset it was decided to uee & ful,ly-'-fexposed collector

- for bdoth the sir-earth and ra_m-current measurements,

‘@8 this is the simplest manganeht which can he obtained,

" The ares of the exposed surface was determined so that

the minimum current to beé measured was of the order of

-

30 d Liwnpere-. A high resigtance of magnitude 10 " ohms

was edopted for eonver%;ng this miprept into a voltage

"of & magnitude which can be measured easily, Thus,

for relisble measurements, it is necessary to keep the
leskage resistance of the supporting insulators of the
collector ebove a value of 10'~ ohms end the choice of

| insulating materisls is important, The method of

compengation for the effects of the splashing of rain
suggested by wileon (1916) should be used for a fully-

~ exposed collectory

INEULATION.

Polystyrene and perspex are the two materisls which
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 were considered for use in the construct‘;_on of
"-'aupporti_ng 1n,§aﬁ1atox-'s 'fpr'.the:.oollgctor. Both
magtertals are easily machined and have gbod mecheni cal
.prppért;igs. . ferapeir. wae éventuaily rejected in |
.' favour of puiyatyr_ene beceuse it unfortunately a.b;q»rbs
'nzoist_uie. -_ 'rhg high frequency conéehtric cable with

| . a solid polyetnylepe ;ngulgticn was selected ﬁo gerve
. &8 the .eleet_rioal connexion between the collector and
the emplifier, The resistivities of polystyrene

snd polyeth&léne- are given in the following table,

- Volune sarface
Materisl | Resistivity | Resistivity
1. ohms=cn ™3 ohms-an "2
Polystyrene 107 <10" . ,;I.o’6 - 10"
. _ . | N} . ) . 16
Polyethylene 10 > 10

A study of the insulating properties of these
- materiels in damp weather wes made using the
- arrengement shown in Figure 2,
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/ Metal plate

Palystynne - 'J

"
il ——H_F. Concentric ceble

| '
ulh
K ) ( )

€arthing spike —|| _ - ‘L—o 1

FIGURE 2.

The insulated metal pl'ate- was mounted in & hole in
the ground with the plate at surface level. A long
length of screened caeble connected the plate to the

| measuring e@;mnﬁ in the leboratory. A length of

) pélyet_hylene ebout 6 inches iong wes expoee'd' at the
plate end of the cable by removing the polyvinyl chloride
eoiez'_ end the braided cheath. Both ends of the cable
were seeled with paroffin wax to prevent moisture from
penetrating between the braided shesth snd the poly-
othylene insuletion. The plate was left out of doors
for ebout & tortnight and each morning the leskage
resistancs of ths syétem was megéﬁred in the following

xnan;ier:
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. A mica condenser, C, of cepacitence 0,02 microferads
" .end leskege resistance greater than 10" chme wae
charged to a potential of & volte and immediately
'.'-mschargga... through the ballistic gelvenometer, the
@Geflexion, 4, being noted, The condenser was then
- pecharged to the same potential snd sllowed to discharge
Naturally for 10 minutes before being discherged through
the galvanometer, This deflexion, dg , was observed.
. The leékage resistance, R, of the condenser wes deduced
from the relation; |
% .= .:RC’ R .(Z-Ol)
_whem-. t. is the tinie of natural _die-charge-- end G the
| capacitance of theleondenaer; The cable wes next
| connaected in perallel with the condenser and the
lsakage resistence of the combination was determined
in the ésne menner, From these two results it was a
simple matter to deduce the leekage resistance of the
metel plate a_nd connecting cable, The capaeitgnce
61’ the ceble was of the order of a few hundred
micromicrofarads and could be neglected in the ealcgl-
ations. .Several observations were always mede end &
mean value deduced from them, The effect of electrical
heating wes elso studied, The results are summarized

in the following table:
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Leskage

Gonditione. Resistance
Ohma,
Eleotrieany heated, : 2
all weathers 210
Feir weather, | ’ "
low i‘mmi&ty 10 -10
Bigh humidity, u 0
-~ Qemp ground 10 -« 10
After night dew or 19 q
daring 1ight rain 10 - 10
Heavy rain, snow J_;Oq - 108

. In sddition to the sbove results, it was observed that
the pamfﬁn wax succeesfully prevented moiasture from
.'_antering the oable. aud 80 it was nevex- necessary to

~ heat the main body of the cable.

'mus it was avident that satisfactory msulation
condiuons wum be achievea by ‘employing electrical

- heating and sh:lelding tha polystyrene insulators from
- dust end rein.

ELECTRIFICATION OF THE INSULATORS,

Daring prelimihary tests w:lth'-the complete

apparétus shown in Pigure 1 1t was observed that there
‘were rather large fluctuations in the galvenometer

" doflexion whioch persisted when the collector was
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'scbeened from the aumqspheée. tﬁough to & lesser degree,

These fluctuations arose from two 1nde§éndent clueea{

They weres- N |

(a) Ingtebility of the emplifier. The large capacit-
ancé ﬁetween the input grid snd earth sltered

the feedback conditions in the emplifiers

: (B) Erictienel charges on the insulators. Thege were
broduced whenever_thé.pélyethyiene.tnsulation"
of the csble or the'polystyrone gupporting
insulator was.subaqct to etreins of eany kind.

| 1t is worth noting that when the collector is
exposed to the atmosphere thers is an additional

. contribution from field chenges,

The’firaﬁ_canse wes eliminated by inserting the
resistance B9 in the smplifier circult (Figureit.),

i1t was then possible to observe the fluctuations due

to the'frictionél charges alone, The insertion of

the resistance RO in some measure reducsd the apparent
megnitude of the fluctuations, but this is explained
in Section 4.8. The connecting ceble was now.buried

-in the soil to prevent 1t being disturbed by wind,

 but even this did not eliminate the fluctuations

completely, The ceble was now susceptidle to changes
in pressure on the soil, and the verticel portion

enclosed in the vertleal'suﬁport for the collector
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tendéa to respond to eny slight movement of the -

" collectors A complete solution to the prodblem was

- found by enclosing the cable inside conduit pipe

which is supported and fixed in such a menner es to

prevent the whole structure from executing lsrge
‘vibrations. The vertical portion of the cable is

supported by & paraffin wex filling ineide the supporting

gtem for the coilectbrgf As & further measure, the

" surface of the collector 1s sbout 1} inches delow

2.4

ground level in order to shield it from the wind,

Violent action ig now néeesaary to produce frictional

_charges which cen be observed with the gelvancmeter.

CONTACT POTENTIAL DIFFERERCES,

During tests to sscertain whether periodic

isolation of the emplifier from the colleotor would

provide 8 'zero-.dntmn 1ine for the current messurements,

it was found that this 'zero' did not coincide with the

‘zero' obtained by screening the collecter from the

atmosphere. The latter 'zero' corresponded to &
. ~16 - _

poeitive current of 10. smpere-.-c:nsz in relation to

the former. If the acreened collector was disconnected

from the empiifier for a short period and then reconnected

a lerge impulse was delivered to the gelvenometer, and

'after geverel observations it was noted that the magni-
'tude of the impulse was proportional to the time during

‘which the collector rematned_ihsulated. It was now
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deduced thet the collector wes receiving ions fram the
ety in the pit, end 1t was presumed thet thie lonie |
- carrent arose beceuss of contact potential differences
" between the collector snd the surrounding soil,
Serase (193%) had observed an effect similar to this
~one, Methods to el,i_minat.e' the effect wore considered,
They were:- | ’ |
(a) Introduction of an' ‘artificial' electric field in
the pit to preoduce 8 counterbdelaneing ionic
o e_urmnt.
(bs Covering the outer surface of the collector with
| & thin leyer of soil (#ilsen 1916). '
(¢) Lining the pit. wlth the pems materisl as the
ealleef.or, : '
(8) Covering the outer surface of the collector and
| the lining of the pit with the seme material,
'I_-‘he'-'first method was tried and proved to be

succepsful.  An insuleted copper jplate was mounted

underneath the collector and the negative potential

 epplied to it was varied uatil .the collecfor showed

no sign of éharging-up wilen it was disconnected from

the ampliﬂeb. The mothod was not put into operation
becsuse it was considersd that the varistions of moisture
content in the soil would produce & verisble contact

potentisl difference, thus necessitating continuous
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~ sdjustment of the compeneating potentisl epplied to the
plaf.e. | ' |
Attempte were made to prlace a coatin.g of soil on a

n;etal plﬁﬁe, _bu,t they met with little success, Further-
n‘xo're. it was i’qreseen that this .coating would have to be
renewed from time to time dué to the effects of weather-
ing, end 60 no further attention was given to method (b),

| Method (o) wes considered to be a more practical
‘method, buf. the quantity of copper sheet reguired
indicated that it would be an expensive one, In the
Mteresﬁe ol economy the method was modified, and
method (d) was the outcome, The pit was 1lined with
iron sheet end eluninium 'metasllic’ paint was applied
" to the innez"‘ surface of this eheet and the ocuter surface
of. the collector. Paint wee also applied to the under-
sida of't.he_-screehing plate and the exposed surface. of
the collect;or. This method has been adopted and has
functioned satisfactorily. Trace B of Plate I on page
| - 8hows a zero datum level covering = period of 16 houra
with the collector screened and connected to the amplifier,
A second datum line corresponding to the 5 minute periods
8% 2 hour intervals when the emplifier was disconnected
from the collector cen elso be sesn, It will be
'. observed that e slight discrepancy betwesn the datum
lines still remaine, but this is only equivelent to a




The Collector.

FIGURE 3.




2,6 T

-7 - .
current of 2 x 10 amp_oz-a--msz'., Thie current ie

- probably due to ions reaching the collector in a

eanvéct_ion current which ¢sn arise in the pit,

ﬁ QOQLEGTOR.
| 'I'he eolleetor is set wp m a pxt which 1- about

& feot decp snd 2 feet in diemeter. A side-day ie
pmﬂagza to faclilitate maintenance, The pit is located

approximately 18 feet from the leboratory. A circular
| bmck'ﬁan has been built inside the hole to support

the aurmunding goil, Figure 3. shows the instal‘lation.
The design of the collector 1teelr is :lllustz-ated

in Figum 4, (on page "6)- |

'rha haniepherical ahape WaS choeen to minimize
ti;e efffecta due to rain utxf_iking the ocuter surface of
the miieetor anh‘then falling to 'ﬁhe ground, The
bovl has a diametex' of 20 inches end the area of the

exposed eurface is appmximutely 2000 cnsz'. A thin

layer of soil can -be placed on *bhe gz-m in the bowl s0

that the exposed surface is physically the sune es the
-surmunding surface. 'In fhis way cocmplete compengation
for the effects of the splaching of rain is obteined,

The air g8p betwen the collectar and the guerd ring |

is sbout an inch wide. The mnzcal-shaped collecting
m;_ay undernesth the collector is uged to catoh eny drops
of rein which drip off the outer surface of the collector,
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The polystyrene insulator is sbout & inches in dismeter
. &nd the exposed surface is asbout an inch long, A fim
support has been obtained by bolting the insulator to

the brass cups which hold it at each end. A hole § inch

in’ enaneter has been drilled down the axis of the
znsulator 8¢ that the eonnecting oable esn pass through

13 snd up to the coppex' bowl, The polystyrene has been

polished w:lth aewellere rouge in oil and then washed

with soap end water, The bowl with the ;nculator

attached is aax'ewod into the top of the T-Jjunction, snd
" &t the seme time &t holds thie screened heating coil in
place, The heater hes 8 resistance of S0 olms snd the

"current 1t carries is regulated by means of a rheostat,
It 48 never 'anoved to aisipéte more then 40 watts,

otherwige the polystyrene éhows signs of overheating,

In addition th preventing the qondensation of moisture
- on the m;sulf.a_tor, the heater protects it from rain,

dust end stray electric fielde, an 'esrth’' terminal

is mounted on the verticsl support bblow the 7-junction,

The iron sheet lining and 8 connecting irzre from the

lsboratory sre connected to this terminal. The connect-

ing scree‘xiegl cable is cerried in conduit pipe from the

| lsboratory to the collector. The portion of cable

which pro:lactn above the T- junction has been stripred

et the polyvinyl chloride cover end braided sheath,
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Paraffin wax completely fills the 'lﬁjunation to pi'event
movement of the cable at this point, and also seals
off thie end of the cable from the atmosphere, The
!Jm_e:f' conductor of the ceble is secured inside the
braec plunger by mesnas of a bolt, w_hn.e the braided
‘gheath is connected to earth st the amplifier end, |
' The. joint between the plunger and the collector is
- sesled with paraffin wax to prevent the penotration of
watei*. - An 4ron plate can be supported on the iron
~ sheet lining to screen the collector when necessery,

maring foggy weather it was found that moigture
condensed in the tube immediately below the plunger
- gnd then it dripped down into the top of the T-junction
-' and ceused a serious drop in the leakage resistence of'
the collector. To coniater this effect the tube waa
blocked with pereffin wax just below the plunger, 8o
that any moigture which condeneed on the cold metal
-euz‘face could not reach the insulator, ‘

To discourage spiders from building webs across
' the gap separating the collector from the guard ring, “
Ii.D._, T, powder is spreed liberally eround the collector
| | and some is placed in the bottom of the pit. In demp
' weather the webs reduce the leskage resistsnce and
sometimes _S_.nd_ivldual fibres are difficult to detect.

The brick and iron sheet linings keep the
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" equipment in the pit in & very clean condition which
ie assahtial for this typé of work,
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.  CHAPTER III,
THE MEASUREMENT OP SMALL DIREOT CURRENTS,

8,1 GENBRAL METHODS, |
| . Three types of instrument ere available for
measuring small direct currente, They are tﬁe
elee_técméter, the -galvanénieter and the thermionic
valve,
. gelvenometers are only suitable for measuring
carrents gre‘atéx' '_than .10"'°‘ amperes. A typicel moving
coil instrument has e seneitivity of 12,000 ma/micro-
anpere, while the moving magnet type can heve a
-'eene_itilvity ebout ten times this value. They are
iﬁeal for photogrephic rocording provided care is teken
to avoid thermsl E,M.P's snd contact potentisl
aifferences, |
Electrometers have a 'very high charge sensitivity;
for the Hofman' electrometer it is of the order of
10 x 10 * mm/coulomb, Their zero drift is determined
by changes in contact potentiel and by non-elastic
atrain in the suspension, The mirror-types are
| ‘convenient for photographic recording. Usually the
more sensitive inetruments are very difficult to
handle; | _ |
| Ingtrunents employing thermionic valves. can be

_ . -7
~ used to measure currente greater then 10 Smpere,
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The _senaitwity j.sinmited by thermal agitation and
ahot moise in the imput circuit, gZero drift ia
dependent oﬁ ﬁw etab&lity of the. power aupplieﬁ end
the eonétaney of contact potentiel differences between

the input electrodes, Usuelly if great care is

exercised the drift cea be reduced to negligible

proportions, ' 2uch instruments cen be adapted for

either photographic or clectromsgnetic pen-recording,

 end generelly they sre relisble in operetion as well

- as being easy to uees

| A current of tho order of 10°° empere ig found to
fiow between grid and eatho.de when ordinary thermionie
‘enplifying velves are operated with a negative grid
potentiale Thus the smallest current which csn be
measured w_ith such a valve is of thet order, end the

accarecy of measurement naturslly depends on the

magnitude of the variation of the grid current. An

ordinary valve conseguently has no advantage over a
sensitive galvanometer,

As a result of a systematic study of the eources

| of current flowing to the grid and methods of eliminating
-'ox* redgcs.ng. them, undertsken by Hetcalf snd Thompson

(1930), speciel triode end tetrode velves having grid

| g ' N ~I5
currents in the range of 10 310 gnupere were
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_ Goveloped, . Beceuse of thelr specisl application such

. valves am termed ‘electrometer valves',

Bed &ﬁﬂoﬁg OF GRID GUE\‘RENT
| The sources contribuﬁing to the grid carrent in

a _them;onm valve are listed by warren (1936) as followsi-
"i(a)' Electrone passing from the éathodo to the grid.
_ (®) Poaltive iona produced in the residusl ges.
(e)'- | Poe:lt:lve 3.ons produced on the aurreec of the anode
| by electron bombarament,
- (a) Positive ions from the snode,
(e) pPoor mSulation between the grid end other elect.rodoa.
(£) Primary electron emission from the grid.
- {g) Positive ions from the cathods,
- {h) Photoclactric emigsion from the grid.
(3) Socondary emission from the grid, due to positive

ion bYomberdment.

(k) Relatively high-velocity secondsry electrons from
' the cathode due to positive lon domberdment,
The first source cen be eliminated by operating the
‘grid et a potential which 1s sufficlently negative to
repel ell electrons travelling from the cathode. fhe
effects of positive lons in the veslve will be reduced
' eansmgrably Af the enode is opemt".ed at a potentiel
" which is lower then the ionization potentiel of the
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| residuel gas and simultaneously the secondary emission

from the grid, listed as (J) end (k) will become
unimportent too.  Source (f) may be eliminated if the
grid ie.designed to operate at a low temperature. The

fuse of a dull emitting filament or the introduction of

an extre grid, the epace—charge grid, immediately around |

~the cathode. which 1is maintained at a positive potential
_.relative to the cathode will avoid the collection of

pooitive ions from the cathode, source (g)¢e Photo-

electric emission can be eliminated by the use of &

- dull emitting filement and by excluding all external
light from the valve; By selecting suitable insulating

materials end keeping the valve in an evacuated enclosure,

'leakage currento may be avoided.

Ir the ebove precautions are observed the grid

current cen be kept to a value below 10 s'empere.

USE OF THE ELECTROMETER VALVE,

There are four distinct ways of employing the-

electrometer valve and each will bé considered in turn.

(a) Direct Deflexion Method.

- The current to be measured is made to develop &

- voltage -across a high resistance, connected between the

[

grid and the cathode of the valve. Generally, the
steady snode current is 'backed-off' and the.change in




-this currenf is indicated by a sensitive galvanometer,
-Power~éuppliég for the valve are usually obtained from
* batteries and the stability of such circuits is affected
_b&.smali changes in the E,M.F's of.these batteriess In
:nsame-céses the zero-driff of the galvanometer may be
éppreciable; ; Such circuits are not suitable for long
'_'period.measurements.
5 Attempts have been made to improve the stability of
tﬁese-circuits-by taking the valve supplies from a .
: single-battery-using a network-of'resistances. The
valuesjof these“resistances are célcﬁlated in temms of
theIQpérating conditﬁons and the valve characteristics,
--so that the_electrodes have the desired potentisls, and
the galvanometer current- is zero and remains so for
veriations in the filement current. A number of
. suitable ariangements have been devised and Penick (19325)
'discuésés several of them.
(v) BHull Method.
'An auxiliary potential is applied to the grid of

the electfometer valve and its magnitude is adjusted
until the eanode current returns to its original value,
This is usaally achieved by including a stendard variable
B fesiétance in the filsment circuit and using the voltage -
E developed across it to 'back-off' the applied signael

voltage.
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- (¢) Rate of Iwrift Hef.‘hbc_i. ,

- The @m of the vai#a is charged to a negaﬁiv‘e
 potentis) with respect %o the filsment, then the current
to 'bo meesured ic allowed to reduce the negative
potential on the grid, | Observaticns of the rate of
'clisnge of snode current are uged to détemine the rate
of chenge of grid .peteﬁtial_ from calidration resulﬁs.
'Preeaution's' muet be takeh' 1_'.6 avoid rendom varistions

" end drift due to chenges in battery voltege. Bridge
eircaite uéi_ng matched val-ir_es can be used to evoid

' baptéry:ﬂueﬁnatigna. 'The method is usually reserved

-15
. for measuring ocurrents lese than 10  sampere,

(4) D.C. Amplifiers,

| | M emplifier 1s essentisl when the recording

. instrument is & millicmmeter, an electromsgnetic pen
recorder or a cathode rey oscillegraph. The electro-

meter velve may be used successfully ss the input stage

 of & DuCs mplaﬁer provided tho amplifier is designed
éarefultly to restrict zero-drift, | A more stable

mmplifier can be obtained by employing total negative

. Peadback; - this also makes cslibration eesier and

produces a ehorter reapo_r'iae time, Either batteries
~or stabilized A.G; operated power supplies ere suitadble

| . for these emplifiers, The following summary of the

cheracterietics of three D.C. feedback amplifiers
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indicetes the sensitivity and stability which cen be
énbieipated foyx thia type of amplifier,
-Rbberts (1929) describes a two stage feedback

- micromicroammster using a 606 a8 en electrometer velve.

| .Highrtension_and low tension supplies are obtained from

| an A.C. poier unit, No astimate.of the etaﬁility of

" the circuit is given, :

_Grehem, Herkness end Thode (1947) have designed a
; D;G.ffaédback emplificr,egpabla_bf’msasuring ionization
currents in the renge 2 2 10 ~ 4 x 10 supere with an
_ aecuréey of O.5% .The ehort term fluctuations are
| equivalent to an tnput current of lo-ﬂiaupere. while
the long term drift.is.equivalent to a current variation
of 3 X lb-”{ampere per hour. The amplifier usea an
ReCoAs 954 acorn pentods as za electrometer velve,
followed by two stages of amplification. A low
impedance output is obteined by using a catnode-tbllower.
The vaelves are all heeted from the high tension supply
by connecting their hesters in sertes.
| Pierson (1950) hes produced a nagative—tbedback.
| D.c. anplifier with & balanced twinwtetrode electrometer
valve (Ferrantl DEMBA). Over a period of 80 hours

the maximum long term drift is of ‘the order of
1 millivolt for a B hour-period.  The short temm

fluctuations are equivalent to a variation of




2 0,6 millivolt of the input voltsge. The amplifier
. '4s mains opsrated, has a gein of 700 epproximately end
- will give & meximum undistorted output of & 3 volte,

mmmo § 70 THE

NEAR AM?L;FICA.ION OF SMALL DIRECT

The nmﬂ.tatlons of D.,C, mpnﬁera are not under-

: ,stdod as thoroughly as t_hose for A.C. emplifiers snd

congequently 'e_timat.e"e of their performance are difficult

- to meke end vary from one designer to another. There

are two mejor factore to consider: short period'

 fluctustions end long term gero-drift, It will be an

a&vmtage to excmde ‘from the discussion such sources.

of disturbence as veriation of the voltages from the

power supplies, varietion 'o‘f_th_e .temperature of components,

pickeup of atrey signals and those srising from mechenical

defects. These fluctustions can be avoided or at leaat

| thelir contx‘iliutlan -ca'n be made negligible by careful
design. '

short period fluctuations srise from the following

. sourcesi- |

- {a) .A_no_de carrent shot noise and ?aruti;m noise.
| (b) orid current shot noise.

(e) Ficker noise. |

(4) Leakage currents,

MacDanald (1947) has given & valuable sumary of
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: ’che -aoureeé of electrical noiae. A careful choice of
valves will eliminate laakage eurrents, snd will prevent
" the valve noise from being unduly excessive., The anode
"mrmnt end grid current shot nolse cen bs resdily
_ estimated, It is ususl to express the nuetuétiona in
 tems of the equivalent input signsl which will give the
' eame power output as the _ﬂ.uomacione;.

| The -anode current shot noise in the frequency band
'.o—-f-o/s hes e mean square amplitude given by the
r@lationsmi _ f (9-0- - )z,df
av? = Zqu.] _ —/——_ (2 .01)
‘ whem € 1p the electmnic c;mrge, T the anode eurrent.
1Z] the magnitude of the anode 10sG, end & the valve
-'mﬂpiiﬂcat;lon .i’actor.' & 1is a factor, usually between
-0.01 and 0.1 which tekes account of the screening effect
of the epace charge. | '

" Por tetrodee and pentodes the relattonahip is

. modified to account for the increesed noise due to the

" varisble pertition of the cathode current detween the |
enode snd the screen grid., The relationship becomes

AV* = ZeI(‘“E: g: J 1z1*df, (2.02)
The grid current shot noise is given dy the formnule
&Gt o 2eTy [Fizgltaf (2.03)

whera IZ)I is the magnitude of the grid-cathode impedance,
| Flicker noise is difficf.ult to essess, HMacfarlane
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(1947) hae derived & mathemati cal expreeaion for the

affeat, but at the preeem moment it c¢annot be used to
deduce the intensity of noise under given conditions,

bocenee of the lack of important quantitative information,

The meén square 8 plitude of flicker noise is known to

, vary invereely with frequency for the range 10 c/s -

1 Ke/s, while above 1 Ke/s 4t 48 negngible. Below

some low t‘x*equency it is essumed to become uniform,

The'equivé_alent input for flicker noise is generally of

the order of 80 - 100 microvolte (Ham‘is and Bishop 1949),
Long torm drift, sfter the amplifier has attained

B ﬁemperatura'__eéminbrim is prodbably due to a gradusl _

3.6

~ change in the condition of the cathode end grid materials
| in the input valve, which affects the électmstatic |

_' field conditions in the valve, Attempts to minimiae 1t
_'by uaing matched velves in balanced circuite are not

wholly auccas-atul. Superimposed on this long term
drift there may be a slow fluctuation of the order of
several houra duration due to changing contact potential

. @ifferences betwsen the valve electrodss es & result of

the veriation of temperature, For D.,C, emplifiers 8

.low rate of drift hee a-magititude of 100 microvolits per

30 min. epproximetely (Harris snd Bishop 1950),

As Gy METHODS, o . _
HMore ptable ampuﬁcation cen be achieved by uetng




_ -low.inpnt-impadence. while the latter is reserved for

- charges end direct currents, The method depends upon

49.

A.C. methods, but to offset this the conversion of

a smell direct current inta.ah A.C. signal introducee
"eertain difficulties, among which the avoidance of
.aﬁurious s;gnals is probably the most important.

In addition, = phese-seneitive rectifying system must

wﬁélintroducsd, to determine the polarity of the
b.C.feigﬁalﬂ__,The two types of converter in general
use sre the elactndmagnetically-operated contact
'intarruptcf gnd the periodically #arying capécitance

-type. The former is used in circuits requiring &

‘high input impedances.
"~ cunn (1932) wes probadly the first to design en
A.C. emplifying syetem for the measurement of small

the periodic variation of & cepacitancs connected between

the input terminel end the grid of the input valve. A

. condenser of fixed capacitance is connected detwesn the

input términal and ‘earth' while a high resistance is

. connected betwsen the input grid and 'eerth'. The

alternation of charge between the two condensers as a

~ result of the verying cepacitance produces an A,C.
- voltage drop across the high resiastance, which can be

. emplified easily to sny desired level.  &fynchronous

detection is used to derive the polarity of the eignal,
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Gunn uged @ mechanical rectifying system comnected to
the shaft of the motor which veried the capacitance,
The smplifier is essentislly a bsnd pass system and eo

high noise level effects end other fluctuations are

- minimized,  No indication of the zero-drift was given,

. pslevsky, Swank end Grenchik (1947) descride a more

refined instrument in which the background current is
- los__s than 10"6' SMpeIre, The zero-drift is equivalent

0 0.1 mil;ivqlt per 24 hours, end this small value

“has only been achieved by very careful design of the

De Co=8,C. converter, which is either a vibrating reed

_or aisphragm. To eliminate the ‘effects of contact

potentiel differences between the condenser plates,
iﬁ was necasaery to use en elaborate procedure for
golé-plating them, and attorwardé they were opersted
in an inert atmogphere. | |

SELECTION OF A SPECIFIC METHOD,
The D,C., feedbeck emplifier was chosen for thie

resesrch for the following ressonsi-

. () It was .consldered possible to design such sn

emplifier to give the requisite long-tem and
ghort-term stebility., The A,C, method is
guperior on this score, but is more complex
snd mach déyend,s on the construction of the

- condenger pl'ates'. Algo it is & more expensive
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methiod then the method adopted.

Calibration is essy snd such amplifiers are
cepable of hendling large input voltages without
atatortion, ] '

The potentisl of the collsctor s autometically
meintained st ‘esrth’ potentisl.

Either photographic or pen-racording cen be used.

i!atrit_enance and setting-up 1s easy to perform,
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| CHAPTER' IV,
~A_D.C.. NEGATIVE FEEDBAGK AMPLIFIER.

4,1 DESIGN CONSIDERATIONS.
The use of total negative feedback with a D,C,
amplifier offers several advantages.

Consider the amplifier ghown in Figure s

' FIGURE 6.

suppose I , the conduction current from the
collector develops an output voltage Vo, Let G be
the overall gain of the amplifier without feedback.

The effective input voltage V is given by

V=RI-Y (4,01)
and Vo= 6V (4.02)
.o I R, & ~ (4.02)
I = -IQUR_O.. Gt|
R

I (4.04)

hk e e oy




Thus 12 6571 , I, is directly proportionsl to I
“end a lineer syétem is obteined,

The effective input resistance Re 1§ given by

Re - T = R-¥ (4.05)

L 1
‘Substituting for I frem eguation (4.03)

. G
Re = R_'g:’,R - (4.08)
R _
= -(;;T (4007)

-- Thug the input resiatsnce is effeétively R/eﬂ end similarly
the time conastant of the input circuit is reduced from
CR o SR/G6+! ., Calibration ia made easier and the
amplifier cen handle e high ihpu'c valtage before saturation
sets in, Improved stability is obtained and amsll
c¢changes in gein become unimportant, An advantage which
is mportant‘ for the present application is that the ion
collestor is maintaeined st n steady potential end it is

| essy to arronge that the potential is 'earth'.  Thus
the collector wil.‘i_. ideelly simulate an actuel piece of
ground in -elect'raatatio conditions, and there will be

no voltage stresses across the supporting ineulstor,

4.2 THE ELECTROMSTER INPUT STAGH.
The smallest current to be measured is of the order
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of IO;B:' smpere, so fcr_a-reliable performancelit.was
necessarv'tc usera;valve having a grid current.no
'greater,tnen 16’44? smpere. conventional electrometer
. valves were avoided'because;of their expense and
susceptibilityito microphonics, Gauus and Pool (1935)
showed that sn R.C;A._Qse.acorn'pentode could be used
es an electrometer valvetunder certain conditions.
n'Later, Nielsen (1947) made a more detailed study end
showed . that the R.C.A. ‘959 was also suitable for electro-
| 'meter work° A '959' wag inmediately available-and was
tried first. | Unfortunately the valve-is directly heated'
and - when heated from a stabilized mains operated supply
1t was~found that-the sncrt-term fluctuations were too
great, conseQuently the'valve was rejected in favour
of the 954, | |

The characteristics of two 954 valves were determined
ﬂunder the conditions suitable for electrometer work. _
They are -shown in Figures 6 7,9, end IZ Then
the valve grid currents were measured using the rate of

drift. method. - The grid current is given by the relation
' 2Eg - éIg dEs
= C = C .
Iy - o5 . (4.08)
-where I C, and E refer to. current, capacity and
voltage respectively and the subscript letters: ‘@ and 3

to .anode and.grid respectively. After the valve had
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been scrupulously cleaned with e swsb soeked in 95%
‘ethyl alcohol it was mounted ia a 1ight-proof tin box.
'.ccnnexionito each velve pin was mede with e tiny barrel
connector, and the connecting wires were stout enough

to give the valve a rigld suspension, A short length
of concentric screened csble with polyethylene insulation
was used as the control grid leed, The cepacity of the
grid eircuit was determined by a bridge méthod. Valve

|  Fo. 1 was found to be more sultsble for electromster

‘work end 1te grid carrent cheracteristic ie given in .

rigure 3. |
To minimize leskage effects the electrometer valve

hes been mounted in & brass vacuum chanber (Figure /l.)

 in_$he.mannér described in the preceding paragraph.

The heater, spece-charge grid end cathode leads are

 taken through g metsal-gless sesl, while polystyrene

. inguletion is used for the enods, control grid end

. feedback leads. The polystyrene insulators are screwed

 firmly into the end-plete of the chamber and ell the
_joints are sesled with Aplezon 'W' vecuum wax, To
-avoid damaéing the surfaces of the insulators with heat
' jthe first leyers of wax were dapoéited from & solution
"~ in benzene, Later, more wax wes added using heat,
" he 10" and 10'° ohm resistors are situated inside the
' chamber, which is mounted inetde s tin box so that the




The Elegtrometer Stage.

FIGURE }0.
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. input leads have complete electrical shielding., Sorbo

rabber is used to give a shock-proof mounting. Several

-layers of optton wool surround the ehamber to provide-

adeguate heat insulation, and the glass tube leading from

the chambér to the vacuum pump is also covered to prevent

light from entering the chamber at the evacuation point.

A wéekly eracuation- is adequate for maintainitg a good

va c'.uum'.
The disposition of the electrometer valve Vs in the

amplifier cirouit. is gshown in Figure 1}, The anode and

'5_ sereen voltages are 10 volts and 9 voits respectively,

while the cathode resisfor develops & bias of 2 volts,

The heater supply of lacimilliamperas is taken from the

225 volt H.T, supply, adjustments being made by varying
the rheostats R.25 and R,26, Also the minimum potential

on the heater is maintaiﬁed ét a volt aboveée the cathode

potential to prevent electrons from the heater reaching -

‘the control grid, -

The valve grid current under the operating conditions
S -9 -
gtated above is approximately 10 ampere, and the grid

- 1+
resistance is of the order of 5 x 10 ohms, It is now

* possible to estimate the equivalent noise voltages in the
" input circuit using relations (3.01) and 3,03) and the

-following values for the circuit constants:

%c =,8°0/L‘L/LK;F) _ Rg, = /0")1‘ ) R =~2Mn‘)
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= ,501(_0_ y A= 27 Ia,- SO,uH fg—/o anpere,
e.- 16 % .3 eoulomb. and the bandwidth of the anode

| "circuit f 20 Kc/e.

Anode current shot noiee :
AV" = lel’a (P+R) df
-8 3
= . 2,)( 10 volt

 @riad current shot noise

AV = CIQRZ .
- ¢ o -13 2
= - /x lo volt

The anode current shot nolss mekes the largest
contribution, end if the equivalent input for flicker
nolse i'el assumed to be 100 microvolts, the total noise
input will be equel to 240 microvolts approximately, |
Thus. the noiée disturbsnces sre well below the smallest

input signel of 2 ~ 4 millivolts,

| ZERO-DRIPT GOMPENSATION.

Eaﬂy experiments with an amplifier almost identical
with thet described by Grehsm ét el (1947) showed that
the minimum value of long term zero~drift which could
be obteined wee equivalent to a chenge of current
referred to the input of 3 x 10™" empere per hour,

Thie velue was unsatisfactory for the long period
reeordmg which waa requiréd. To imprové the performance

- .of t.he amplifier the following method was devised,
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A sscond _R.C.A.'-Qsa. Vo of Figure 14 18 used to
: minimize;zego;Qrift. ' The anode véltage of 20 volts
' apprbthateiy for V, (Flguie 4. ) 48 6btaiﬁed from e
v.n.lso/“o. ueing a voltage divider resistor chain.
. ‘The velve is mounted inside & tin box on the main
| amPliriar ehassis. To minimize temparature changes
the box is lagged with asbestos,

| ﬁhen the amplifiar is set up to give zero output
for Zero input, both input and output potentiala will
be at ‘earth’, The input grid should remein at this
jydtenué\i e;eﬁ when the amplifier is recording
- ¢onduction éﬁrreuts,'but.any #oltage drift in the
succeeding éﬁages ¢f the emplifier will ceuse the
potential'to.ﬁeviate rr0m ‘earth',  Thus to minim;ze
drirt._it'ié necessary to maintain the input potential
at 'earth'. E. #Wllliems (1944) hap shown that s
cathode-coupled double triode amplifying stage will
give an output voltege proportional to the potentiel
difference ﬁetween the grids under certain conditions,
If this output is fed back in the correct phase 1t can
be used to reduce the poteniial difference betwsen thg
- grids to zero. an examination of the characteristics
| 'fbb the two 954 5 shows that they cen be made to have
almost identical opersting conditions, The resistance

Ray in Pigure /4, is used to reduce the snode current
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' of valve No. 2 5o that 1t is approximately equal to the
enode current of valve No. 1 over the heater current
-lfanga 115 - 120 millismperes, For s chenge in grid

~ voltage the total cathode current of a '954' remsins
practicﬁlly constant so that it is necessary to achieve
.adaitional coupi;ng between the velves. From Figure /2.
' 1t will'befaéén that the'spacanherge grid current

- decreasges at'thé game rate 88 thé anode current increases
with control grid viltage, = It is thus possible to
obtain edeguete coupling detween the valves by using

" both the spaco-charge grid and the cethode of éacb

- - yalve. The control grid of the 'balancing' valve

was connected to earth, snd exsmination of.the amplifier

foiicuit iogéther with the following anslysis shows that

the feedback is degenerative for zero-drift too,
Consider the simplified arrangement of the input

- stage as shown overleaf;-
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FIGURE 3.

Sxxppoae pstentiala E, and F; are appned to the grids
of V} and. \ /3 reapectively.

The change in ancde curz-ent in eaeh valve can de

\i'apresentea by the equationz-

| Ao = Rova + p’Avs - '.q/zsvg o - (4.09)
'where the paremetsre £, p and q/ are defined es followsi-
§ - (éI_a) " ) ( e 410
‘ AVa, 552 .' AVS 3)0. _3V8 Q,s. ( )

end the suffixes ¢ , S and (3' refer to anode, space-
: charge grid end control grid respectively, gimilarly
the change in space-charge grid current can be represented

by the equation;-
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ATy = Cava +mav + navg (4.11)

| where

| €= (AIS) | oI - [oLs
C ) M= fois n="[£=3 .
. AVe %9 sz),,cL ) _ (avg)a,s (4- 12)
From Pigure /2 .4t ia reasonsble to assume that
._ .n‘_=-6V s M=p and €=-ﬁ-_, and so

Als - -fava + p AVs — vavg ' (¢.1%)

| For the circuit of Figurs the following equations
holds N |

| AIQ.': = Bava, + pAVs + ¢ AVg (4.14)

ATa, - R ava, + |$Avs. +-'1/ AVg, ' | (4.15)

oL s Reverba%- a5 (416

als, = ~& OVa, + p AVs ~ Yy ﬂ\gz (4.17)

4pavs < A, + 8la,,, | "~ (4.18)

 8Va, = —-RATa, - 4p.RedVs T (4.19)

 AVa, = - 4b.Re BVs B .. (4.20)

| _Avs - ."'38(“15'* aTs,) - 4p- Re GVs (4.21)

| avg, = Ev - 4pReoVs ' (4.23)

._‘Avaz' = Eyx - 4P.Rebyg (4.23)

- From equations (4.16), (4.17), (4.19), (4.20),
(4.21) (4.22) and (4.2«) '

Av;(1+4PRc+_2pR3‘, f_S&PRcRg + &Py, R;RS) =- QRI%AIQ.,+?,R3(E.+E_\')(4, 24)
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 Equation (4.14) can be written as
OIq, (1 RR) - AVs(p-4&pRe -4Py R) + ¢E (4.25)

Then on combining equations (4.24) snd (4.25)

| AI¢|-(|f&R)A= [4Ry(ErE2)- :&RRSAI‘I.'](P—4&PRC‘4PVRC>

+ AL (4.26)

" where’
A = 1+4pRe + ZFRg + 8&PQ¢R3. + 8.}>1/RcR2. (4 27)'
. aTa[0+AR)A + RRRy(p-3kbRe-4byRe) )= g Ry (P-4&pRe -4pyRe)(Ei+Eo)

+ ¢AE,  (4,28)

. AIQJ . 4-Pq/ RCR&(&+-W)(E|'E;.)+ V(l13PR3,1-4'pR‘,)E‘ + PQ/Rg E2,
.(l+&.R)A + &RRZ("“"*PRV‘*W&)

or

‘ ' 1+3pRe +4PRe _ £y
AI = +P‘VR°R8[(&+Q/)(EI‘51)+ FFReRy Ei + a7

' 4PR¢R3(&+V)(;+&R)+ (1 RR)(1+4PRe) + pRy (2+3&R )

(4.29)

- Now the paremetera Q p and q/ are each of the
order 0f 20uA /volt, while R end R; are in the renge
_0.1 - 2 megolms. Consequently equation (4.29) csn be




" reduced to the spproximate formi-

ql/ (E,«E,,) .

AI«.l 2—""&R . (40 30)

- provided Rc hes 'a ressonably lerge value.

The output voltage Vo acroes the enode losd of Vi

“is given by the relation

-Vo_

= - %/(E.—E,,) o (4.81)

. providea RR»>2

Thus eny change of voltags between the grids of the

two valves produces en output voltage proportional to .

the voltage difference beiweezi the grids and phase-
reversed with respect o the grid_of Vi, provided _
R end R} are very lsrge. | Rc  muet have a sufficlently

 large value to juatify the approximstion in equation

4e4

(4.20).

THE MAIN SECTION OF THE AMPLIPIER, '

The electrometer input stage is followed by two

~ stages of empuncétien ueing 6 8C 7 doudble triodes,

B, Williems (1944) hes commented on the e_f.abilify and
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wnpene_ation for current drifte due to variations of
cathode temperature, which can be obtained by using thie
class of velve, The second mnpiirying stage is followed

by the cathode-follower output stege and s resistor.

" chain is used to couple the valvea. such sn arrangement

reduees the overall gain by a factor of 3. but 1t was

| considered_to offer greater atabinty as a coupling

4,5

device than the uee oi‘- a gaé.-’dichergé valve (Grahmm
et al (1947) )» The condenser C is easential for

 adjusting the teedback so that oscillations sre avoided,

Ris 1s preset whils the other potentiometers K snd Ris

'are used ag coarse and fine zero controls rupectively.
: All resistors have high wattage ratings and in important

parts of, the circuit wire wound types ere used,  ¥thout

feedback the smplifier hee a gain of approximately 500,

‘and 1t cen nsndle an input of 20 volte before seturating.

THE RECORDING APPQEQ 8. ’
" The recording snstment is a eanaiun cunbricge

mirro:hgalvanometer used in oonmmction with e drum

~ csmera, The galvancmeter hae. ‘s period of 24 seconds,

&nd is uped in an over-criticelly demped condition,
An edventage 1s obtained by using a sensitive gelvan-

ometer, The shunt resistances are extremely emell in

- magnitude eémpamd with the damping resistance, thus if

. .they sre shorted out in operation the dsmping condition
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will remsin unchenged, The drum camera will function

. 6t two gpeeds, nemely 1 m’wﬁ_lnt.ion per hour (resolution

29,2 ems/hour) and 1 revolution per 24 hours (resolution

- 1.7 ens/hour), The overall width of the photographic

B poper is 12 cms, and the maximum sensitivity of the

4.6

gelvanometer hes béen'adaueted 8o that 0,5 cm, deflexion

" represents an output of 0.02 volt from the smplifier,

GALIBRATION AND YEROING!

The 10 " otm end 10°° ohm- resictors were calibrated
by the leakage method deseribed m gsection 2,2.

The galvancmeter circulit was celibrated in terms .
of voltage by using & normsl potenticmeter method,

the individusl resistances used in the shunt circult

. were calibrated using Ia_ bridge-megger.

A resistance of the ordér of 6 210 / ohms is used

 for ‘calibrating the emplifier regularly in order to

check the eensi_tivity.  The resistance was celidbrated

 in terms of the 10 " ohm resistor by connecting it in

series with a 1,56 volts dry cell and epplying & potentisl
to the input grid of the emplifier, The calibration

" was checked later using 2 qusdrant electrometer with the

z'ate ai‘ drlft method,
Ae indicated in Section 2.4, & zero datum line is

.obtained by -periodi-cany disconnecting the amplifier

from the coliector for e short interval, The more
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,éonventional.method'or sc&eening the eoilector could not
. be used because of the great mechenical difficulties
and'pdwer rgqntreménts_necessary for moving a large
1 1ronjplate at reguler intervels, |
| . A gee-saw type switeh vith polystyrene insulation
48 used for dlsconnecting the emplifier from the
‘ colleetor end simulteneously it 'earths' the collector.
.-me switch box is shown in mgure o, -The contacte
of the ewitch sre’tipped with platinum so that contact
potential trdubles are avoided., The plunger-type
'relay which operates the ewitch can be energized for e
period of 6 minutes at either half-hourly or hourly
. intervala a8 aea;§ed, ueing the relay system shown in
Flgure IS, The cmm is mede to perform one revolution
in 5 minutes by é'synehronous motor with a suitable
-_geéé train, = The moving contact srm on the unigelector
- switch 18 thus moved on to the next contact after &
'mmutes and the zero-switch relay is connected to
guitaeble contacts in the uniselector so that it 1s
energized at elther haif-hourly or hourly intervsle,
The mathca ﬁas proved very successful in operation,

As pointed odt_in Section 2,4, a small current of
the'o:der of 2 x 10-0' smp.cms—L is recorded when the

co;leetor ia screened end é correction s made for this,
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4.7 PERFORHAHGE,
Trace A of Plate 1 shows a typical record for the
2ero stability of the smplifier over a period of
~ epproximately 16 hours, The fluctuatione at the
-béginnang of 't_he trace are those obeamed when the
- ‘eollector ége_: connected to the amplifier, The long-
term drift is due in part to the effect of temperature
chenges on the .galvanmnotér shunt circuit, In warm
| ~ woather the room tempexiathre increaséa'rapidly because
of t,he heat generated by the valves in e gmall room
with inadequete ventilation, Usuall.y tha drirt is
-equivalent to a cuorrent variation of 10 ampere per
'houx- referred 'bo the 1nput.
| &ort-tem ﬂuetuations never exceed the equivalent
.current variauon of 4 x10 - anpers, such fluctuations
only occur when there are eexvioua chengee in the mainsg

supplya
'fhe stebility of the smplifier with the acreensd

~ collector attached is shown in trace B of Plate I, The
'si'ioz'*t-terﬁx ptability depends on how well the collector
-is scresned from wind and dust, = To obtain this record
the cover plate hed to be buried under a thick layer of
801l to sesl the pit effectively,
_ ’I‘he three most 1mportant factors govoming the
sﬁability were found to beg~
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(1) Pad contacts in the heater eircuit of the

electrometer valve, |
‘Prouble from this source was experienced
during the early'seagee of the work due to the
employment of well-worn rheostaets in the heater
circilt. Verieble resistances with an sdjusteble
' -screv»cup are to ‘be . prerermd to the type employing
a ‘wiping-ama',
.(é) Temperature erreef.a.'_ N
. ‘This effect can only be minimized by lagging
_, the mnﬂer with fhéx‘mel insulating material,
(3 1ags. | | |
i ‘It was found thet a emall emount of 11ght wae
1eak1ng Anto the vacuum chamber vie the glass-tap
" end the evacuation orifice and much of the long-
teml Aarift wase attvibuted to the variations produced
" by lerge chenges in intensity of the 1ight in the
lahoratory. ~ The remsdy, fortunately, was axmpla.
- The glass epperatus was screened from all nght.
s:lncg the operational model of the amplifier was
set up no gerious troubles or breakdowns have occurred,

. and every record taken has been satisfactory.

The falllowmg' enalysis was carried out to determine

to what extent ‘impulsive currents' produced by field
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~ changes could be smoothed out,
| Consider the equxvalent emplifier circuit shown 1n
Jnguﬁlbg-

FIGURE /6.

he conaeﬁtrie es;bie m the mﬁut -cix-euit is
x'epresenmﬁ by the lmnped capacitaneoa C: end €1 o A,
: _denotea the signal grid of the eleetrometer valve.
The portion of the circuit to the right of Ry s essent~
is1ly the equimlem eircuit of the cathodg—follomr
cutput stege. It is sspumed that the smplifier gain
ﬁth_ou-t foedback G , is8 a real quanﬂty; ':l.n'othex-' |
words, that the feedback ig inverse at all frequencies,
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E\ibthemore, to simplify the equations the galvanometer
ie :ebhsidereei g8 & pure resistsnce of low valus,

Tﬁe Laplace trensform (Cefslew end Jeeger (1947),
Jaggar.(lgar&) ) is ﬁsed throughout the analysis,
B ' The ion~current to be meamxred' is repree;ented es a
~ function of time 10 . Puploying the circulating
tmrjrénta shown in the dlagrem and applying Kirchhoff's
Lawe, the followlng subsidiary equatidne are obtained:-

Pc. P°a.+R) b = "“ I@) (4-3é)

| (.I-;—Oz‘k Ra +Z) v, = ZUy + f;'z’;!,t‘ | (4. 33)
2(1,-T) = Y(G-G) | (4.34)
(/(,L+|))’(Lqr L3)+€l—+ = /“'G (L' l'3') (4.35)

- If /u,>>l , equation (4.36) reduces toi~

- Y(iq-;s) +-§-—: = -I;% (L-Lw)

where

L
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From oquations (4.34) end (4436)

T ZY Y z _& 6 T 4037
,.(,3{11— 78"_‘}- L’“{.z*)’gm- s, | pa b (.v )

. Equation (4.33) is multiplied throughout by G end is
_then subtracted from equation (4.37) giving

I..—‘—;—[(GH)Z "‘ f:—;%] = tz.[((_:.?l)z_-f- GRy+ -%3—“] (4.38)

' From equetions (4.38) and (4.33)

1

G[A(1+pGaRa+par)-bG] = Gpaaza + P_Cz—f@ (4.39)
| whera : A = pC+ pG + pPCCaR,

end combining equation (4.38) with equstion (4,39)

| _'_l;-. Goo= AL = (-é:;: iz ;f(? (4.40)
where - o
" B = GCRR (zf'%ﬁ_ |
| D = GZC-R?_*." .(Z.+ —Zy—;—?;)(c.RﬁC;Rl +C,Rl)'
E =. (:Gu.)zi-o- Z+Y

Ygm
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:_'i?irat'of ail consider equation (4.40) under the following

conditionss= |
. R.-‘-O ) C,+C;_= CI

. (g

" bCR;(u'_'j;’) (Gﬂ)z-p- 5;%,
-ﬁoﬁ guppose 1¢) = Q[I- H(t-a)] , that is a.
| rectonguler~-shaped carrent pulse of anputhdo Q end |

(4.41)

 durstion ‘e’ peconds is applied to the circuit under the

conditions stated sbove.

I6) = f—('f 6”’*) (4.42)
_ Q (R, - 5’,—.,)@~ e ") |
Ag = P[PCR:).(Z+2+Y) (G+l)l+ %/_;;\L] (4.48)

| Aésmaing GR;;>>9'T;‘ Ty G»I end z>>§_‘£ s equation
(4.43) reduces to

| ap
AL = Q. GR (1-¢ ) (4.44)
ca,.zp(m =)

:' -‘_ - —_9_.. t ’ . ) - (<Y _
eL= Q. &l ')l"'g'zg—f-ll-l(t-a)[l—b &, “)] (4.45)




| 1t R =10"a ,C=725w.F , gnd G= 500
"the time constant %‘3" is 145 milliseconds, FPigure /7.
shows t'he' form of AL when a = 50 milligeconds (A)

snd a = 1 sscond (B)

A.
| _:'.' H N ;
Yo \..‘%1 IR NN
\ ! : i {
: ! 1 )
s ' L
i P Pl B,
¢ a8 *P;'*S'x.o_.zsf :
i - T . L
bl 1 Timer escs _
' : - ol
i l . i I
! <
FIGURE I7.

Now consider the effect of introducing Ki.
It is assumed thet G| ,z»‘%;l and (ci+ca)Ra < GCRs
| ™ .
Bquation (4.40) then decomess-

. . GR.IE) _ (¢.46)
GC;RJ{-;_Z(P‘ + PE%;Q:, + E-Z;.G-El—;{z- )
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w 16) - aliw@-a)]

EL § Q.GR;(:—Q,_GP)_
CitaRiRyZ p(p+ P + S )
. 2 CICIRIRI

(4.47)

mbutituting 1n equation (4.,47) the mnowing

nmerical ‘valuess C,= 700/«,/«,F 2 Ca=25mmF g R=ix 10'n
Ry= Ix10"n 4 :__;OKD_ o Cj:‘:__;-._ 500 produces the
equations
B gl _ (1-e)
7 (4.48)

‘ p(p*+ 200p +2as-7)
'.'AL": 5x’06.-QEI-H(c-a.)_]+

31x10* Q[ e T | Ht-a) e,""‘g's(t'“)]-

-48Sx10 Q[e —H(t °*) -t w)J (4 49)

_ Gomparing equation (4.49) with equation (4.45)

lit is abserved that sn edditional time-constant of

- 2/3 second has deen introduced. Furthermore, the
short time-constent term has been reduced in smplitude
approxzimetely 130 fold and so will have little influence
on the form of the output pulee, Pigure 18. shows the
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~ form of OL when 4 = 50 milliseconds (4) end A »
1 pecend (B). |

> l
1 © 50 190 £ 100 250 300
Timc Mm-$CCs.

FIGURE I8.

Thus with the $atroduction of K, between C, and C2
impulese of short duration have little effect on the

 input circuit of the amplifier; conssquently the effects

' of rapid field chenges ere suppressed. The effective
' time-constant of the amplifier 1s mow 2/3 seconds
1t is nét expedient to increase R, too much otherwise it
will .alte'r the potentiel of the coneetor"oonpmeubly
lwhen 1arge @wrenta ere rece!.ved. |
The eonditione of %he galvanometer (long period snd
heavy dmping) are sueh that the response to repid
~ varistions m'the'input'sigx'xal to the amplifier is also
amalle | |
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CHAPTER V.,
STABILI 25D POWER SUPPLIES,

5.1 CHARACTERISTICS, |
o B To obtain maximun etability in a D,C. smplifier
4t i eésenti—al fbr_bot'h heater current snd high tension
supplies to be tsken from highly stable sources,
. Batteries of very high current cspacity are suitable,
 but their operating period is etriotly limited end
duplicate supplies are necesegary for continuous
| ‘operation., A more convenient arrangement is to use an
- 'AsC. operated power unit which incorporates en electronic
device for' maintaintng a constsnt ocutput voltage level,
The .eaeentiél elements in the regulsting circuit for a
.atabilized power unit are 2 regulated component, an
error detecting device and an smplifier, The regulated
component usually conelsts of one or more powsr velves
connected in parallel, end it may be operated in series
or in sh@nt with the unregulatéd power supply. A
| :s'e'z":leé r_\"eéulating circuit ie generslly adopted for use
with power units supplying currents up to 0.5 smpere,
The chief requirements for & stabilized power
. supply arest-
| (a) No chenge in output \ioltage when the supply voltage

veriee; nemely, 8 good regulation factor.
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"{b) Ho chsnge in cutput voltege sa the load current
varies; 1in other wo:'de, zero output impedance.
Sometimes too, it ie essentlal for this impedance
-ta be zero or at least very low over a wide
renge of frequencles,

(e) No. drifting: of ‘the output voltage with time, This
factor depends on the characteriztics of the ‘

voltage contml stendard. o’

5.2 GEITE%Q QESHW CONSIDERATIONS,

Gonaidex' the basic seriee-regulating circuit shown

in Pigure /9, s~

/“' rﬂ
AVI- | Al AV|
o : > —Q
0—-—-4 Gj---6, [——0
" ]
= T e

FIGURE. 19
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~Guppose & chenge AV, in the unstebilized supply
produces a cﬁange AVi in the sStabilized supply. It
1'3 aasuméd that AV snd AV, are both either increments
.'or. decrements in voltage,
~ Let T .end T, be the fractions of the stabilized .
end uns’tabilized_voltagea reapectiveiy, -a;:plied to the
amplifier, and suppose G and 6, - are the respective
 voltage gains of the two scctions of the smplifier.
. Then ﬂie control voltage appiied to the series
valvess , o | | |
Vg = TG AV: + NG,AY) (5.01)
_énd- the voltage drop atross the velve changes by |

- (ava-av) .
If Al ise the chenge in loed current, the operation

of the gorles valve 1g expressed by the equation:

- [ava-avi]+ wVg = Yool (5.02)
. AW('#"%G:.) -4V (lﬁ‘.ﬁ.) = Ta &l (5.083)
BY O
. o0 = [+£13G2 = la AV, :
OV o 1A, Gy - (5,04)

For AVi/pv, to be zero,
- i AI
I $a2Gy - Ta 7% = O
152 a’.'.‘“_’). (5.08)

aI
78V,

IS S LS (5.06)
o MG, *
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It ia importmant to realize that AI/szie usually
a negative qnantity. '
" Another relationahip cen be obtained from equation
(5.0‘). namelyz-

é!! : (H- rszﬁé Ta (5 or)
Al =P G M o

" If equation (5.06) is eatisriea VAT = o,
thue eqnation (6.08) specifies ‘the condition for both

zerc regulation factor end zero output 1mpedance.'

6.3 EARL LIER vmg_rg.
Miller (1941) describes a power supply in which the
ghort temﬁ vériations are of the order of 2 perts in &

. ‘million, ” A ges-discharge regulator valve type VR 105/36

is used s the reference voltage, snd the voltage is
spplied via an K,C, smoothihg network to one of the
grids of a double tricde velve; the first val#e of a

- 2-stage eﬁﬁnf emplifier, A portion of the unstabilized

.“éupply is fed back to one of the grids of the second
amplifying stage to compensate for veriations in the
unstebilized supply. The hoaters of the two velves
cumpoeing“the-shnnt emplifier ére connected in series
gnd the current is tsken from the stabilized supply.

ALl (1945) Sas made & general snalycis of the

operation of stabilized‘power units together with a
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déteiled study of one or two specific circuits, None

 of these circuité shows eny rem!erkable" characteristics, -

" grehem, uarkneaé end Thode (1947) have developed
& circuit of m.gh atabinty. A single stage shunt

- amplifier is uaed. The voltege standard, a VR, 106

_gas—discharge regulator valve is connected in the

cathode circuit of the shunt valve, This arrengement
siffers from the disadvantage that the varylng cathode
current of the ampurying'v;alvc magt pase through the

" V.R.105 valve and so reduces the stadility of the

" stendard’ voltage developed.

. Be @

Harris (1948) end Attree (1948) both describe
drmite employing a eingle stage shunt amplifier which

48 hested from en A,C, supply. Heither circuit hes

been ﬂﬁaign‘ed to give a very high performance,

GzAS-_D_I SOHARGE RE@JLANR VALVE .
~ The most mportant characterlatias to be considered

‘4n the selection of a gas-d_iseharge regulator velve for
" use as a reference voltage 8r@ge .

(a) Reproduction of the voltage aff.er each firing at

the same load current.

(®) Temperature coefficient of voltage drift,

-'(o)- ‘§pontaneous changes of voltage.
(d) Dynsmic resistence.
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N Kiz'kpaeriek (1947) has studied the VR ‘aerie of
xvegulat.or velves and finds tha; the type VR 75 gives
 the better perfomanoe with respect to the characteris-
~tics llsted above. “
 Titterton (1949) hes examined soms of the valves
ﬁ eumnon uge, snd reports that the voltaao-wrent

characteriaties are complex; saversl diacontinultie_s

~ being usuelly observed in the opersting range.  Another

disturbing feature revealed in hie experiments 1s the
~ poor. performence of the valves et low sudio freguencies -
o vhen the load current is verieds
| : Benson. cain end Cluces (1949) have investigated
' tha characteristics of the types 7475 (OV 1070) end
-BBAI and have shom that the latter has good character-

 stics,

‘The ehar_aeterisuce of several of the ges-discharge
regulator veives ere given in the following table,



8g.-

Temperature |  Repetition of Varietion of

Type Coefficlent, -1 8triking Voltege | Running Voltage
— ay - 9¢7! . volts, with Time,
05M" | Mexe = 7 g | L1ttle change,
- Maeen - & _ Max, 009%
7475 | Mex ~ 27 | 3¢5 Snall varistions

CVA070| Mesn = 6,7 ' g up to. 1000 per
. L S RN ' - | hour followed by |
large variations,

VR - 30 B l: .08 0.25% (17 hrs.)

|vRi05 | Erratic | . 1,67 | 0.08% (58 hrs.)
- |vaLs0 . 39 86 0.22 (25 hre,)

' To obtein a good voltage stendard for e stabilized
- power supply, careful selection of perticular valves from
a'bgt_ch of the type showing. the most suiteble characteristice
is essential, Jhe valve ghould be shiclded, electriocally to
“peduce the effects of sirsy electric fields; and thermally
to minimize the fluctuations in tho embient temperature,
The loed current for the velve should be obtained from the
stabilized gupply snd the operating range should be chosen
with reference to the discontinuities in the voltage current
ch'aré_cteristic.- It 1s sleo important to use es low &
velue of load current as poasible,

| High teneﬁ.en batteries can be ueed aucceesruuy ae
voltage standerds, providea_. that the current drawn trom _'
_them is extremely emell. This meens thet they must be
connected in the griad oircuit of the emplifying velve.



B.5 ANALYSIS OF THE CIRCUIT.

A power supply of the type described by Miller (1941)
was consmez'ed to be essentisl for meeting the long end
aho:'t term stabiuty requirements in the ampnfior. An

- enalysis of the circuit was undertaken to see if sny
'mmvment in perfomance could be obtained. The dasio
'cirfwzt is given in Plgure 20 - '

FIGURE 20,
The following motation is to bs used: - |
_m,,m, ere the fractions of the voltago of the stabilized
supply epplied to the grid of the first smplifier
_ valve. V, , end the grid 9. of V, respectively.
e ‘the fraction of the vo].tage of the unatabinzed
| section applied to the grid g, of Vo .
G .the voltage gain of Vi -. '
», m  the valve enode resistance end smplification
| | t’actor raspectively of V)
9, e the wvelve anode resistance end mnpnfieation factor

respec_tivol,y.. of ; , the series regulated velve,
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Sippose a changs AV in the i;naiabﬂ.: zed supply voltage
- csuges & change AV, in the voltage of the stabilized section
:_.sm a chenge A 4a the load carrent, It 1 essumed that
av, end sz are in phmae. that is, they have the seme oign,
cuanmmaz' the voltagees applied to the grids of V,
- on 9 ‘the va!.tage is. - m,6av
axm on g, :lt. is m,m/2 + M4V,
Using the relationebip for the gutput voltage from
- al_aathade-eaﬁplsd double _trioﬁe anplifying stage
(E Wllisme 1544), the controlling voltage Vg, epplied to
the grid of the gorieé velve 1, is obtained

q'R(“"‘sAV:_ -l—'Ma_AV. + M,GAV, ) |
' 2P+R '

: Vg,' Z - ~ AVi (5903)

i?‘ize chenge in the voltage drop acrose T, 18 AVi- AV,

- t!lma'tha operstion of Tv 18 given by the equation
(ava~ BV +_uwVg, = @ aT (5.09) i

. o '*vR’m;W-rmN-r'm,GAV -
L, AV,....'AV| - ( 3 zzr:R . ' |) 1_/“&“: QAI .,(5.10)

AV;, (ZTfR wa; My R) avi [(zrf-k)(ﬁ/b) +_pam MRt uym. 6 R]

< (ar+R)pal. (8013)
o | (21‘+R';M"7M R) - (2r+R )P As .
R AVI . - 3 AV, (5.12’

. - .- Z_\_/;L B .(1\‘_+,R)(I+/@) +/~°7 R (M;«r m, 6)
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| avy/
Far the regulation factor Zw, to be zero

areR o msR = (ars R)PAT/AV, (5.18)
s o (8%
my .(2_,1’+ R)(m:' ¢) (6.14)

. From equetion (s

_A_Y_l- _ AVz/AI <2Y’+R-/“*"7.M-3R)" ‘e(‘zr*R) (5.185)
AT T (ln-R)(H—M) + /_A—'V]R(Mu- ”1:5) '

- Xf squation (5"4)'_ is satisfied b1 is gero, end ®0

the output 'ithpedance- 1s elso 28r0.

CIRCUIT DETAILS OF THE HIGH TENSION SUPPLY,

The circuit of the unit providing the H.T. supply for

" the smplifier and heater power unit s shown 4in Figurel. .
It will denver a current of 200 millisnperes at 225 voltg,

the unstabilized section of the unit is of conventional
design end employs é TT-type filter, Hach capecitative

gsection of the filter consists of two condensers connected

in series to reduce the chances of failure in the unit sad

a resistance of 10 megobms is connected across the terminels

of each co'ndenser'to distribute the voltsge atx‘ees,'_equany.

‘Messurement of the voltage-current cheracteristic showed

that the velue of 2V»/a1 was = 1000 ohme,
A VR 105/30 gas-discherge regulator valve is used as
the voltage standard, snd to minimize the effect of variations
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in the embient tempersture the velve has been placed in a
screening can which has en external thick coeting of asbestos
- _pqper. The regulating shunt amplifier has two stages
employing 6 SC 7 double trioaea. vhile the regulasted secuon
consists of four 6.1 6 power valvese connected in shunt,
’Grid-atoppere'_ are connscted in the control grid leads of .'
: t!ﬁxé powei’ valves to prevent perssitic oscillations. wire-
wound msist_dr_s‘ of high wat‘t.age éatin_g are used in the .
‘control. p'art-s‘of ‘the circuit only, 'a‘h.e_.oondensere C and Co
'are-'_e_ae_ential for stability. The heaters of the valves
- Va.end Vs are connscted in series and are fed from the heater
power unit, | _ -. o . |
Ue:lng the valuea of the circuit constents it is possible
"to deduce a value for Ms , the fraction of the unstadbilizsd
~ supply fed to the mgulating smplifier, using equation
| (5. 14). The t‘oilowing velues are used

™M = 3/7 K -G =30 = 100K LA
Ma= 233 . @=300% R= 220 KQ
AVy o ' -
.A.—f.._.../ooon : A= . 7_60
/ V.
" (2r+ R)(A'l = e)
y = R av
SRt~

420,000 X 1700
1 x 60 X 220,000 % /000

|r.
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It hes been found more convenient to use a value of

the order of -—5 ‘for ‘my , in order to reduce the hum

content too.
me equauon (5.15) the value afAV/AI csn be deduced.

éi | %" (zr+ R-/u"rmR)'—- e (,1p+R)

Al - (_fo R)(H'/u.) + w 7 R (M;_i- ™M, 6)
. _=1000(420,000~ 60% llx 226,000 ~ 300% 420,000
(420,000 x12) + (cox11% 220,000)(% + ‘179)' '

' 5.7 Emmm_ﬂ_‘!@;

The voltage-current character:lsuc of the stabnued
g mitt_ was messured using the circuit uhqwn_ in Plgurel2..
| The meaguring instrument wee & censitive Pye-table galvanometer.

Powy P
Unit

FIGURE 22. '.
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- The curve obtained is shown in Figure 23.

A24-990 -

Voltegc - volts

224-980

T.

H.

T ua-tro — ) r :
9% 1o 30 ' 150 m

. Load Curramt —ma. . _

FIGURE 23.

- The cheracteristic ie perfectly flat for the current
renge 90 <  100 millismperes, and then it develops into a
linear fell of voltage with increasing loed current, The
maximum value of AV'/AI is = 0.5 ohm while for the
-current rangé 90 - 110 millismperes the measured value

does not exceed the one calculated.
Using & similsr eircuit to that shown in Figure 22.,_1{

was possible to observe the astebility’ of the gas-discharge

regulator valve over a pericd of £ hours using @ mirror
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| .gél.vmme_tng and & photographic recording cemere. Figure 24.
‘shows the récord obtsined,

\]olt
<0 ) i

«0)

2 3 hrs, '

" FIGURE _24. i

_ e lergost spontensous changes in voltage are of the
order of 1 millivolt., Unfortunately, the H.T. battery used
‘to beck-off most of the voltage developed by the regulstor
valve wes in 8 poax; conditién end chowsd e considerable
arift in voitage, 80 the teat waé digcontinued after 2 hours.
The eame velve hes been constently in servics since July 1948

,ahd gean fuxictiona ag & reliable 'voltage standard,
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A lo.per- éent change in meins voltage pi'oducee e
chonge in the output voltage of 10 millivolts, The short
tem. fluctuations observed over periods of 1 hour duration
" are of the order of 1 millivolt, The hum content is loas
then l-millivolt pesk to peslk, |

B.8 ADDITIONAL HIGH OR PLY,
| A power un!.t, gimiler in desim to that descrided 4in
Sectioni 646, va__s constructed to supply powex‘ to the shnnt
gselector unit, It esn supply g current of 200 mnzmpems
st 500 volts, A V R 150/20 valve is used as the voltage

"et.aizd‘ard.
5.0 HEATER POWER UNIT,
 Thip power unit is aesigned to supply the heater ‘current
0 all the '6.3 vOlts = 0.3 anpére' type velves used in the
camplote cystem. It will deliver a current of 200 milli-
. mpe_z"'-gés at & voltage of 160 volte, The cireatt is shown
in métxre 2S. . '
, .‘me unstabilized meins su;iply is unoonventional in that
‘two 5 U4 a6 rectitier valves ere oporated in'shunt in order
'to produce the required loed current comfortsbly. The
unit 1s lightly fused so that if one of the rectifier velves
fané the other is never ellowed to pase the fall loed

o curx-ent.
The regulated seetlon of‘ the .pliﬁer consists of
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: éight 8 L 6 power valves connected in parallel, | This
“ax'ranga'nant 'waa adé;ﬁt_ed' to réstriet_ the ‘'heating-up' of
' aae&i val've and to achieve s long '1ife' for the velves,
The éhﬁnt-aﬁpﬂﬁer is similer to that aéac’x'ibed in
gection 5.6 emopf that it hes, in eddition, a cathode-
~ follower output to drive the eight power valves, This
amplifior is aperated fram the 225 volt povex- supplye
- An S,T.C, 43180 gea-diacharge regulator valve 1s used as
the volte.ge stenderd, Normally the load current ie
' ad;jnewd tae 280 milli.&fnpex'es to mmimize the dlsalpation
.of heat ‘4n the unit, ‘
" A change of load current of 16 millismperes produces
a change iq__tpa_mplifier zero equivslent to sn input of

4 millivolts.
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GHAPTER VI.
THE _AUTOMATIC SHUNT SELECTING UNIT.

spmcxmcm;gn. .

‘Ihe ananeat cnrreat to be meamred 15 of the order

af 2 x10 '3 auperes while the largest may appmaeh a

 value of 1 x 107° mperes. chalmers and mme (1949)

:'eaorded a curx'ent or - 7w x 10 mnperes—unu in a
nhower of soft ‘han.._ W.'.th &n mput nesiatanee of 10
ohmp the amplifier can cope with a maximum e,umnt of

2 'x 10"° a:iperes, so that for the rare occasions when

this val.ue 18 exeeeaed the 10 ~ ohme anda 10 ohms
resistors can be used m ahunt. __ | _ -

on the hi.ghest aonsitivity range the galvanometer
haa heen adauet.ed to give a deflexlon of 0.5 cms, on the
phot.ographlc cmra dmh .a't' 'a distenee or 1 metre, for
e carrent of 2 X 10 '-3'_ amperes referred to the input at

the mpliﬁ.er. The half-width of the photographic

-'paper is 59 ang. _so the different aensitivﬁ.ty ranges

for photographlc reoordlng, expresaed in tems or the

' input voltage acx-oas_ the high resistance ares-

Seneltivity Voltage Rsnge

‘High 0 =2 0.2 volt
Hedium 1 40,3 - & 2,0 volt
Medium 2 2 2,0 - 220 volt
Low 220 - 2200 volt
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Thub.'éithér three or six trigger-operated relays

are neceeeary for changing the velue of the galvanometer

'ehunt. aepending on whether the cireuit will function
' with both a positive end negetive signal or only a

~ unidirectional one,

E& LIER WORK,
' smith, Lozier, Snith and Bleskney (1937) ueed a

mi#ror-gal?anometer wzah photographic recording., A very

wide psapsr was-nsad to cover the required range of

measurement.

| " washburn, wiley end Roek (1943) employed four
ghlvanometers which recorded simultaneously at four

- different senaitivityilavele;”

Hipple, Grove end Hickman .(1945) used a system with

& speedomax recordsr in which the sensitivity was

-reauced as the deflexion incressed, An-epproximately

logarithmic scele was achleved by'connecting a suitable
network of resistances to a potentiometer shunting ths
input to the recorder. .The movabdle contact of this

potentiometer was coupled to the motor yhich controlled

the writing pen. A limit switching device was also

incorporated te ensure that the peaks of all signals

. were recorﬁed.

Lossing, Shield and Thoda (1947) describe an

alectronic shunt selector using thyratrons which were
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edjusted to fire at cartain voltsges. Ths thyratrons
-_oﬁerated relays which. edjusted the shunt system in the
Speedomax -ieebrder._ whqn the pen returned to the zsro
signal line efter retracing a peek it-closed e limit
éwi.tch which extinguhhed the thyrations end aet the
._reeoi'dex‘ at maximum sensitivity agein,

It is worth indicating that the syatems described
gbove were employed ih'maaa—spéctrogrspMe énalyses

whére the signal varietion is 8 controlled one, that is

- 1% depenas on the soanning of the magnetic field,

-Greater aifficulties gre experienced when the aignal

-variaf.ion is more or less random,

LT,

a ..-_m_mz TRORIC TRIGGER cI '
| Limit switching uaixsg photoelectric cellas or other

: deviees is not a very satiefactory procedure for sutomatic
' recording, bescause the recording inetrwnent has usuauy
_machea it peak before the seneitivity is lowered,

In this type of system the switching-relay is controlled
b&' the recording instrument which may dring it into

~ setion by ineans of a photéeleetric cell arrangement or
eimply by t.hé.makiﬂg of an electrical contact. The
response of the recording instrument ususlly lags well
_behind that of the emplifier snd the electrical signal
will have almost reached ite peak before the sensitivity
N is chengeds This t-.vp'é of sction may result in the
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| :beheading of.manv peaks or the production of artificial
onee. ..Fbr-meseespectrometer aneiysee this may be
toierable,-but in the present application it would lead
i_ to:some confusion, 'fbr good-rééording, chenge'of
sensitivity ehould occur befbre the galvanometer or
pen—writer deflexion hes reached a maximam, Thus it
directly to the signal voltage rather ‘than be controlled
frem the recording instrument. ' |
| As triggering devices for preci-ion wnrk, thyratrons
. and cold cathode gae—filled valves are unsatisfactory,
'They do not reutrike at ‘the seame voltage and after
striking they must be extinguished by some external
source. o 7
A hard-valve trigger unit seemed to be most desireble
.fbr precision work and & modified version of Schmitt's
trigger circuit (1938) was edOpted as a switching unit,
N The operation of the circuit is discusced in some detail

by Williems (1946). Figure 26. illustrates the circuit.
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+ do00v.

. FIGURE 26.... ..
' Wnen the potentisl E ' on the grid of Vi is zero
| V. s it off end V2 functions as @ cathode-follower
stage. 'I‘ha potentul on the eathoﬁe will be epproxim.
atelth X 300 volts = @ volta asy, providod both R ‘ena
Ry sre mueh greater then R -, . If the potentisl E 1s
‘now incx-eaaed, then current w!ll begin to flow in. Vi as
~soon es E  becomes close to ¢ volts, The gria
._patential ot’ Va. now begins to fall. thus assisting the
| trenefer of current from. Vy to 'V, - and promoting a
| _.f_»rtgge: act.igp, | 'me speed of the trigger action dspends
- on the value of R a the optimum velue ie given by

'-_t.hg relation 4/ o - |
ly (6.1)

| gmem g 15 tlw mesen nutual conductence of each valve,
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From

amplifior

=i90v.

Units ABCDEF are idntical,

Rr — LERA wew Rt — 0 KA. pot Vi— 676
Ri— | K2 pet weo Ra — AOQO KA Va— EF S0
R3— ASKkn ww. Ra = J6Kn Va— EF 50
Re ~ 3000 pot. ww. R~ 1O0QKA ’
RE~— 200 pot wWw ’ ’
Re— 2000 pot wwli — 10 oaf
Ry — §00A pt wwWlaz— ol uf
RS — | Kia w
R? — | KA oot s WRIy— High spead Play

W

C R— 2 KO

SHUNT SELECTOR |I.

FIGURE 27 -
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If R is less thsn this value, the change-over 1is

_ a slow process, whereas & larger velue of R . introduces

a 'backlash' effect. After the circuit hes triggered
at. the prede termined potential it ie found that it will
only return to its original stete when the potential on

‘the controlling grid is 8 little below this potential,

'I‘he minimum ‘backlesh' which cen usuelly be obtained
1s sbout 0.1 volt, Tne condenser C reduces the effect

of stray cspacitance at the grid of Vo » A relay

inserted in the snode circuit of V: cen be operated by

eontrolling the potential on the grid of V, .

SHUNT SELECTOR 1.

The firet circuit which was. sried is shown in

. Flgure 27 « s:lx trigger units wers used and each cne

wes adjusted to operate when the potential on the

epnt.rolung gﬂd was - 30 volts with respeétm 'earth’,

E,F, 50's triode connected were used becsuss there was

~a good suppiy of them available and they supplied enough

current to operate the high epeed relays, A current
of 3 milliamperee would just operate thess relays.
The signal from the mplifiei; was fed to a cathode-
follower V/ aend the triggering potentisls for the

trigger mﬂte were teken from s resistor chain in the

cathode ciréuit. The tappings on the reeistor chain

" were calculated so that when the grid potential was at
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& change-over level the potential at the tapping point

for the aseoclated trigger unit wes - 30 volts. The

| units wex'e set to triggser at the following potentials
| referred to.the grid of

A - 0.2.volt B+ 0.2 volt
C - 2,0 volts D+ 2.0 volts
E =20 volts P +20 volts,

It was intended that units A, B, C and D should control
two ghunte in the gelvenometer circuit, while E'and F
would alter the 1nput resiatance in the electrometer
grid eirmit rrom 10 ohms to 10 ohms,

~ The effec.t'of 'backlash’' on units A and B was too
+ important to be neglected, for a 0.1 volt difference
. would cause & mid-scsle chenge-over. The use of the
condenser C; acrose the relay coil reduced the -'backlash’
to ﬁhe order of,02 volt by bringing the circuit slmost
%o en oaeiila‘tlns condition. For units £ end F
sdventage was taken of the 'backlash'.  The preset
potentiometers iere set oo that a 'backlash' of 18 volts
| " was obtained. '.l?;g 10 3 olm resistor would then be
shunted by the 10 ° ohn reeistor at en input voltage
level of 20 volts snd restored to the normal condition

at 2 volte,
| Preliminary tests revealed the following defecte:-




+200v

: »
H i: RL
! 4
| [Rer] 3
1»
| Re 2 | i: Re
R: rr ¢ - 100V,
Q i Rs
{FP —aw Ryl
°n Re ':j-ﬁ
AMP||f.ef‘ " 1
< -
Rs 1: la »}
<
Re :;
A/
<
<
<
«
L
L
Units A &8 B ore identical
R — SKa C — IO/u./«.F.
Ry — -1 378 ww RE — MinatuTe nluy
R} — )} R L/AVE .~ Hi
A i g o Ry igh speed relay
Rs — 29Kk0 .. Vi — 631§
Re —  3§K2 wwW. vy — EFrS50
R7 — 16K Ys — EF S0
Re — 10 Ka pot.
Rg — 3JookAn,
Rio— looxXn

FIGURE 28.
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{a) tong term stability of units A and B could not be

~obtained, The triggering potentia'la varl.ed
rrom time to time end occasionally the relays
faltax'ed- |

"(b) The ee%ting—up of the experimentel cirmit was not

easy end 8 more elabomte system of Jackpoints
!md maters wes necaasaxw to make handling easier.
_The develomant of en operauonal model would teke

30!“9 time,

' __( c) 'l‘he full circuit could not be operated for some of

the relays were found to be fsulty and no
replacementa were aveilable, |
" Rather then proceed to dévelop this system further,

. a eimpler system using limit s.w'itc_hing' wes exsmined,

6.5

SHUNT SELECTOR 2.

pring tests with the previous circuit it wss found

‘that by operating each trigger unit from a cathode-
‘follower stage a more relisble end atable switching

sysetem eouid_ be obteined, Circuite A and B of Figurel8.

_nlixst.rate thie type of systems The control grid of

the cathode-follower atage is allowe_d to 'float' and
the trigger action is initiated by connecting the grid
to 'esrth'. The eireuit has the sdvantsge that & good

electrical contact ig not essentisl, but the contact
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Irfesistmee should not be gﬁeater than‘_ 1000 olms for
z'éuable Op_'eration. fach a .'aya,ter'n_ cen be operated with
- giﬁhér positive or negative signale using & centre-
1_nd:lea_ti_zié dovice ap & limit-switch.

Preliminery tests were carried out using e centre-
resding millismeter s a limit-switch, The light
alumiﬁmm pointer was allowed to move in a gap betuee'n_
twé brass contects which were electrically connected.
The ends of the contects were ground to sharp conicsl

' p,oi_nt_s. The pointer was 'earehed' while the contacts
wére_- connected to the control gi'id of the cathode- |
i‘oilbwet__'.' At First it wae found difficult to trigger

: -fthé _felay circult by this method. Satisfactory contact
_ ‘could not be Obtaineé'baemise of the oxjide-layer on She.
pointer end the small preseurs exerted by the pointer
when moﬁn-g aﬁeadilya An impulgive motion of the
pointer was usually adequate, however, To overcome
thie contact aifficulty both the pointer and the brass
contacts were silver plated e‘lectra_lyt;igany end

‘satisfaectory contact was now obteined during operation,

ﬁowaver. with constent use ths silver layer on the
poinﬁex- soon deteriorsted snd this difficulty could not
'fxe overg:omé. Imrthenhore-. -oceaeionany bad contacts
were ceused by dust settling on the brass contacts,

It waé found that _relays' manufactured dy Mecars #lliot
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Brothers Limited were suitable for this type of limit-
switch snd some were purchased.
~ The experimental selsctor cireuit ghown in mgure
was built up using the miniatura relays es limit-switches,
It was not possible to connect the ralays between the
amplifier output and 'earth' becauge the 'eax-th' _
| ‘connection would upset the stability of the power unit
supplying the smplifier. ' The resistence of sach relay
-13 700 ohme, so that large rein currents would produce
| _ ._J.arge current changes in the gas-diacharge regulator
valvew (Figure 21. Yo Aceordingly an 'earth' connexion
was tspped from the resietox- chain R | , Ry, Ra,
REI' operates when the smplifier output voltage is
2 0.2 volts anaRez when 'iit is 2 2,0 volts,
 The complete reley circuit is shown in Figure29, ,

- It will be observed that the shunt resistences are very

. gmell compared with the résistaxxce in series with the
galva.nometer'. and 8o the da;npiﬁg of the galvsnometer
 ip unaffected when they sre short circuited.  The
sensitivity chenges are indicated on the side of the
phbtogrephic paper by means of the edditional galvanometer
lemp, The besm of 1ight from the slit in the lamp is
'reﬂected back to the éa:pez'a drum by a plsne mirror set
up a metre ewey from the lamp, 'ﬁie ang_lp'of the lsmp was

s nul:.’:i: RN
': 3 R0V IJ §
geonion A
'lBR ARY.
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- adjusted so that the spot of light 1s in the ssme
horizontel plene on the photographic paper as the galvan-
ometer spot.' in order to obtain time synchronigzetion,

. The sensitivitics ere indicated as follows:

Hgh ~ H.S  No side trace,
-~ Medium 1 H.8.1  Faint side trace
' Medtum 2  M.S.2 - Dark eide trace (obteined

by short circuiting
the IA. resistence. )

Low . L8 |
- The ciz'miit of_'mgure-ig. has been tested seversl
‘times end hée given a satisfactory performence. It
: éénnot be used with the 24 hour record becsuse of. the
-lpoor msolution obtained when there ere rapid fluctuations,
- To eomplet-e the shunt selector circuit, units E end .
| - F of selector 1 need to be. edded to introduce the low
gensitivity séale. - Also for proﬁeetsive purpeséa e
resictance. of 5000 okms shoﬁldbe connected in series
with Re/ end controlled by the operation of Rex . 1In
e"etting—ﬁp Z'the circuit edjustments shonld be made so that
when unite E and F trigger at the 2 volt. level. they

do so befare REz N
For oPeratianal'use the circuit should be rebtuilt,
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CHAPTER VII.
(OPERATIONAL TESPS WITH THE APPARATUS,

7l N@OIXJQQION.

, _ ' . Mossurements of atmospheric currents have been

| carried out eince the beginaing of March 1950, but not

. with eny regularity. From time to time it was necessary
to -Mterx'u'pﬁ the systematic recording in order to carry
out tests, . Usualiy it was possible to make the test

. between O m,m. 8nd 4 p.m. end then & long period record
was obtained between 4 p.m. and 9 a.m. on the following

morning, Measurements of the electric field strength
were obt.ai_ned from the agrimeter., This is easentislly
én'_éiectroetatic generating voltmeter of the type
described by workmen end Holzer (1939), It generetes

en :cutpﬁt,volfage which is proportional to the electric
f£1eld strength end of opposite polerity. A Dolezalek

electrometer recorde the cutput voltage,

JCIUATIONS IN PINE WHATHER.

Fuctuationa may be caused by:-
{a) Pleld changeé: The magnitude of the fluctuation is
"a function of the rate of change of the electric
£ields
(h) The effect of wmdn Thié may be twofold. It moy

cause nminor ﬁeld ehengea in the region of the

| gxpoeea co_lle_c&ing surrace due to the tx-aneport



104, -

of groups of ions, as well as producing e varying
ionic current at the collector as a result of the
~errival of the ions in gusts, in the same way in
which rain peachea.tha'collector'in windy weéther.
To resolve the two effects is almost en impossibile

1ty | |

(c& Vertical_ccnveetion eﬁrrents: Sach a convection
- 'current vith a susty component would produce field

dhangea ana varylng 1onio-currents in the sams way
as wind, _

A defleotion which erossea the zero datum line would

'findicate a field change rather then & change in polarity

'; of ‘the current becsuse of the pre&ominence of positive
ions nesr the ground, | |

| ' Observations have shown the influence of the above
"ithree factora,

Plate 2 shows ‘the correlaxion betueen some rather

' '.létge field changes and the fluctuatione on the ain-earth
current record. The field changes are of the order of |
100 volt-metres ., end the fluctuations are equivalent
to e current of 10'¥Sfamp.-cméf} » thue a fluctuation of

. =16 -
the order of 10  amp.-ecma.~ could be produced by a

_ , : -, |
-, field change of 10 volt-metres. which would have an

gmplitude of .07 was, on the field record. The field

recotds were conaeqnently of very 1ittle agsistance in



105.

:sgudying the more-freqnehtly oecurring fluctuations of
the order of 0 - 4 x lofle aszm'ap.--.-cxns?:l o

| The reculte suggest that the current may vary
 _nétdré11y end that it would be wrong to assume that the
_ récord of the current.ahould show smooth variations
_of long'périod as 1s suggested by Scrase's records (193%)
" A cloger examination of Serese's records shows that the
'_‘réte of cherging-up of the eclectrometer varies during
the 9 minute 1ntarvals, and so the current is not
constant during that interval.
, Oon cloudless days when the wind has been of moaerate
- strength large fluctuations with amplitudes resching
_-6. x 10-'6 an.-_-ans‘.ghéve béen' observed, while on similar
days when cslm conditions have prevailed the fluctuations
j have been no greater then 2 x lo'm' amp.~cma; Traces B
~ and G of Platela are typicsl records for calm conditions
| with no cloud. Traces C and D of Plate 1 are interesting,
The former was obteined on & windy day using a metel
plate devé'the_collector while the latter was taken on
a calm day uelng a wire net of 1 inch mesh instead of the
pléte. The fluctuations of C have a definite 'spiky’
neture and ere most probqbly_current variations rather
then the effects of field changes. A record obtained
-immaaiately after this meééu?ement, under natursl

:eonditions, that is with the plate removed, showed the
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the order of 6 x 107"° emp.-cus;~ ., ‘The test demone-

- treted the effect of the passage of groups of 1oﬂs over

 GOMPENSATION FOR PISLD glANGES,

using the method deacribed by 8crage (1933), except

that no wire net. wes ueed. A signal from the agrimeter
: wae fed to the input or the ampnrier via a variable

- Gonaistea of & pgrall_el-»plate mica condenser in parallel
wit.h a.va'riable éin-cbndenset'. The eapacitance of the

-'syetem could be varied between 600 - aoo,u/uF Cover

at. the same height above each one, so that the ssme. fiold
- could be spplied aimultaneously- to each system, Both
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seine' ‘epiky' fluctustions., D shows how stesdy the

| record should be when the field ie constant and
" conditions are calm, o

A glowing fuse wes placed on the ground sbout

‘4 feet away from the collector, on the windward side.

| anaké wes. 'caiix'*'ied over the collector at & height of

-.: no less then 6 inches above the ground._ The fluctuations
. dne to ‘the field changes eaused by the passage of ions

" from the fuse over the collector had en smplitude of

the collector, !_jnfo'x'tunatcly, no cslculatione could

A at.tanpt wes made to oompensate tor field chenges

capacitanee as shown 1in Flgure 1, The_capacitanee

plat@s were placed over the agrimeter and the collector
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plates were connected to an H,T. battery situsted in
‘the laboratory.  Field changes were then applied
- simul taneously to the agriméter end the collector and
the verieble capacitence was adjustéd until no effect
. was ohserved at the output of the emplifier. It was
:epon_fbund:that such 8 condition could not be resiized,
fbb the reéctions of the two'field-changes on the
gnplifier ﬁere not simulteneoue. The beat setting of
_  fthe condanser wag such that the two changes produced
. equal chenges at ths output. one after the other, It
._”aéémed that the effecﬁ.vaé éue to thg different response
'iimhe.of the agrimeter and the conduction current

 epparatus, | '
| ' %hen the field changes vere eapplied separately to
| ' the smplifier it was found that the collector was more
senpitive than the egrimeter. Further tests were then
: lnade with asnodified irnput circuit for ﬁhe collector,
Bigh grade mica condensers and high resistances were
. used to increase the time constent of thlg circuit.

This time.oaly the -variable gin-condenser was necessary,
but again tﬂﬁé synchronizaelon.bf the twu'aignale could
not be bbtained. During these tests it was observed
'ﬁhat the agrimeter 1njecte¢ spu:ious signals into the
=aﬁglifier,.due to some mechenical defect in the agrimeter
‘and this increased aifficulties considersbly. In fsct,
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tﬁéléresence of theee spufious signals of period about
1 aecond led to the abandonment of attempts at compensation,
| The cable connecting the agrimeter to the air-earth
__current apparatua has. a .capacltance ‘of the order of
‘ebout 600wuF. which incresses the time-constant of the
systen unnecesserily, - To reduce this cspacitance a
'qathéda;fbxlower'was intrdduééd at the agrimeter with a
ahprt.lehgth of screened ceble in the grid circuit, and
the output £rom the cathode-follower was then teken to
B nhe”aih-earth cunreﬁt,appa?aths via the cable of capacite
'ancelaoqﬁyQF.._' Furthermore, by connecting the braided
sheath of tho cable in the.érid circuit to the cathods
-laslahgwn 1nf?iggre 30. 1t was possible to reduce the
| Qapaéiiéhcs-of.the agrimatgr.system to e minimum,

From P
agrimueter

} To ampliticr

FIGURE 30,
The effebtive input capacitanéa of the cathode-follower

: ean be ahawn to de g&ven by the relationa—
Cin c,(l— ) | | (7.1)
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‘where A is the stage gain. The more _élosely A

epproaches unity the smeller Cin becomes. One section

‘of 2 6 8C 7 twin triode was used ss a cathode-follower,

because it wes the only valve sveileble which hed g

grid current no 'greatex- then 10~ ° emperes, when operated

at & low. anode potential, No valve-holder was used, and

connections were made directly to the valve pins, 80 that
the grid to éath_ode insulation would be sdequate,

The 'catho'de-fallower woriked satisfsactorily, but unfortun-

ately 1t enhenced the ‘spurious signals from the agrimeter
~and no foip compensgation tests eonm be performed. This

method would probably be edequate if certain mechanical

.difﬁcultiea in the sgrimeter were. overcome,

Tﬂg AIR-EAR"‘H cURRmiT. ,
' Bmm b} hour ana 24 hour records have been obtained,
Typicel records sare ehom_in Plate_e 2 end &  Unfortun~

“ately, only a fow records of simultaneous current snd

ﬂeld méaenrementa were obtained and 1t is unwise to
draw eny conclusions from them, It is not eaey to
estimate the value of the current from the 24 hour

records beceuse of the presence of the fluctuetions.

‘The most satisfactory procedure is to draw in the line
. about which the fluctuations are symmetricael, but sometimes

this is difficult to judge, @s in trace C of Plate &,

This method gives en estimate of the mesan current. The
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- mé?an value of the current is eaaief to assess in the
1l hour racobds, but here agein the field chsnge
ﬂuctuationa'-intéo&uca an error of uncertain magnitude.
It was. thought that a stesdier record ‘would de
obtained by mereaaing the time-constant of the input
| circui_t and a0 snoothing out the fluctuations. The
most effective way oé doing this is to increase Rq
(Figum 14, 3 to 10 -ohms, 'Bh.is scheme was not
aﬁopted because in conditions of rein the potenttal of
e the collector would very from 1 - 20 volts below and
above 'eapth’s. Also at timeé the syetem indicated
| abnomally high gir-earth currents due t0 excessive
charging-up. . IV was found that the normsl circait
 giviag ths closely packed fluctuations ehown in Plate 2
was the moat satisfactox’y. from the peint of view of
operation end analyais. The presence of a resistsnce
| of the order of 10 ohme in series with the collector
. mekes 1t difficult to discover when the insuletion of
* the collector is feulty. Normally this is essily
obgerved, for the screened collector mdiéates_ a _large
carrent if the insulation is low,

It Lo safe to state that the air-earth current at
o -16- -2

Darhan varies between O - 2 x 10 . smp.-ma. on cloudless
deys end at other times 1t cen be greater then 2 x 10

. ampecne,¥ . fThe normel fine-weather fisld hes a value




. of about 200 volte-metres.

7.6

7.6

RAIR,

- 2
10 3-_ anp, ans,
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{

DHR_CONDUGTIVITY OF THE AIR,

By piacing 8 metal plate or wire net above the

+ collector and spplying a potenti_.all to the plate or net

it was possidle to estimate the conductivity of the air,

| Traces ¢ and D of Plate.I show the results of two

attempto, A reliable result is obtained if the field
between the plete end the collector is adjusted to the
fine weather velue. The results obtained with the
wire net. ere:- - |
~ Hlectric field strength

. =/
2.4 volts-cms

> o : 4 -2
' “Gonduction carrent - - - 0.8 X0 ° emp.-cms.
' -8 -t -/
A & L = 0.8 %10 ohm-ans,
F . T Bed ,
E A -1 -
= 2.3 % 10 ohm, - cms,

Records _covering pertods of reinfall show the

following cherscteristic. In showery weather the current

frequently chenges polerity within short time intervels,

of the order of & few mi_nlutea.. This hes been observed

: - -/$
- in 1light showers with currents of the order of 10 amp.-

" aus.® end in heevy thunder showers when currents of

-1 -

'wem'reeorded.‘ As & result the 24 hour

‘pecord was found to be very unsatisfsctory for the

messurement of rain currénts, for the pcaks are packed
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cl-bsely end no enalysis is poseidle, The beginning end
- end of the shower shown in trace B of Plete 4 indicates

- _,tne ropid ﬂuetuationa to be expected.

Te7

‘1'he 1 hour record is 1dea1 for rain mesasurements,

-'l'races A of ‘Plates 3 and 4 are typical records of

eonf.muous rein end a thunderetom shower respectively.
| ‘Few rain recox'ds of each type are availsble, g0 that

en enslyeis of:the t*eeox-’de would have little meaning,

INSULATION PAILURES,
The only serious failure of the insulation during

 these tests was that mentioned on pa'ggi’fﬁ‘ +. No trouble

“Was expe‘x'le;\ced during periocds of heavy rsainfall. )
~ Occasionally ‘en undetected strend of a spider's web

ecsused a temporary breakdown,
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CHAPTER VIII,
CONCLUSIONS,

o
L

The teets have shown thet the electronic method of

studying the electrical effects at the surface of the
éart;h is entirely Successml. The equipment needs
- 14ttle supervision end maintensnce, end the stebility’

is adequate for continuocus operation.,

Meagurement of the sir-earth carrent, howsver, is

‘not satisfactory becsuse of the feilurs to obtain
~ compensation for field changes. . If a relisble method

cen be developed, then the aireearth current meacurements

will Ye more significent than thoée obta!.néd by Scrase

(1933), for he really observed the conductivity of the

air rather than the air-earth 'current.

Rein eurrent,meaédi*ahentg ere reliasble for periods

. when the field changes are'_ gmall. A good resolution

is neceagary on the reeording peper, in order to displaey

'-cl-early the frequent chenges.in the polerity of the rein

‘currents, which usuelly occur.

Towards the end of the work when it became sppsarent
that the agrimeter would -n,ot give the desired response

an slternative method was devised, but could not be

| tackled bécause of lack of time, The method is shown
" achematicelly in Figure 3/ . The inverted test plate
will respond to field chenges while the collection of
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' charge from the conduction current is prevented by the
insulation mould around it. The 'earthed’ metel shield
pmvénts the collection of static charges on the

" insulation, while the outer coating of inferior
ineulating materiel will dieperse these charges on the

expoged surface rapidly.
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. Hectrical effects, which are related to changes
in the electrical structure of the atmosphere above
" cen be constently observed st the earth's eurface.

Thess effects cen be classified as followss-

~ (1) Ghenges in the vertical olectric field,

These ceuse veristions in the 'bound' cherge
‘on the eurfece of the earth, snd can be
'. obeerved as transient currents.
(2) Tranat‘erenee of charge from the sir to the earth,
There sre two main processes:
(a) An ifonic conduction current,
(b) Charge cerried by precipitation

S elements,
() Discharge from points,

The bi'esent x-eaearch- is mére concerned with the
trensforence of charge from the sir to the earth, In
the pagt most observers have found it more convenient
to measure the precipitation currents end 1onic conduction
' current independently. Few have been sble to make
syetematic obseriat_iqhé during all hours of the day for
long periods. The recording technique has usuelly been
'@ photographic ohe; a method which suf‘fere from the
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I. dipadventage that the rééults are studied long after

" the events heve occurred. |
| o A in'veﬂigattén ‘has been mede to exemine the
éo'asibili.tlee of using en 'ele_étranic method to measure
~ the stmocpheric electric currents continuously, with a
| ﬁew'w the éventual_establiahnent of 8 system in which
a'll. the elootrical elemente (field, currents, point-
dﬁ.aehfaége, étc.) are recorded on s multi-chennel electro-
‘magnetic pen-recorder, 80 that the electricsl nature of .
~ various weather situations can be obasrved. irmediately,
| An af)par_étue has been developed which will record
the alecié_icél -efruéts_ which oceur at the surface of the
© earth under netural conditions. It hed been hoped to
avold the effects of fie1d chenges by obtaining a
compensating signel from an -ele_msrfc field measuring
instrument, but this part of the work has not yet been
'.,auccaesful beceuse of mechenical difficulties in this
Snetrument. | | - |

. e epparatus consiste of & collecting bowl which
‘45 mounted in a pit with 4its exposed surfaee- flush with
‘the surrounding ground. c_bmpenaauen for splashing

| ~ hes been obtained by using the guard-ring principle,

' ‘end the effects of contact potential differencee have
' Been removed by costing the outer eurface of the collector

éhd the inner surfaee of the pite-lining with aluminium
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'tﬁetall@_c' paint, - Insuletion difficulties have been
overcome by ueing polystyrens end keeping it wam by
electricol hesting, The current reaching the exposed
~surface of the collector 5.9 carried in concentric
| sereened cable with golid polyethylene 1nsu1ation to a
DG negative feedback emplifier,

The emplifier has sn electrometer input stago and
the iondc current develapa e voltage across a 10 ohme
‘resletor cennected in the grid circuit of this velve,

: A low mpadance output is obtained by using & cathode-
" t‘cllowex'. ~ This ie eonnected to a heavily damped mirror-
_'galvanemeter which x'eeb'rds thé_ carrents on photographic |

pape;; in a drum cameras ‘10 _eontroli zero-arift e method
| of desenerat;#e_feedback for long term voltage chengee
| haaheen developed, using a compensating velve in the
input stage. The ﬁr:pliﬁer' cen handle currents in the
 penge 2 X 10~ fs ‘Eamperes - 2 x lo—lo en}p'eres without
| Satﬁrgting. Long-term drift is equivalent to a current
change of !x 107 smpere p.'er hour referred to the
~ input vhile the short term fluctustions are lees then
4 x10 - gupex'e. Either 1 hour or 24 hour records
of the atmospheric currente can be obteined. An
eleetricelly controlled relay circuit is used to 'szero

| the anjiliﬁ.er" every hal_.i" en hour or, alternatively,

svery houz_'. :
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" A chunt selecting unit has been developed which
eutomaticelly slters the sencitivity of the gelvancmeter
| and is controlled from'thel_outmt of the empuﬁer.'

’.[‘56' circuit usee electronic trigger circults to operate
relays. The sensitivlty ie indicated on the edge of
_the photographic psper by ueing an additional galvanometer
lmp. | This unit is still in the prototype atage,
~ Power supplies ere obtained from three highly

ata‘éinzea niaiz_m operated §ower units. . All smplifying
- velves have their héatei‘a connected in series end are
k heated from one of these power units.

Inring 6 montha of operation the apperatua has

.'3”'9.‘-‘ g-relieb;e performance, tut measurement of the
- ailif-'e?érth. ionic current has been msde d1fficult because
| '.o_f' the presence of field chenge transient currents,
The uée of 8 socond _expo'sed plate, mounted in insulating
_matéxf'iél end used in the inverted position, has been
suggented as @ method of obteining the field chenges
ﬁithout’ the conduction current, for emplification,
The snpuﬂ_.ed' f4eld changes would then be passed in the
" correct phese via a suitebly edjusted capecitance to the
carrent amplifier 'm'_put.to belence out the field changes,



Attme, V;Ho (1948). Je. 8¢ 1. : _2_5_’

Benson, F.A. Cein, W.E., Clucas, B.,D, (1949)
_ Jde SCe I _Q_g,
~ Baldit, A. (1911)0 Comp. Rend, . 152,
S e I5E,
. (1912). ' Le Redium, 9,
Chelmers, J.A. (1946). Q.J. Roy. Met. Soc. 72,.

263,

299,

807,
731,

92.
199,

(1949), Atmospheric Electricity. Oxford.

Chalmers, J.A. & Little, E.W.R, (1939) :
Nature, 143,

(1947) Terr.Msg. & Atm,Elec, _5_2_'
carslaw, H, S. & Jaeger, J.C. (1947), '

244,
239,

Operational Methods in Appned

Hathemati c¢s, Oxford.

mnger, J.E. & Gann, R. (1946)
Terr.Mag, & Atm,Elec. gl’

Elster, J. & Geitel, H. (1888).,

Met. Zeit. - 8,
Pindeisen, WeE. (1943). Met. Zeit. 60,
Frenkel, V.I. (1946) Electrichestvo, 10, |
Gabus, G.H. & Pool, M.Le (19237) S
. . Rev. Sc. I. | 8,
Gerdien. B (1905)s - Dhys. Zeits s,
Grah, R.L.. Harknees, A.L., & Thode, H.G. (1947)
o J. Sc. I,
. Gunn, R (19*2) Phys. Reve
N ~Harris, E.J. (1948). _ Electron. Eng.

Herris, E.J. & Bieshop, P.O, (1949)
- Electron. Eng.

(1950) RBV_. sc. I.

477,

95,
145,

Se




~ Herath, F. (1914). Phys. zeit,

15, 166,
Hill, W.R. (1945). proc. I, R, B, (N.Y.)e 38, 23,
’Hipple, Jehe, Grove, D,J. & Hiclmen, &.H. (1945)
- Rev. 8¢, Is o 18, 69.
 Hogg, AR. (1939). Mem. of Comm, Solar, Obs,
- _ | ' " Cenberre. .. 7.
- Jaeger, J.C, (1946), " Introdueuon to the '
o . o ' Laplace l‘l'ensfomatlon. C. S.I.R.
~Kehler, K. (1909). Verdfe, K, Preuss
. Mﬂt. Inst. g_l_go
'Kirkpatrick, G.MQ (1947) Prﬂco Io Ro Be (N.Y.). ?;g, 486,
_ Lossing, F.P., shield, K.B, & Thode, HeG (1947), |
J. Caned. Res. B¢ 26, 397,
'Lutz.,c.w.. (1911)_. ' . gitzber. Ak, Wiss. : :
o - Mdnchen, 205,
‘MecDonald, D.K.C. (1947).Resesrch. 1, 194,
Mecferlens, G.G, (1947). Proc, Phys, SocC, 89, 366.
'Glenand, J.A. & Gilmour, A (1920)
) Pmeo R. IriSh Acad, ggl_\' 13,
- M'Clenand, Johs & Nolen, J.J, (1912).
. Proc, R, Irish Acad, . 29, 81,
& I0, 61,
Mamick, Miss T.C. (19.'50) :
Q.J. Roy. Met. Soc. b6, 9.
Metcalf, OB, & Thompson, B.J. (1920). :
. Physc RovV. _3_6.9 1489,
' _ﬁiller, S (1941). | Electronics, 14, 11.
Nieleen, C.E. (1947),  Rev. 8¢ I, 18, 18.
. . Holen, P.J. (1-940)0 Proc. Ro Irish Aced. _4_9_4& 66.
Nolan, J.J. & PaJ.(lQ"'?).Proc.-R. Irish Acad. 434, 79,

_Palevsky. H., Bwank. R.K. & Grenchik, R. (1947). S
. Rev, Sc. 1. LB_, 298,




‘Penick, D.B. (1935). . Rev, 8¢, I, 8, 118,

?1erson. _D;."H-. '(1950).' | 'Eleewon. Ez'ng.- 20, 48.
Roberts, 8 '(1939)s - - Rev, Sc.I. - © 10, 181,
'smindélhés_;er. Pe '(1_91';';).?_hya. Zeit, - 14, 1292, ‘
Schmitt, 0,H. (1938),  J. 8¢ I 15, 24.
“schonlend, B,J,F, (1928).Proc. Roy. Soc, 4118, 233,
Scrase, F,J..'(wa:s). | Gsophys. tem. No, 58, Vol. VII.
(1938) " Geophys. Hem, No. 785, Vol. IX. l
Simpson, 0,G: (1909) - Phil. Trens, Rog. S0c. A209, &79,
 (1920)  Phil. Heg. 19, 75,
(1949) Geophys. Mem, No. 84, Vol. X. |
aimpaon, G.O. & -Serese, F.J. (1927). ,
) ' Proc. Roy. Soc. Al6l, 309,
guith, P,T,, Lozier, W.W, Snith, L,G., -
& Bleskney, W.(19237) Rev, Bc» I, 8, 57.
Tetterton, B W (1949).' Jo sce I | gg,:aa.
Warren, G, Ve (19"5) GeE.Co Joumél. Vol. 6, No. 2.
-.Waahbum, H, %, wley, H.F., & Roc&. 8.M, (1943) _
: _ ~Ind, Eng.Chem, Anal, Ed. 18, 541.
.“Watson'.' ReE, (1928). Geophys. Mem, Ko. 46.
veles, E. (1906).  Wiener Ber. 115, 1285,
Williems, G (1946)s  Electron. Eng, 16, 509,
williems, F.C. (1946)s J, I. E. E. Pt. 111A 93, 289,
wilson, C.T.R; (1906). Proc. Camb, Phil, soc, 13, 36%

(1916). Proc. Roy. Soce A92, 555,
(1920),  Phil, Trens. Roy. Soc, A221, 73,

- (1923), Dict. of Applied Physics,
| " gacmillan & Co., Vol. 111, p.99.

(1929), = J, Fremk, Inst. 208, 1.




vorkmen, E.J, & Holzer, R.E. (1939).

Rov, Sc¢C. _!o

Workmen, E.J, & Reynolds, S.5: (1949)

mlo Mer, Met. 8Soc.
(1960) phys. Rev,

ormell, ToW, (1930). Proc, Roy. SoC.

160,

142,
254,
567,




-
I‘ L““Jr’— s - A |
« +
e e e e U

i .
| FRILY ""‘\I"".."."."" ALAY s S <« +
Wk f:"vﬁ\_,\_,- AR /f'.‘\"ﬁ/\,-'Vll‘»\/‘}/W\\yw-,

2

Sensitivity °~z.5m.//o"16amk- o

PLATE I.

A. Zero-trace for period of 16 hours. Amplifier
disconnected from collector after first hour
of the trace.

B. Zero-trace for period of 16 hours. Collector

 was screened and remained connected to the
amplifier, except for 5 minutes every 2 hours.

C. Coﬁductivity cﬁrrent, (#hour). Plate mounted
above the collector and a potential was applid&
to it. 'Spiky' fluctuations due to wind.

D. Conductivity current, (4hour). Wire net of I inch

mesh was used instead of the plate.
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PLATE 2.
A. Record of air-earth current and field-change
fluctuations.
B. Simultaneous record of the electric field.
(Time seales differ slightly.)




r | S ozsaw/m SQMP— SRR
- |

' ' \' A M'l\;'*\ !
O — . _ \T-’A'“:w\__ i M‘\/\ \'/\" \
g w"'“.:-.fv Y '\‘\_" ‘,""il‘/""l v o4

_-'-— '

AN N P P
- P ) ozsu-,//o 16 _am cm :

w W i
m hﬁ WJ{&%MM%W MMWWMMW

SensttivitY o-2Sem. [10” m,b o,

PLATE 3.

A. Record (I hour), taken during e period of
continuous réin.

'B. Record (I hour), of the air-carth current
during calm and cloudless weather conditions.

C. Record (24 hours), of the air-earth current

“under similar conditions as 'B'.
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PLATE 4.

A. Record (I heur), of thunderstorm rein.
Sensitivity was decreased at 'a' by a factor
of IO0.

B. Record (24 hours), of a long shower of rain. In
the centre portion of the trace the amplitude

was too large te be recorded.
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