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CHAPTER I 

DCTRODUCTION 

I 1. Atmospheric e l e c t r i c i t y - the part played by precipitation. 

The e l e c t r i f i c a t i o n of ra i n may be studied i n connexion 

with thunderstom a c t i v i t y , atmospheric ionization, and v e r t i c a l 

e l e c t r i c f i e l d s and currents i n the atmosphere. We w i l l consider 

these phenomena xxrder headings representing two broadly defined 

and inevitably overlapping problems. 

I l . a. The maintenance of the earth's charge. 

I n f i n e weather there i s a v e r t i c a l e l e c t r i c f i e l d i n the 

atmosphere, directed downwards and conventionally positive. The 

earth, which i s a conductor, therefore carries a negative bound 

charge on that part of i t s surface which i s experiencing f i n e 

weather. At the same time the a i r , which i s always to some extent 

ionized, carries an ionic conduction current vsMch tends to 

neutralize the bound charge, Chalmers (l949, page 118) calculates 

from results f o r Kew that the surface of the earth near Kew would 

lose i t s bound charge by means of the conduction current i n 48 minutes, 

were there no means of replenishing i t . Over the sea and i n country 

d i s t r i c t s where the conduction current i s higher the time would be 

even less. The charge may be replenished by the transfer of 

positive or negative e l e c t r i c i t y t o or from the earth by ionic 

conduction current, point discharge current, precipitation current, 

and l i g h t n i n g , occurring at any part of the earth's surface. 



Wormell (1930) and Chalmers (1949, page 120) have made estimates 

of the balance of charge transferred t o 1 sq. Km. of the earth's 

surface by these processes i n the course of a year. Although the 

estimates are only very approximate, observational data being l i m i t e d , 

the results do show that the processes enumerated may together 

produce no net transfer of charge to or from the earth. The 

contribution of rain charge i n England i s estimated at about + 20 

coulombs, which should be compared with the greatest contribution, 

which i s about -120 coulombs, by point discharge, 

I l . b . The separation of charge. 

The norroal f i n e weather positive f i e l d corresponds to a 

potential difference between the ionosphere and the earth. The 

fluct u a t i n g f i e l d s of either sign associated with disturbed weather 

and p a r t i c u l a r l y with thunderstorms show that there i s a separation 

of e l e c t r i c charge i n the atmosphere. There have been several 

attempts to account f o r t h i s sepsiration of charge, and we w i l l 

consider the main ones b r i e f l y . I n each one water has an essential 

r o l e , whether i n the form of cloud particles ( s o l i d or liquid) or as 

pr e c i p i t a t i o n (again solid or l i q u i d ) , I n general the separation 

of chaise taJtes place i n two stages. F i r s t there i s some process 

whereby a pr e c i p i t a t i o n or cloud p a r t i c l e and the surrounding a i r 

become oppositely charged. Then there i s the r e l a t i v e movement of 

these two chargesj usually b^ convection, giving the separation of 

charge i n space. 



Simpson (1927) based his ̂ breaking drop theozy' of the 

separation of charge i n thunderclouds on the phenomenon observed by 

Lenard (l892) and further investigated by Simpson (1909) that when 

water drops are broken i n a i r the water fragnents have a positive 

charge and the a i r acquires a negative charge. According to 

Simpson's o r i g i n a l theory drops of water carried up i n convection 

currents go through many cycles of breaking and coalescing. The 

negatively charged a i r i s carried up above the positively charged 

water drops, giving r i s e to an upper negative and a lower positive 

charge accumulation i n the cloud. Such a cloud i s said to be of 

negative p o l a r i t y . 

Subsequent investigations by Simpson and Scrase (l937) 

have shown that t h i s picture i s wrong, and that the thundercloud i s 

of positive p o l a r i t y . Moreover the level of charge separation i s 

above freezing l e v e l where cloud particles are s o l i d , or, even i f 

they are. supercooled water, w i l l freeze on coalescing. This rules 

out e l e c t r i f i c a t i o n by breaking drops f o r producing the main 

separation of charge giving a cloud of positive p o l a r i t y . A 

localized zone of positive charge usually found near the cloud base 

by Simpson and Scrase (1937) and Simpson and Robinson (1940) may 

well resxilt from ihe breaking of drops as i n Simpson's o r i g i n a l theory, 

Simpson and Scrase (1937) have therefore put forward a new theozy -

the ' i c e - f r i c t i o n theory' - according to which ice particles i n 

the cloud rub together, the larger particles acquiring a negative 

charge and slowly sinking, leaving the a i r above positively charged. 

This results i n a positive cloud as usually found. 



According to Wilson's 'ion-capture theory' (l929) drops of 

water f a l l i n g i n a cloud are polarized by an existing v e r t i c a l e l e c t r i c 

f i e l d . ^or a positive f i e l d the drops carry an upper negative and a 

lower positive charge. By the selective capture of the upward-moving 

negative ions (the a i r always being to some extent ionized) the drops 

acquire a net negative charge. ^he resulting deficiency of negative 

ions gives the cloud a layer of positive char^ge at the top and negative 

char;ge near i t s base, that i s , the cloud i s of positive p o l a r i t y . 

Below such a cloud the f i e l d i s negative (directed downward), and 

so r a i n w i l l be mainly p o s i t i v e l y charged, which i s what i s usually 

found. Whipple and Chalmers (1944) have developed Wilson's theory 

quantitatively, and Chalmers (1947) has shown that on account of 

d i e l e c t r i c polajrization ice crystals should be even more effective 

i n the selective capture of ions than water drops of the same mass. 

Laboratory experiments by Gott (1933, 1935) on the cap-ftire of ions 

by drops of water f a l l i n g i n a v e r t i c a l f i e l d give results i n keeping 

with Wilson's theory. 

Gunn (1935) performed laboratory experiments which supported 

the theoretical conclusion that a water drop evaporating carries a 

positive charge, and a negative char^ge when condensing. Frcm t h i s 

he elaborated a theory of charge separation i n thunderclouds. 

Later (l947) he measured r a i n drop charges vath apparatus attached 

to an a i r c r a f t f l y i n g below a precipitating cloud. E l e c t r i c f i e l d 

measurements showed that the r a i n p a r t i c l e charges were largely 

neutralized by nearby charges. The separation of these opposite 

charges would immediately produce the high f i e l d s associated with 

thunderstorms. 
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Chalmers (l943) has c r i t i c i s e d the i c e - f r i c t i o n theory on 

the grounds that from the results of Simpson and Scrase (l937) with 

the alti-electrograph the separation of charge occurs at heights 

j u s t above the freezing l e v e l where there are also supercooled water 

droplets and not merely ice-crystals. According to Bergeron's 

theory of r a i n formation (1933) these droplets freeze on coalescing 

with ice p a r t i c l e s , building up precipitation particles which below 

the freezing level melt to form r a i n . On the sudden freezing with 

- the coalescence, i t i s suggested that positive charge i s released, 

the drop carrying away negative charge, and the sepauration i s effected, 

Findeisen (1943) has put forward a theory as a r e s u l t of 

his laboratory observation of the shedding of mainly negatively 

charged ice-splinters by a surface on vihioh. ice crystals are being 

deposited by sublimation. Mostly positively charged splinters are 

formed i n the reverse process. I f an e l e c t r i c f i e l d exceeding a 

certain minimum i s applied to the surface the splinters formed are 

mainly opposite i n sign to the f i e l d . I n clouds, particles of ice 

w i l l give negative or positive splinters according t o conditions i n 

the a i r , r e s u l t i n g i n charge separation as the main particles f a l l . 

I n some circumstances an existing f i e l d may be very much increased 

to values found i n thunderstorms. 

Frenkel (1946) bases a theory on the fact that water 

droplets i n ionised a i r take on a negative charge. The sinking of 

the droplets under geavity produces the separation of charge observed 

i n clouds. This theory i s of inte r e s t i n connexion ra.th negative 

f i e l d s observed i n mist and low-lying stcatus cloud when there i s no 



p r e c i p i t a t i o n . Chalmers and L i t t l e (1947) have observed such 

negative f i e l d s at Durham during 1939, and I have observed the same 

phenomenon on several occasions during 1948, I n these cases the 

separation of char^ge necessary to produce the negative f i e l d may 

well be due to an agency such as Frenkel describes. 

I 2, The o r i g i n of r a i n char^ges. 

As p r e c i p i t a t i o n appears t o play an essential part i n the 

main separation of charge i n 'rain-clouds' the p r e c i p i t a t i o n particles 

w i l l begin t h e i r downward ;joumey to the earth carrying a charge. 

According to the various theories of charge separation already 

mentioned we then have the following p o s s i b i l i t i e s for the sign of 

the i n i t i a l charge:-

(a) Ion-capture theory (Wilson); negative ( f o r a positive cloud)j 

(t>) I c e - f r i c t i o n theory (Simpsaft and Scrase) ; negative; 

(c) Breaking drop theory f o r cloud base localized charge; positive; 

(d) Gunn's theory; negative (because of condensatiorO; 

(e) Chalmers theory; negative; 

( f ) Findeisen's theory; positive or negative (according to i n i t i e i l 
conditions of temperatiore or f i e l d ) ; 

( j ) Frenkel's theory: negative. 

Superimposed on the i n i t i a l charge of the prec i p i t a t i o n 

p a r t i c l e s w i l l be charges acquired i n one or more subsequent processes. 

These include:-

(a) selective ion-capture by "^i^ilson's process, both for ice and 

water, giving charge opposite i n sign to the f i e l d ; 



(b) breaking of drops (Lenard e f f e c t ) , perhaps i n the a i r or at 

the earth* s surface, giving positive charge; 

(c) inthe case of snow, ice f r i c t i o n near the earth's surface, f o r 

example i n a blizzard, giving negative charge; 

(d) evaporation or condensation, giving (according to Gunn) positive 

or negative charge; 

(e) selective capture of ions (according to Prenkel), the excess 

of positive ions i n the a i r producing a net gain of positive 

charge; 

( f ) when freezing l e v e l i s near the earth's surface, ice-splinter 

formation as described by Pindeisen, the f i e l d or temperature 

corditions deciding whether the charge i s positive or negative. 

IJot a l l the theories have been worked out quantitatively, 

Whipple and Chalmers (1944) have elaborated Wilson's theory, from 

which they deduce that the charge acquired fer a drop, i n some 

circumstances at least, i s proportional to the f i e l d i n which the 

drop f a l l s and to the square of the radius. The work of Nolan and 

Enright (1922 (2)) on the splashing of water drops gives the 

res u l t that the charge produced by breaking drops i s nearly 

proportional to the area of new surface produced, but th i s does 

not lead t o axy simple connexion between charge and radius of ra i n 

drops considered singly. According to Gunn's theory, the drop 

charge i s roughly proportional to i t s radius, Prehkel i n his 

theory calculates that the positive charge acquired by a drop i n 



f a l l i n g i s proportional to f i e l d strength and the square of drop 

radius ( c . f . Whipple and Chalmers above)^. 

Because there are so many p o s s i b i l i t i e s f o r charge 

acquisition, the study of the charges on single drops at the earth's 

surface i s l i k e l y t o y i e l d information suhich would be masked i n 

the study of r a i n currents. Chalmers and Pasquill (1938) 

report sequences of single drop charges where one sign predominates 

f o r a short time. They suggest that t h i s i s evidence f o r the 

existence of two processes of charging, the sequences corresponding 

to times when one process i s more effective than the other. I t 

appears from t h e i r suggestions that a method of measuring a large 

number of charges i n a very short time would enable an observer 

to ' isolate' samples of r a i n associated primarily with only one 

process of charging. 



I 3» General results f o r r a i n currents. 

Most observers estimating the t o t a l quantities of positive 

and negative chsirge brought to a given area of the earth's surface 

i n a year by r a i n find an excess of positive charge. The actual 

r a t i o of positive to negative charge varies from one observer t o 

another. An inverse connexion between the sign of r a i n charge and 

of f i e l d has been found to a greater or less extent since the 

observations of Elster and Geitel i n 1888. Reported observations 

d i f f e r widely one from another, and are too few to be t r u l y 

representative of rain currents f o r the whole earth. A short 

account of most of the observations, with bibliographical references, 

i s given by Chalmers (1949). 

The results of Simpson (1948) obtained from continuously 

recorded observations at Kew from 1942 to 1946 are of particular 

interest as t h ^ show certain quantitative relationships. For 

r a i n v*en f i e l d s are below 1000 Volts/metre Simpson finds by 

empirical means that the charge per c,c. of r a i n { <y ) xa 

proportional to -(P - 400), vi^ere P i s the f i e l d i n Volt^metre, 

and i s independent of the rate of r a i n f a l l . The average value of 

the fine weather f i e l d at Kew i s 400 V./m,, and so i s proportional 

to the 'displacement' of the f i e l d from i t s f i n e weather value. 

R a i n f a l l rarely occurred when the f i e l d was between + 400 and + 1000 

V/m. For f i e l d s greater than 2000 V/m., there being point discharge 

current ( l ) , Simpson finds that frequently an inverse sign relationship 

between I and r a i n current I i s so clearly marked that on p l o t t i n g 

I and I on the same graph against time the curves rise and f a l l 
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together and cross the axis together, but i n opposite directions, 
Simpson c a l l s t h i s the 'mirror image effect'. He finds also that 
results taken' from periods when the mirror image effect was c l e a r l y 
i n evidence may be represented by 

i ^ - O-80 X /o I R 

where I i s point discharge current as measured and R the rate of 

r a i n f a l l ( t and I i n e.s.u. and K i n cm./sec.) Simpson gives two . 

other equations which represent his results equally well:-
J / -2.-I X /O ~ 

/ - e 

and 

I R 

These two equations show that when R i s large the r a t i o Vj" 

approaches a constant value, ajid that i f the rain drops absorb the 

point discharge ions then f o r high r^tes of r a i n f a l l the whole of 

the ions w i l l be so eollected, Simpson offers no solution t o the 

problems of where the ra i n charge originates, either with or without 

point discharge. 



I 4, Previous work on single drop measurements, 

I 4,a, Drop size. 

Laws and Parsons (1943)» developing a method due to 

Bentley (1904), caught r a i n drops on a tray of s i f t e d f l o u r . 

Each drop produced a p e l l e t of dough which, a f t e r an elaborate 

hardening treatment, was measured. By means of a c a l i b r a t i o n 

the drop size was found. They measured drops of radius from 

0,6 mm, upwards, 

V Defant (1905) developed Wiesrier's absorbent paper method. 

Drops f a l l i n g on homogeneous b l o t t i n g paper produce a ci r c u l a r 

stain of vdaich the diameter i s related to the drop size, DeJ^ant 

used a mixture of eosin and talc to f i x the spots, The smallest 

drop he measured was 0,5 mm, radius, 

Nolan and Enright (1922)(')used glass microscope slides 

prepared by spreading on them a layer of thick dark o i l of density 

0,9. Drops f a l l i n g on them are suspended as spheres and sink slowly.' 

Drop radius i s measured with a microscope and eyepiece scale. This 

method i s suitable f o r very small drops. 

Flower (1928) used a delicate b a l l i s t i c balance to 

determine the distance a drop of given size f a l l s from rest before 

attai n i n g i t s terminal velocity, ' He made no measurements of drops 

less than 1,0 mm, i n radius. Such a bsilance, i f calibrated, could 

be used to measure r a i n drop size, terminal ve l o c i t i e s being knovm 

(see La??s, 1941). A. serious disadvantage of such a method i s that 

the momentum of r a i n drops increases very rapidly with drop radius. 
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For a small drop of radius 0.2 nnn. the mass i s 0»033 ing»» the 

terminal velocity 160 cm./sec., and hence the momentum 5«4 mg. ~ cm./ 

sec. For a not vinusually large drop of radius 1,0 mm, the mass 

i s 4.2 mg,, the terminal velocity 660 cm./sec, and hence the 

momentum 2,800 mg, -cra./sec, A b a l l i s t i c balance designed to 

measure the small drop would probably be put out of action by the 

1,0 mm, drop. 

Laws (1941) with h i s ''drop-velocity camera' measured the 

terminal velo c i t y of drops of water of radius 0.6 mm, and upwards. 

Using a cine camera he photographed single drops along a li n e at 

right angles to t h e i r path as they f e l l through a region of dark 

f i e l d illumination. The l i g h t was interrupted ifSO times a second 

so that the drop paths appeared on the photographs as broken l i n e s , 

A large aperture converging lens was placed at i t s own focal 

length away from the camera lens and on the same axis, or drops 

f a l l i n g within a few cm. of t h i s 'collimating lens' the magnification 

was uniform over the whole f i e l d . Measurement of -the broken l i n e 

elements gave the drop velocity. The siz e of a r a i n drop may be 

found from i t s terminal velocity as measured with the drop-velocity 

camera. Law's method i s suitable f o r drops of any size , limiting 

factors being s e n s i t i v i t y of film and fogging by stray l i g h t . 

Gunn (1947) s e t up two horizontal 'inducing rings' one 

above the other and 75 cm, apart, A charged r a i n drop as i t f a l l s 

through each ring gives a signal on a cathode ray oscillograph. 

Prom the in t e r v a l between the two signals the drop velocity i s 

calculated, and from t h i s i s found the drop s i z e , ^he s i z e of the 
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signal i s also a measure of drop charge. 

Hooper (1948) describes a ' raindrop impactor*, not 

yet completely developed, for use ultimately on a flyi n g a i r c r a f t 

to measure drop s i z e . A suitably loaded microphone diaphragm i s 

whirled i n a horizontal plane at a high speed to simulate that of 

a f l y i n g a i r c r a f t . When i t s t r i k e s a rain drop, the e l e c t r i c a l 

impulse produced i n the microphone c i r c u i t i s a function of the 

re l a t i v e momentum of the drop. This impulse, amplified and 

displayed on a cathode ray oscillograph screen, i s recorded 

photographically on a continuously rtmning film. I t i s obvious 

that a method such as t h i s , xised i n conjunction VJith a means of 

recording the drop charges, could provide a large number of 

observations i n a short time, meteorological conditions showing 

l e s s v a r i a t i o n accordingly, 

I 4. b. Drop Charge. 

Gschwend (1921) used a string electroneter. Above and 

connected to i t was an insulated metal receiving.vessel i n which 

he placed a prepared f i l t e r paper for measuring drop s i z e by the 

absorbent paper method (see above). Rain drops were admitted 

through an opening which was cone-shaped to minimize the effects 

of splashing, whether by drops outside s p l a y i n g into the cone or 

drops having arrived inside the vessel splashing out. Splashing 

produces charges by Lenard effect, as already described. After 

each single observation of chaige i t was necessary to earth the 

electrometer, and t h i s increased the time taken by the observation. 
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Gschwend claimed that h i s apparatus would measure 0.02 x 10 
e.s.u., but he reports very few observations l e s s than 0,05 x 

-3 
10 e.s,u. 

Chalmers and P a s q u i l l (l938) collected drops i n an i n ­

sulated vessel with a cone-shaped opening. The vessel was connected 

to a valve amplifier, and the charge was measured by observing the 

deflexions of a galvanometer. After each deflexion the asiplifier 

was automatically ready to receive the next charge, and a high rate o: 

observing ?/as possible. The l i m i t of observation was about 0,2 x 
-3 

10 e.s.u, 

Gunn's method of measuring charge and drop size has been 

described above. 

r 4. c. Previous r e s u l t s for single drops 

The only r e s u l t s for measurements at the earth's surface 

are those of Gschwend (1921). He found that there i s ne^ly 

always a mixture of drops of both sign, and points out that 

calculations on r a i n charge per c.c, taken from observations on 

r a i n current w i l l therefore give lower values than those for single 

drops. His observations gave a surplus of positive charge. He 

foiind no connexion between f i e l d and drop size and charge, but more 

often than not the sign of the f i e l d and that of drop charge were 

opposite, 

Ko r e s u l t s are available for any measurements made a t the 

earth's surface by Gunn, 



Chalmers and P a s q u i l l ( l 9 3 8 ) measured only drop charge ~ 

11,094 charges i n a l l . They found an excess of positive e l e c t r i c i t y 

mn a l l except stom rain. There was i n general a mixture of 

charges of both signs, but there were conspicuous sequences of 

drops of only one sign. ^hey drew a distribution curve of charges 

which was approximately symmetrical and showed a maximum for about 
-3 

+ 0,3 X 10 e.s.u. They had no means of detecting the a r r i v a l 
- i 

of drops bearing charges l e s s than about o,2 x 10 e,s,u. (This 

also applies to Gunn's inducing ring method), 
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. n The Amplifietp for measuring E l e o t r i o Charie. 

I I 1, Advantages and Theory of -Hie Valve Amplifier, 

I ohose the valve bridge amplifier me-tiiod because i t ise 

r e a d i l y lends I t s e l f to recording* There were other advantages* 

I was able to use a oomparatiyely i n s e n s i t i v e galvanometer» 

avoiding the tedious adjustments of an eleotrometer, yet having a 

a n a l l resolving time. Chalmers and P a s q t i i l l (l937) have pointed 

out that i t i s eaey to maintain the neoessaty degree of insulation, 

and that the s e n s i t i v i t y of the amplifier i s almost independent of 

the e l e o t r i o a l oapaoity of the drop-col looting system. 

The «ieoxy given by Chalmers and Pasqiiiill (1937) i s as 

folloffs. I n the diagram, V, and are triodes of the same 

type and t h e i r grids insulated, or i n oHior words with grids 
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' f l o a t i n c ' • I f the valves are ideotioal tiie falvanonteter C w i l l 

ahow no deflexion^ and any ohaQce i n lonr tension or hij^h tension 

voltaces t r i l l produce no deflexion* Nov l e t a oharge <̂  suddenly 

a r r i v e on ihe grid G;, of the 'pperating valve' 7,, vAiioh i s connected 

to a capacity K* L e t internal ieakage of the valve* idien 

running« correspond to a resistazice S. L e t the mutual conductance 

be M« The i n i t i a l potential applied to G, i s ^/k ^ 

leaks avray so that a f t e r a time t the potential on • i s 

e , and the anod| current of V( i s altered from i t s 

normal value by J^^^SS e '̂̂  • Provided the resistance of G 
K c; 

i s small ocmpared wilii R t h i s current must flow through G* 

The t o t a l charge passing through G i s therefore 

T h i s i s independent of K and proportional to ^. Chalmers and 

P a s q ^ i l l found that the zero of t h e i r galvancmeter d r i f t e d , i n one 

instance t h i s d r i f t amounting to 16 cm. i n eight minutes when the 

amplifier had been switched on f o r three hours. To avoid I M s 

steac^y d r i f t they put a condenser, usually 20 » i n series with 

t h e i r galvanometer. The zero was then steac^jr apart from fluctuations 

of - 2 or 3 mm. 

The tz^atment of the a s ^ l i f i e r as i t appears i n the papery 

published hy -Qiese authors i s open to two c r i t i c i s m s , tiiat -&ey have 

neglected changes i n the anode current of the i d l e valve, and that 



the e f f e c t of the condenser i n the galvanometer c i r c u i t i s to a l t e r 

the nature of the eoq>ression for amplification. 

We w i l l f i r s t consider the amplifier with no condenser i n 

the galvanometer c i r c u i t * 

L e t the currents j. ^3 ;. i j -2- } 'J az^ the 

potentials xr; -u-̂  be increments on the steady values, due 

to the a r r i v a l of the charge* 

O-wct 



'1 

Writing with grid floating as we have ^ 

i s the A.C. resistance of either valve with floating grid* 

e 

/Vocu- xrj_ — — ^ <-y 

OY- If, -^3 
2. 



- L. 

^5 

or 

-f- ^ 3 

2. 4- 1 

Now £ w i l l depend on the type of valve and w i U usually be 

some thousands of ohms. According to the values of H and ^ 

the term ^ w i l l t i e between 0 and 1, and w i l l 

usually be small. Hence i-j w i l l l i e between ^ and i-, 

and the charge passing throiigh the galvanometer w i l l l i e 

- between (^^^^ and. ^AS<y. 

We w i l l now apply a similar treatment to the amplifier 

when a condenser i s placed i n s e r i e s witii the galvanometer. 

H.T4-
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2.1 

CA(V, -V,- R J H ) 

La - C . R ^ - R ^ - -R 
3 ̂ 1 

9 odt g 

Hdw the charge <̂  takes a d e f i n i t e time to a r r i v e on the grid of ^ 

We w i l l take time t = 0 to represent the instant when the grid 

of My i s f i r s t affected by the l i n e s of force of the chaxge c^-

At the instant when a l l these l i n e s of force have Just ended on the 

grid c i r c u i t , t = l//' • We c a l l the • time of a r r i v a l ' 

of the chaxge. 

We w i l l assume that a t ^ - ^ m appreciable part 
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of has leaked aws^r through S ^ that i s , ^ l / C Then 

a t t = O we have 62. = O anfl •= o. 

and the l a s t three terns vanish. 

- But t , = M -Uj where i r ^ i s the increment of grid 

potential due to the charge 

K T 

The amplification i s hence no longer independent of K, 

which i s what Chalmers and F a s q u i l l (l937) observed. The ea^iression 

i s i d e n t i c a l with that deduced by ChaLners (l949)^)for an 

amplifier not enqploying an i d l e valve, as i n the figure below:-

H.T4-
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The time constant C R should not be mvtch greater than 

the resolving time of the galvanometer, noxmlly two or three 

seconds. The return of the grid potential of to i t s normal 

vmdisturbed value takes place by the exponential deo^ process 

described i n the ori g i n a l theory. I t i s accompanied by a 

reverse current through the gedvancmieter* I f SK i s lazge^ 

t h i s reverse current wLll be small, appearing as a s l i g h t 

displacanent of the zero* I f SK i s not large oanpared 

with the time of swing of Hie galvanometer, t h i s reverse current 

w i l l appear as a • r e v i s e charge' which partly neutralizes the 

or i g i n a l charge Q = ^^^^ ^ rmiat be as large as 

possible* S depends mainly on grid current.(investigated and 

discussed l a t e r ) and i s not e a s i l y made large* The values of 

C, R and K cannot therefore be Improved i n d e f i n i t e l y , and M 

depends on the valve used* These considerations give some 

guidance i n the design of a suitable amplifier. The principles 

have become cl e a r e r during the course of t h i s work. Ify f i r s t 

a mplifier, next to be described, was b u i l t before the expression 

f o r amplification ^ ̂  had been worked out* 
K 

I I 2* The Design of the Amplifier, 

The most d i f f i c u l t task was to make galvanometer zero 

i n s t a b i l i t y a n a l l * Chaljaers and F a s q u i l l (1937)> observing 

deflexions fay eye, experienced t h i s as ' s l i g h t fluctuations. 
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nevor amounting to moro than 2 or 3 nmu on either side of the zero'. 

i wished to record deflexions i^otographiocLLly. These deflexions 

were limited by the s i z e of the recording drum to i 6 o . i t 

was therefore of no value to anplqy- a s e n s i t i v i t y (charge/mm.) 

with nhich zero fluctuations exceeded ^ I y^nr^. Wynn-Williams, 

(1927) and MdFarlane (1932) describe wegrs of eliminating zero 

i n s t a b i l i t y due to v a r i a t i o n of filament supply voltages, for 

d i r e c t l y heated valves. Changes i n high tension supply are 

considered r e l a t i v e l y unimportant, and I found no iji^rovament on 

changing from.a dzy battery to a Milne's high tension u n i t of 

storage c e l l s . WynnrWilliams keepsthe r a t i o of anode currents 

constant f o r the two valves of the bridge. By t h i s means the 

anode p o t o i t i a l s , vaiyixig together with battery fluctuations, s t i l l 

repoain equal aiad the galvanometer i s undeflected. I t i s only 

necessary to a d ^ t the proportion of filament voltage, from a 

common ba.ttezy, supplied to each valve, u n t i l the desired 

condition i s reached. McS'arlane uses a ccnmon batt«cy for 

filament and grid bias supplies. Changes i n t h i s battery voltage 

a f f e c t filaments and grid bia,s i n such a way that they produce 

eigual and opposite effects i n anode ciu:rent for the two valves, 

and the gCLLyancmeter i s -(berefpre unaffected. I found t h e i r 

methods vuisatisfactory for a valve bridge with floating grids, 

using Ministry of Supply VEdyes, type VR 21 (equivalent to 

Mullard EM one LP) • The methods certainly worked wall for 
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sudden gross changes i n battery voltage, say 1Q^, but did not 

reduce fluctuations of the zero of 2 or 3 mm* during ordinary 

working* I therefore turned to i n d i r e c t l y heated valves, nhere 

fluctuations i n heater current are i n effect Wothed out' 

because of the heat capacity of the cathode* 

The valve chosen and a t t u a l l y used i n t h i s research was 

the radio-frequency pentode Ministay of Supply type VR 65 

( equivalent to Cossor SP 41). The control grid of t h i s valve 

i s p a r t i c u l a r l y well insulated, being connected to a top cap* 

T h i s i s important, f o r i n the theory Just given the amplification 

i s seen to be proportional to the leakage R* Uoreover by 

the construction of the valve the control grid - anode capacity 

i s very low, r ^ u o i n g the chance of feedback* 

Seme typical s t a t i c c h a r a c t e r i s t i c s for various anode 

and screen voltages are shown opposite for the 7R 65* Thei 

slope» which i s M a t the floating point, does not diow any 

great v a r i a t i o n with electrode voltages* The amplification 

i s MR (frcm the theory above)* I could therefore use 

J u s t one ordinary 120 v o l t h i | ^ tension battery for anode 

and screen, supplies, without norking a t too low a value, of 

KD« The c i r c u i t of i^jr amplifier i s shown i n the figure* 



H.T.-h 

Receti»rr 

R, A 1,000 n. 

P 20,000 n. 

120 V. 
108 V 
20/aF 

H.T 
S.&. 
C. 
X 4-V. 

* - - M A I N S - - y 

\|̂  i s the operating valve, and 14. the ' i d l e valve' which 

reduces the e f f e c t of battery changes, as explained i n the 

theosy. The grid cap of 14. i s disconnected. Cj, i s a fixed 

a i r condenser of capacity about 2 cm. One plate i s connected 

permanently to the g r i d of \( ̂  the other may be switched hy 

Si, trceai earth to any desired potential. The charge then 

flowing into the grid serves as a reference charge for comparing 
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the amplification vmder different conaitions. The heater 

current was at one time obtained fran accumulators, but later 

from ihe mains* Finding the anode load i n accordance with 

theory was not c r i t i c a l , I used a f a i r l y low value and so 

avoided a wasteful voltage drop. From a number of VR 65 

valves /| and V̂. were chosen as havixig low floating values of 

anode current, both about InA, The potentiometer i n the screen 

supply lead of sexves to balance the bridge, the ccndenser C| 

(see below) being temporarily ̂ o r t-circuited. 0 i s a dead-beat 

mirror galvancmeter of sensitivity 42 m/jj.Z. This i s put out 

of c i r c u i t by switch S, for coarse adjustments, the insensitive 

pointer type galvanometer W then being used. The condenser 

C| (paper type) i s inserted to block steaify cxirrents and so 

prevent zero d r i f t , which would otherwise make recording j ^ i i f f i c u l t . 

The valves and a l l apparatus and leads connected to the grid of I/, 

were screened. 

As a guide t o the sensitivity of the amplifier I made 

use of the air condenser C,̂  already mentioned, and also an 

apparatus for delivering single drops with equal electric 

charges, described by Chalmers and Pasquill, (1957)^2.). 
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This apparatus i s shown i n the figure. Water drops form at a 

stea^ rate at the nozzle of the dropper, and cany away a 

charge depending on the electric f i e l d set up between the nozzle 

and the concentric earthed copper cylinder. Drops are produced 

at a rate controlled by the a i r leak through the glass capillazy 

tube« The drops are caught inaa screened insulated vessel 

connected to the grid of the amplifier operating valve. The 

results of Chalmers and Pasqiiill. (l937Xi)show that the chai^fe on 

the drops i s nearly £ x lo ̂  e.5. u,. whew E i s the 

potential applied to the dropper, measured i n volts. Now for 

the air condenser (approzixoately 2 cm.) the charge for one 
-i 

volt applied i s c — ^ e 5>«-0' nearly J x fo e s.u.. The 
3oo 
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(7) electrostriction effects appeared as 'interference' 

when the grid cable was stood on or even slightly 

displaced, so that i t was essential to protect i t 

frcm the wind. 

(8) the amplifier took only about one minute to 'warn 

up' t o . i t s working condition from f i r s t switching 

on, provided that a l l apparatus connected to the 

grid of the operating valve was quite dzy. 

I tried out the amplifier with rain as opportuni-ty arose. 

The receiver only was exposed, the rest of the apparatus connected 

by an insulated cable being indoors. Finding that the amplifier 

behaved satisfactorily Under these conditions, I at once began to 

develop the metlK>d for mea.suring drop size and drop chaẑ ge together. 

This was i n order to begin measurements on rain without delay and 

so to obtain results oyer as long a period as possible. The 

accurate calibration of the aisplifier and other tests, described 

next i n this (diapter, were Gu:tually performed later during spells 

of fine weather. 

U 3 The Calibration of the Amplifier. 

I I 5a The 'Calibrating Condenser*. 

The use of a small a i r condenser for providing a 

'reference' charge to check the sensitivlly of the amplifier was 

mentioned cm page 2.6 . For this purpose I now made a fixed 



a i r condenser. The plates are brass discs of diameter 20 mm., 

and are sat r i g i d l y about ̂  mm. apart. The insulation i s 

polystyrene. The condenser i s mounted fiznly beside the 

operating valve and inside the same screening can, and i n this,, 

position i t senses as the ' calibrating condenser' • The 

'calibrating voltage' i s a,ppli6d by means of a single-current 

telegraph relay S^. (see figure page Z6 ) , which i s switched ' on' 

and (foff by a roaote tapping key. I n the ' o f f position the 

calibrating condenser i s connected between grid and earth. I n 

the 'on* position the earthy plate i s connected through the 

calibrating battezy to earth. The advantages of having a relay 

are:-

(1) Leads to the calibrating condenser are short. 

(2) The transit time i n switching i s short and constant, 

(3) The meohanioal shook i s too small to give the 

spurious deflexions which occur with an ordinary 

switch. 

The relCQT i s enclosed i n an earthed can, and sparking 

at the tapping key contacts i s suppressed by a O Scondenser. 

For day to day calibrating checks i t i s only necessaxy to observe 

the deflexion.when the tapping key i s operated, 'on' and 'off* 

giving positive and negative charges respectively i f the battery 

negative i s earthed. Given the calibrating condenser capacity. 
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determination of Just described the three condensers i n series 

must have a combined capaci'fy of about 0.7 cm. This seemed 

ridiculously small, so I determined Ĉ^ by two other independent 

methods, viiich agreed together. The earlier value, vdiich was 

much too low, was therefore discarded. 

I I 3»o Standardisation with a 10 uu F. Precision Condenser 

A Sullivan precision fixed a i r condenser had meanwhile 

become available. (This i s to be referred to as the • precision 

condenser'. The small a i r condenser i n the amplifier i s the 

'calibrating condenser'.) The Calibration Certificate provided 

by the makers showed that an incremental capacity of 10.0 /y^^-

was introduced when the brass strip l i n k supplied was inserted 

between the appropriate screw texminalEf. I compared the oapcuiily 

of my calibrating condenser with the incremental 10.0 ^ 

f i r s t applied a voltage to the calibrating condenser sufficient 

to give a convenient ' reference charge' indicated by the amplifier. 

Then using the precision condenser i n the same manner I found the 

voltage required to produce the same reference charge with and 

without the 10 y^y* ̂  increment. 

Let ^/y^^' ̂ ® capacity of the qtilibrating condenser. 

Let S ^̂ F- be that of the precision condenser without incraoaent. 

Let JC .£ volts be applied to the calibrating condenser. 

Let volts be applied to the precision condenser without 

incranent. 

Let 2. volts be applied to the precision condenser with increment. 



Since these three voltages applied separately a l l give 

the same reference charge, we have 

S = i C 

C -
I o 

3C OC 
Z " 

The wsy i n i ^ i c h x, y and z were measured w i l l now be described. 

The amplifier was switched on and allowed time to 

become steatfy. The precision condenser was placed on a slab of 

ebonite inside an earthed metal box. I t was l e f t i n the same 

position throughout the experiment so that stray capacities 

(and therefore S ) should remain constant. The insulated plate 

of the preoision condenser was connected the whole time to the 

amplifier grid by a screened polystyrene cable - the.cable 

nozooally used to connect the receiver to the amplifier. The 

earthy plate could be connected either to earth or to a point at 

a known potential by means of a relay similar to that used with 

the calibra,ting aondenser. Potential differences were taken from 

a potenticineter of two resistance boxes used r L I ^ an accumulator 

of E,M,F, E ss 2.08 V, This value of E remained constant. 

The precision condenser brass s t r i p was disconnected at f i r s t . 

Later when i t was connected a slight correction was neoessaiy 
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to allow for the diange i n sensitivity of the amplifier due to 

the extra 10 ̂ ^ f : i n the grid circujlt. F i r s t , strip disconnects, 

various fractions of E were applied to the calibrating 

condenser, for E = i Z-08 V . Switching '̂ on' a positive 

potential gave the same effect as switching 'off' a negative 

potential, that i s , the effect of a positive charge placed on 

the grid. Therefore to each fraction of E four measurements 

were made, ' + v£ volts on'. • +vcvolts off', • -i>«. volts on' 

and * -v^ volts o f f , each being made three or four times. 

The f i r s t and fourth were averaged as giving positive charge 

effects, the second and thi r d as negative charge effects, as 

in •ttie following table, 

FRACTIQMS OF E APPLIED TO CmBRATING CCm)ENSER (STRIP DISCONNECTED) 

G-alvanometer deflexion mm, 
Fraction + ye - ve Average - ve + ve Average 

volts volts for volts volts for 
on off + ve on off - ve 

charge charge. 

, .0 0 0 0 0 0 0 

0.2 10,0 9,8 - 9,5 - 9.5 -9.5 

0,4 19,5 19.8 19,6 -20.0 -20,3 -20,2 

0.6 29^5 ,30,0 29,8 -31,0 -30.8 -30.9 

0.8 39.3 39,3 39.3 -41,0 -41.2 -41.1 

1.0 49.0 49.2 49.1 -52.2 -52.5 -52.4 

A straight line graph (opposite) was drawn through the 

origin for the positive and negative charges. The difference i n 
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slope of the two lines jrepresents the slight difference i n 

amplifier sensitivity for positive and negative charges. BcUi 

i n t h i s and i n the two following graphs the observa-taons for 

positive chaise show least deviation from the straight line. 

The values of x, y and z were therefore read from the positive 

lines. The reference charge was ohosen as that giving a reference 

deflexion of 50 mm. (brass strip disconnected). ^or this 

deflexion we read frcm the graph the fraction of E ^ 
oc - l OZO. 

Similar measurements were next made by applying 

fractions of E to the precision condeimer (brass stri p 

disconnected), and the following table was prepared and the 

graph opposite drawn. 

Galvanometer Deflexion mm. 

lotion + ve 
volts 
on 

- ve 
volts 
off 

Average 
for + ve 
charge 

-ve volts 
on 

+ volts 
off 

Average 
for -ve 
charge 

0 0.2 0.1 0.2 + 0.4 + 0.2 + 0.3 

0.05 9.2 8.8 9,0 - 9.8 - 9.3 - 9,6 

0.10 18.2 18,8 18,5 -20.2 -18.8 -20.0 

0.15 27.5 28,2 27.8 -30,0 -29.2 -29,6 

0.20 36,7 37,5 37,1 -39.8 -39,2 -39,5 

0,25 46,2 46,7 46,5 -50,2 -49,2 -49,7 

0.30 55.2 55.7 55.5 -60.5 -59.5 -60.0 
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Using the line for positive charge, against reference 

deflexion 50 mm. we read = D-Zd^. 

The brass s t r i p was now inserted to introdxice the 

10.0 /^J^^ and the measurements with the precision condenser 

were repeated. They are shown i n the table following and the graph 

opposite, 

FRACTIONS OF E APPLIED TO PRECISION OOMDMSEB (BRASS STRIP INSERTED) 

GALVANOMETER DEE'LEXION MM. 

Fraction + ve - ve Average - ve + ve Average for 
volts volts for volts volts - ve charge 

on off -t-ve charge on off • 

0 1.0 0.8 0,9 - 0.6 0 - 0.3 

0,03 10,5 10.5 10,5 -11,5 -11.7 -11,6 

0.06 21,0 21.8 21,4 -23,2 -22,3 -22.8 

0.09 31,7 33.0 32.4 -35.7 -35,0 -35.4 

0,12 43.8 43,7 43,8 -47.7 -46.8 -47.2 

0.15 54.3 54.8 54.6 -59.8 -59.2 -59.5 

The value of z was obtained from this graph after making 

an adjustment allowing for the extra 1 0 . 0 ^ ^ F. i n the grid circuit. 

With the brass s t r i p disconnected and + 2.20 volts applied to the 

calibrating condenser the deflexion averaged 52,3 mm. for switching 

on. With the brass s t r i p inserted the throw averaged 51.5 nm. 

The correction factor i s therefore ^^-^ , and the reference 
5-2:3 * 

charge (which before gave 50 mm, deflexioi^ w i l l now give a 
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deflexion - — =49.1 nto., the brass strip being 

inserted. Against this deflexion on the positive charge line we 

read Z « O ISSS'. 

Thus C = /o • o 
X _ 3C 
z. 

and X. - I-02.0 

This i s the value adopted for the capacity of the 

calibrating condenser. 

I I 3. d. An experiment with charged water drops to check the 
standardisation 

Ae an independent check on the result of the leust section 

I counted a large number of equally charged water drops into an 

insulated receiver and measured their combined charge with a 

b a l l i s t i c galvanometer. I was then i n a position to use the 

charge on a drop to estimate the amplifier s«isitivity. I had 

already found that the charge on drops from the water dropper 

described on page 2 8 was seriously altered vertical 

electric fields of about lOoV. vn.̂  t\e. I V.jtm. i therefore 






























































































































































































































