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CHAPTER I

INTRODUCT ION

I 1. Atmospheric electricity - the part played by precipitation.

The electrification of rain may be studied in connexion
with thunderstorm activity, atmospheric ionization, and vertical.
electric fields and currents in the atmosphere., We will consider
these phenomena under headings representing two broadly defined

and inevitably overlapping problems.

I 1.a. The maintenance of the earth's charge,

In fine weather there is a vertical electric field in the
‘atmosphere, directed downwards and conventionally positive. The
earth, which is a cbnductor, therefore carries a qegative bound
charge on that part of its surface which is experiencing fine
weather, At the same time the air, which is always to some extent
ionized, carries an ionic conduction current which tends to
neutralize the bound charge., Chalmers (1949, page 118) calculates
from results for Kew that the surface of the earth near Kew would
lose its bound charge by means of the conduction current in 48 minutes,
were there no means of replenishing it. Over the sea and in country
districts where the conduétion current is higher the time would be
even lesss The charge may be replenished by the transfer of
positive or ﬁeéative electricity to or from the earth by ionic
conduction current, poinf discharge current, precipitation current,

and lightning, occurring at any part of the earth's surface.



Wormell ( 1936) and Chalmers (1949, page 120) have made estimates

of the balance of charge transferred to 1 sq. Km. of the earth's
surface byAthese processes‘in the course of a year, Although the
estimates are only very approximate, observational data being limited,
~ the results db_show that the processes emmerated may together
produce no net transfer of charge to or from the earth, The

| qontribufion éf rain charge in.Englanﬂ is estimated at about + 20
coulombs; which should be compared with the greatest contribution,

which is about ~120 coulombs, by point discharge.

I 1.b. The separation of charge,

The normal fine weather positive field corresponds to é
pétential;difference between the ionosphere and the earth, The
fluctuating fields of either sign associated with disturbed weather
énd particularly with thunderstorms show that there is a separation
of electric charge in the atmosphere,  There have been several
attempts to account for this separation of charge, and we will
consider the main ones briefly., 1In eaéh one water has an essential
role, whether in the fomm of cioud particles (-solid or liquid) or as
pfecipitation (again solid or liquid), , In‘general thg separation
of charge takes place in two stages. First there is some process
ﬁhereby a precipitation or cloud particle and thé surrounding air
. become oppositely charged. Then there is the relative movement of
these two charges, usually by éonvection, giving the separation of

charge in space,



Simpson (1927) based his fbreaking drop theory' of the

-separation of charge in thunderclouds on the phenomenon observed by
Lenard (1892) and further investigated by Simpson (1909) that when
water drops are broken.in air the water fragments have a positive
charge énd the air acquires a negative charge. According to
‘Simpson's originalAtheony dréps of water carried up in convection
currents go thrdugh many cycles of;breaking and coalescing, The
negatively charged air is carrigd up abové the positively charged
water drops, giving risé to an upper negative and a lower positive
charge accumulation in the cloud.‘. Such a cloud is said to be of

negative polarity.

Subsequent investigations by Simpson and Scrase (1937)

" have shown that this picture is wrong, and that the thundercloud is

of positive polarity. Moreover the level of charge separation is
above ffeezing level where cloud particles are solid, or, even if
' they are supercooled water, will frgeze on coalescing, This rules
but electrification by breaking drops for producing the main
separation of charge giving a cloud of positive polarity. A
localized zone of positive chéfge usually found near the cloud'base
by Simpson and Scrase (1937) and Simpsén and Robinson (1940) may
well result from the breaking of drops as in Simpson's original theory.

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

the "ice-friction theory' =~ according to which ice particles in

the cloud rub togethér, the larger particles acquiring a negative
charge and slowly Sinking, leaving the air above positively charged,

This results in a positive cloud as usually found.
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According to Wilson's 'ion-capture theory' (1929) drops of

water falling in a cloud are polarized by an existing vertical electric
field, For a positive field the drops carry an upper negative and a
lower positive charge. By the selective capture of the upward-moving
negative ions (the air always being to some extent ionized) the drops
acquire a net negative charge. The resulting deficiency of negative
ions gives the cloud a layer of positive charge at the top and negative
charge near its base, that is, the cloud is of positive polarity.
Below such a cloud the field is negative (directed downward), and
so‘rain will be maiﬁly positively chafged, which is what is usually

.. found, Whipple and Chalmers (194}) have developed Wilson's theory

] quantitatively, and Chalmers (1947) has shown that on account of
dielectric polarization ice crystals should be even more effective

in the selective capture of ions than water drops of the same mass.

~ Laboratory experiments by Gott (1933, 1935) on the capture of ions

by drops of water falling in a vertical field give results in keeping

with Wilson's theory.

Gunn (1935) performed laboratory experiments which supported
“the theoretical'éonclusion that a watef drop evaporating carries g
positive charge, and a negative charge when condensing. From this
" he elaborated a theoxyvof charge separation in thunderclouds.
Later (1947) he measured rain drop charges with apparatus attached
to an aircraft flying below a precipitating cloud, Electric field
measurements showed that the rain particle charges were largely
neutralized by nearby'dharges. The separation of these opposite

charges would immediately produce the high fields associated with

* thunderstorms.
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Chalmers (1943) has criticised the ice-friction theory on

vthe érounds that from the results of Simpson and Scrase (1937) with
the alti-electrograph ﬁhe separation of charge occurs at heights
Just above the freezing level where there are also supercooled water
dropléts and not merely ice-crystals, Rccording to Bergeron's
theory of rain formation (1933) these droplets freeze on coalescing
ﬁith ice particles, building up precipitation particles which below
thé freezing level melt to form rain. On the sudden freezing with
- the coalescence, it is suggested that positive charge ig released,

the drop carrying away negative charge, and the separation is effected.

Findeisen (1943) has put forward a theory as a result of

| his laboratory observation of the shedding of mainly negatively
charged ice-splinters by & surface on which ice erystals are being
deposited by sublimation, 'Mostly positively charged splinters are
formed in thé.reverse process, If an éiectric field exceeding a
certain minimum is applied to the surface the splinters formed are
mainly oﬁpo;ite in Sign to the field., In clouds, particles of ice
will give negative or positive splinters according to corditions in
the air; resultihg in charge separation as the main particles fall,
-In some circumstances an existing field may be very much increased

to values found in thunderstorms.

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

droplets in ionised air take on a negative charge. The sinking of

o the droplets under geavity produces the separation of charge observed

in clouds. This theo:y is of interest in connexion with negative

fields observed in mist and low-lying stratus cloud when there is no




precipitation, Chalmers and Little (1947) have observed such
negative fields at Durham during 1939, and I have observed the same
.phenomenon.on sererai 6ccasions during 1948, In these cases the
separation of chérge necessary to produce the negative field may

well be due to an agency such as Frenkel describes,

I 2. The origin of rain éharges.

As precipitatioﬁ appears to play an essential.part in the
main separation of charge in 'rain-clouds! the precipitation particles
will begin their downward jourﬁqy to the earth carrying a charge,

'A According. to the various theories of charge separation already
~mentioned we then have the following possibilities for the sign of

the initial charge: -

(a) Ion-capture theory (Wilson): negative (for a positive cloud);

(b) Ice-friction theory (Simpsan and Scrase); negative;

(c) Breeking drop theory for cloud base localized charge: positive;

(d) Cunn's theory: negative (because of condensation);

(e) Chalmers theory: negative;

(f) Findeisen's theory: p031t1ve or negative (according to initial
- conditions of temperature or field);

(J) Prenkel's theory: negative,

‘Supérimposed on the initial charge of the precipitatioh
véarticles will be charges acquired in one or more subsequent processes,
These include: - |
'(a) éelective ion-capture by Wilson's process, both for ice and

water, giving charge opposite in sign to the field;



(b) breaking of drops (Lenard effect) , perhaps in the air or at
the earth's surface, giving positive charge;

(c) inthe case of snow, ice friction near the earth's surface, for
example in a blizzard, giving negative charge;

(d) evaporation or condeﬁsation, giving (according to Gunn) positive
or negative charge;

(e) sélective capture of ions (according to Frenkel), the excess
of positive ions in the air producing a net gain of positive

- charge;

(£f) when freezing level is near the earth's surface, ice-splinter

formation as described by Findeisen, the field or temperature

conditions deciding whether the charge is positive or negative,

Not all the theories have been worked out quantitatively,
"Whipple and Chalmers (f9hA) have elaborated Wilson's theory, from
which they deduce that the charge acquired hy = drop, in some
Circumstances at least, is proportional to the field in which the
drop falls and to the square of the radius. fhe work of Nolan and
‘: Enright (19é2 (2)) on the splashing of water d;ops gives the
result that the charge produced by breaking drops is nearly
“proportional t6 the ares of.new surface produced, but this does
‘not lead tovény.simple connexion between charge and radius of rain
drops considered singly. Accor'ding to Gunn's theory, the drop
charge is roughly proportional to its radius. Frenkel in his

theory calculates that the positive charge acquired by a drop in



- falling is proportional to field strength and the square of drop

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

Because there are so many possibilities for charge
,acquisition, the study of the charges on single drops at the earth's
| surface is likely o yield information which would be masked in
the study of rain currents, Chalmers and Pasquill (1938)

'report sequences of sihgle drop charges where one sign predominates
for a short time, They suggest that this is evidence for the
existence of two processes of charging, the sequences corresponding
. to times when one process is more effective than the other, It
appears from their suggestions that a method of measuring a large
nﬁﬁber of charges in a very short time would enable an observer

to 'isolate' samples of rain associated primarily with only one

process of charging.



"I 3. GCeneral results for rain currents.

Most observers estimating the total quantities of positive
and negative charge brought to a given area of the earth's surface
_:in a yeér by rain find an excess of positive charge. The actual
ratio of positive to negative charge varies from one observer to
another. An inverse connexion between the sign of rain charge and
of field has been found to a greater or less extent since the
observations of Elster and Geitel in 1888, ﬁeported observations
differ widely one from another, and are too few to be truly
'represehtatiQe of rain currents'for the whole earth, A short
account of most of the observations, with bibliographical references,

is given by Chalmers (1949).

The results of Simpson (1948) obtained from contimuously
récordgd observations at Kew from 1942 to 1946 are of particular -
interest as they show certain quantitative relationships, For
. rain vwhen fields are below 1000 Volts/metre Simpson finds by
empirical means that the charge.per c.c. of rain ( W') is
proportional to =(F - 400), where F is the field in Volts/metre,
énd is independent of the rate of rainfall, The average value of
the fine weather field at Kew is 400 V./m., and so g is proportional
to the 'displacement' of the field from its fine weather value,
Réinfall rarely occurred when the field was between + 400 and + 1000
V/m. For fields greater than 2000 V/m. , ‘there being point discharge
éurrent (1), Simpson finds that frequently an inverse sign relationship
between I and rain current ¢ is so clearly marked that on plotting

I and { on the same graph against time the curves rise and fall
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together and cross the axis together, but in opposite directions.
Simpson calls this the 'mirror image effect', He finds also that
results taken from periods when the mirror image effect was clearly

" in evidence may be represented by

=5 o857
(L = = 080 x 10

where | is point discharge current as measured and R the rate of
reinfall (¢ and I in e.s.u. and R in cm./sec.)  Simpson gives two .

other eqﬁatidns which represent his results equally well:-

I ( ~2'1 x 103R
SR —— Y B
© 55 % 10°

1R
| 4 x 10°(R + 5:5%10")
These two equations show that when R is large the ratio %

and

L =

approaches a constant value, and that if the rain drops absorb the
point discharge ions then for high rates of rainfall the whole of
the ionszwill be so eollecteds Simpson offers no solution to the
problems of where the rain charge originates, either with or without

point discharge.
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I 4. Previous work on single drop measurements.

I L.a. Drog size,

Laws and Parsons (1943}, developing a method due to

Bentley (190L), caught rain drops on a tray of sifted flour.

Each drop produced a pellet of dough which, after an elaborate
hardening treatment, was measured, By means of a calibration
the drop size was found. They measured drops of radius from

0.6 mm, upWards;

. Defant (4905) ﬁeveloped Wiesner's absorbent paper method,

Drops falling on homogeneous blotting paper produce a circular
stain of which the diameter is related to the drop size, Defant
‘used a mixture of éosin andftalq to fix 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 oil of density
0,9, Drops falling on them are suspended as spheres and sink slowlys
Drop radius is measured with a microscope and eyepiece scale, This

“method is suitable for very small drops.

Flower (1928)'used a delicate ballistic balance to
"determine the distance a drop of given size falls from rest before
attaining its terminal velocity., He made no measurements of drops
less than 14.0 mm, in radius, Such a balance, if calibrated, could
Be used to measure rain drop size, termiﬁal velocities being known
(see Laws, 19hﬂj.: “A:Sérious‘disadvantage of such a method is that

~ the momentum of rain drops increases very rapidly with drop radius.

o
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For a ‘small drop of radius 0.2 mm., the mass is 0.033 mg., the
terminal velocity 160 cm./sec., and hence the momentum 5.4 mg. - cm./
seé. ‘For a not umusually large drop of rgdius 140 mm, the mass

is 4.2 mg., the terminal velocity 660 cm./sec. and hence the
momentum 2,800 mg, -cm./sec. A ballistic balance deéigned to
measure the small drop wouid probably be put out of action by the

1.0 mm, drop.

Laws (1941) with his "drop-velocity camera' measured the
terminal velocity of drops of water of‘radius 0s6 mm, and upwards,
Using a cine camera he photographed single drops along a line at
right angles to their path as they fell through a region of dark
field illumination. The light was interrupted 480 times a second
so that the drop paths appeared on the photographs as broken lines.
A largé aperture converging leﬁs.was placed at its own focal
length away from the cemera lens and 6n the same axis, For drops
falling within a few cm. of this 'collimating lens' the mégnification
Was wniform over the whole field _Measurement of the broken line
elements gave the drop velocity. Tﬁe size of a rain drop may be
found from its terminal velocity as measured with the drop-velocity
camera. Law's method is suitable for drops of any size, limiting

factors being sensitivity of film and fogging by stray light.

Gunn §1947) set up two horizontal 'inducing rings' one
above the other and 75 cm., apart. A charged rain drop as it falls
through each ring gives a signal on a céthode ray oscillographe
From the interval between the two Signals the drop velocity is

calculated, and from this is found the drop size. The size of the
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signal is also a measure of drop charge.

Hooper (1948} describes a 'raindrop impactor', not

yet completely developed, for use ultimately on a flying aircraft
. to measure drop size. A suitably loaded microphone diaphragnm is
whirled in a horizontal plane at a high speed to similate that of
a flying aircraft. When it strikes a rain drop, the electrical
impulse produced in the microphone circuit is a function of the
relative momentum of thé drop. This impulse, amplified and
displayed on a cathode ra& oscillograph screen, is recorded
photograpﬁically on a continuously running film, It is obvious
that a method such as this, used in conjunétion with a means of
recording the drop charges, could provide a large number of
observations in a short time, meteorological conditions showing

less variation accordingly,

"I L. b, Drop Charge.

Gschwend (1921) used a string electrameter, Above and
connected to it was an insulated metal receiviné(vessel in which
he placed a prepared filter paper for measuring drop size by the
absorbent paper method (see above). Rain drops were admitted
thrcugh'an opening which was cone-shaped to minimize the effects
of splashing, whether by drops outside splashing into the cone or
drops having arrived inside the vessel splashing out, Splashing
produces éharges by Lenard effect, as already described. After
each single observation of charge it was necéssa:y to earth the

electrometer, and this increased the time taken by the observation.
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: -3
Gschwend claimed that his apparatus would measure 0,02 x 10

€.S.Us but he reports very few observations less than 0.05 x

-3
10 €.S.U,

Chalmers and Pasquill (1938) colledted drops in an in-

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 galvanomeier. After each deflexion the amplifier
Was automatically ready to receive the next charge, and a high rate o
observing was possible, The limit of observation was ébout 0.2 x

-3
10 €.S¢Ue

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

described above,

I 4., c. Previous results for single drops

The only results for measurements at the earth's surface
are those of Gschwend (1921). He found that there is nesly
always a mixture of drops of both sign, and points out that
calculations on réin charge per c.c, taken from observations on
rain current wiil thereforé give lower values than those for'singie
drops. His observations gave a surplus of bositive charge, He
'found no connexion between field and drop size and charge, but more
often than not the sign.of the field and that of drop charge were

opposite,

No results are available for any measurements made at the

earth's surface by Gunn,
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Chalmers and Pasquill (1938) measured only drop charge --
11,094 charges in all, 'They found a.n excesé of positive electricity
in all except storm rain. There was in general a mixture of
charges of both signs, but there were conspicuous séquences of
' drops of only one sign. They drew a distribution curve of charges
which was approﬁmatel& symmetrical and showed a maximum for about
+ 0.3 x 10_3 e.s.us They had no means of detecting the arrival
of drops bearing charges less than about 0.2 x 10_5 e.s.u. (This

also applies to Gunn's inducing ring method).
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.II  The Amplifier for measuring Electric Charge.

II 1. Advantages and Theoxry of the Valve Amplifier,

I chose the valve bri;ig_e amplifier method because it se
readily lends itself to recording. There were other advantages.
I was able to use a comparatively insensitive 'galvaz;o.meter,
avoiding the tedious adjustments of an electraneter, yot having a
mmall resolving time. Chalmers and Pasquill (1937) have pointed
out that it is easy to maintain the necessary degree of insula.ﬁon, |
and that the sensitivity of the amplifier is almost independent of
the electrical capacity of the drop-collecting system.

KTS . __Jr.

The theory given by Chaluers and Pasquill (1937) is as

follows, In the diagram, V ~and Vz are triodes of the same
‘type and their grids insulated, or in other words with grids



*floating'. If the valves are identical the galvanometer G will
ahow no deflexion, and any change in low tension or high tension
voltages will produce no deflexion, Now let a charge 4  suddenly
arrive on the grid G, of the 'operating valve' V,, which is connected
to a capacity K, Let the internal deakage of the valve, when
running, correspond to a resistance S, Let the mutual conductance
be M. The initial potential applied t0 G, is 9/  and this
leaks awey 80 that after a time t the potential on G, is

Y e ™, and the anodq current of V| is altered from its
normal value by MR—T e“S_R .« Provided the(}'esistance,ofc
is amall compared with R this current must flow through G.

The total charge passing through ¢ is therefore

F-M% & Fat - MSq

This is independent of K and proportional to ‘1/ Chalmers and
Pasquill found that the szero of their galvanometer drifted, in one
instance this drift amounting to 16 cm. in eight mimtes when the
ampiifier had been switched on for three hours, To avoid this
steady drift they put a condenser, usuaﬂy 20 /uF » in series with
their galvanometer. The zero was then steady apart from fluctuations

of ¥ 2or 3 mm,

The treatment of the amplifier as it appears in the paper ¢
published by these authors is open to two criticisms, that they have

neglected changes in the anode current of the idle valve, and that
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_ the effect of the condenser in the galvanometer circuit is to alter
the nature of the expression for amplification,

We will first consider the amplifier with no condenser in
the galvanometer circuit, |

Let the owrrents L. , Y, Ci1, Cz Cq and the
potentials vy, vy be increments on the steady values, due

to the arrival of the charge,

T"?QVL Lj = Vo —U-l
Ryg
Bt U = —R'LL
oond 'U';_ -_— —RLaj
_ - R /o _
Ly = R (c‘_’ Lx)



: S(:n.ce "—x = (.-Al - Lj

]

, l_3 = "BR—g (Lz'—('l""ZLS)'

; |
Writing ( %’Er ) with grid floating as R have ¢
I'd

).
is the A.C. resistance of either valve with floating grid.

Then L = 'U';_(‘a(:)

—b_:r ,rc.d flo‘\t“-'\j

- w
¢
Nowr U, = - R"y
= —R(Z 44
e

.or' — VU _ Vs ;

_ = —_ C

R o + L3

or v, = -3
g
(:'2' = 'L_)_',; (j:r-om OJrO‘U’Q—)
€ .
SR
= ) 'é’ N _.é



tg = e e e =&, + 24
= R T T
3 S
R eav-r"osms‘c.wa 5
[
BQ‘-.'LS - = € | ié + l';t_‘
R. R *Ye , .
= ¢,
e (:_,
C =
RV R
or La = L
' ‘ 2 - —R_ 4+ Ry
e +R R

Now ¢ will depend on the type of valve and will usually be

‘some thousands of ohms, According to the values of R and e

~ the term _R_ will die between O and 1, and B—-S—- will
g +R R

usually be small, Hence (g will lie between L: and ¢,

—

-and the charge passing through the galvanometer will lie
between ’YL%V and. MS‘V~

We will now apply a similar treatment to the amplifier

when a condenser is placed in series with the galvanometer.

HT 4+
Ly
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L’ﬂ = ZE—
= Cad(V, -V, - Ryt
Nowr Vi, = —Rix
and Vz_ = '—Rt'j

ot £ olt
dis _ dea gl (R oLig
= — - == —= 9
tg = CR{dt ot dt oLt

How the charge ¢ takes & definite time to arrive on the grid of V: .
We will take time t =0

ofV,

At the instant when all these lines of force have just ended on the

to represent the instant when the grid
is first affected by the lines of force of the charge q-

grid cirowlt, t = Y. Wecall Y  the 'time of arrivall
of the charge.

We will assume that at € = lﬁ no appreciable part
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C e g e e e et e e et ey

of ¢ has leaked away through S,  that s, SK >V Then
at t=o0 we have C1=0 and L3=O.
o - [ ,
. Wdé dt VO‘CLU& Z‘_‘-idt-m ﬁildt
CRJzti —cRLEE— ~2CR£ e i
[»]

and the last three terms vanish.
-But L, = 'M‘U’g where ’U’3 is the increment of grid

potential due to the charge Cy

. M
R A
A4 4
M t
Q =CRJT<‘ 2
= CRM
Y

The amplification is hence no longer independent of K,
which is what Chalmers and Pasquill (1937) observed, The expression
CRM s 1dentical with that deduced by Chalmers (1949)a¥or an

emplifier not employing an idle valve, as in the figure below:-

HT.+




23

The time constant C R should not be much greater than
the msolving time of the galvanometer, normally two or three
seconds. The return of the grid potential of V, to its normal
undisturbed value tekes place by the exponential decay process
described in the original theory, It is accompanied by a
reverse current through the galvanometer, If SK is large,
this reverse current will be small, appearing as a slight
displacenent of the zero, If SK is not large campared
- with the time of swing of the ga.lvanmnefer, this reverse current

will appear as a 'reverse charge' which partly neutralizes the

CRM
K

possible, S depends mainly on grid current (investigated and

original charge Q = 4. Henoe "SK must be as large as
discussed later) and is not easily made large, The values of
C, R and K ocannot therefore be :I,m.I)roved'indeﬁnitely, and M

~ depends on the valve used. These cansiderations give some
guidance in the design of a suitable amplifier., The principles
have become clearer during the course of this work., My first
amplifier, next to be desorj.bed, was built before the expression

for amplification CR™ had been worked oute
' K

IT 2, The Design of the Amplifier,
The most difficult task was to make galvanometei' zero

instability amall, Chalmers and Pasquill (1937), observing
deflexions by eye, e:iperienced this as 'slight fluctuations,
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never amounting to more than 2 or 3 mm, on either side of the zero',
I wished to record deflexions photographically, These deflexions
Awere limited by the size of the recording drum to Yt 60mm. It

" was therefore of no value to employ a seﬁsiﬁvity ( charge/mn. )
with which zero fluctuations exceeded * | mm.. Wymn-Williams,
(1927) and McFarlane (1932) desoribe ways of eliminating zero
instability due to variation of filament supply voltages, for
‘dire_o;_l;ly heated valves, Changes in high tension supply are
considered relatively unimportant, and I found no improvement on
changing from a dry battery to a Milne's high tension unit of
storage cells. Wynn-Williams keepsthe ratio of anode currents
constant for the two: valves of the bridge., By this means the
anode potentials, varying together with battery fluctuations, still
 remain equal and the galvanometer is undeflected, It is only

- necessary to adjust the proportion of filament voltage, from a
common battery, supplied to each  valve, until the desired
condition is reached. MdFarlane uses a cammon battery for,
filament and grid bias -suppl_ies. ~ Changes in this battery voltage
affect filaments and grid bias in such a way that they produce
equal and opposite effects i,r; anode current for the two valves,

" and the galvancmeter is therefore unaffected. I found their
methods unsatisfactory for a valve bridge with floating grids,
using Ministry of Supply valves, type VR 21 (equivalent to
Mullard PM one LF), The methods certainly worked well for
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sudden gross changes in battery voltage, say 10%, but did not
| reduce fluctuations of the zero of 2 or 3 mm. during ordinary
workinge I therefore turned to indirectly heated valves, where
fluotuaticns in heater current are in effeoct moothed out!
because of the heat capacity of the cathode.

The valve chosen and a#tually used in this research was
the radio-frequency pént°de Ministry of Supply type VR 65
(equivalent to Cossor SP 41). The control grid of this valve
is particularly well insulated, being connected to a top cape
This is important, for in the theary Jjust given the amplification
is seen to be proportional to the leakage R, Moreover by
the construction of the valve the oontrol grid - anode capacity
is very low, reduoing the chance of feedback,

Same typiocal static characteristics for various anode
'c.nd screen voltages are shown opposite for the VR 65, The
slope, which 1s M at the floating point, does not thow any
great variation with electrode voltages., The amplification
is MR (fram the theory ebove). I coculd therefore use
just one ordinary 120 volt high tension battery for anods
and screen supplies, without working at too low a value of
| S The circuit of my amplifier is shown in the figure,
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Ri,Re 7000 N
P 20,000 0

--MAINS --

V. 1s the operating valve, and V, the 'idle valve' which
reduces the effect of battery changes, as explained in the
theary. The grid cap of V,_ is disconnected, C,_ is a fixed
air condenser of capacity about 2 acm. One plate is connected
permanently to the grid of V, , the other may be switched by
S,  from earth to any desired potemtial, The charge then
flowing into the grid serves as a reference charge far comparing

H.T 120 V.
S.G 08 V.
¢ 20#?
FV o
X
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the amplification under different conditions, The heater

current was at one time obtained fram accumulators, but later

from the mains, Pinding the anode load in accordance with

theory was not critical, I used a fairly low value and so

| avoided a wasteful vblta,ge dArop. From a number of VR 65

valves V, and V, were chosen as having low floating values of
anode current, both about 1mA, The potentiometer in the screen
supply lead of V, serves to balance the bridge, the caudenser C,
(see below) beirg temporarily short-circuited., G is a dead-beat
mirror galvanometer of sensitivity 42 mmy/ wC. This is put out
of circuit by switch S, far coarse adjustments, the insensitive
pointer type galvanometer W <then being used. The conlenser

C'l (paper type) is inserted to block steady currents and so
prevent zero drift, which would otherwise make recording alfficult.
The valves and all aéparatus ard leads comnected to the grid of V,

were screened,

'As a guide to 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, (1937)(2).
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This apparatus is shown in the figure, Water drops form at a

- steady rate at the nozsle of the dropper, amd carry away a

charge depending on the electric field set up between the nozzle
a.nd the ‘conbenf;rié earthed copper cylinder. Drops are produced
at a rate controlled by the air leak through the glass capillary
tube, The drops are caught inaa scmengd insulated vessel
connected to the grid of the amplifier operating valve, The
results of Chalmers and Pa.s'quill.-' (1937)@)show that the charge on
the drops is nearly £ x 10_3. €.5. w. where E is the
potential applied to the ,dropper‘, measured in volts, Now for
the air condenser (, (approximately 2 am,) the charge for one

3

volt applied is c.s_Z-_ e.s.a.or nearly 7 x 10 e.su.. The
[o1-4
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(7) electrostriction effects appeared as 'interference'
' when the grid cable was stood on or even slightly
displaced, so that it was essential to protect it
from the wind,
(8) the amplifier took only about one mimute to !'warm
. up' to its working condition fram first switching
on, provided that all apparatus connected to the

grid of the operating valve was quite dry.

‘I tried out the amplifier with rain as opportunity arose,
The recéim 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 method for measuring drop size and drop charge together,
This was in order to begin meagurénex;ts ;n rain witﬁout delay and
80 to obtaiﬁ results over as long a period as possible, The
accurate calibration of fhe amplifier and other tests, described
next in this chapter, were actually perférmed later during spells

of fine weather,

II 3 The Calibration of the Amplifier.

II 3a The 'Calibrating Condenser'.

The use of a small air condenser for providing a
" *reference' charge to check the sensitivity of the amplifier was

mentioned on page 26 , PFor this purpose I now made a fixed
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air condenser, The plates are brass discs of diameter 20 mm,,
and are set_ﬁéid_ly about £ mm, apart. The insulation is
polystyrene, The condenser is mounted firmly beside the
operating valve and inside the same screening can, and in this.
position it serves as the 'calibrating qondenser'; The
'calibrating voltage' is applied by means of a single-current
telegraph relay S, (see figure page 26 ), which is switched 'on’
and 'x_.'off' by a remote tapping key. In the 'off' position the
ca;l.ibratiﬁg condenser is comnected between grid and earth, In
the 'on® position thebearthy_plate is comected through the
calibrating battery to ea.rfh. The advantages of having a relay

ares =

(1) Leads t§ the calibrating condenser are short.
(2) The transit time in switohing is short and constant.
(3) The mechanicel shock is too small to give the
spurious deflexions which occur with an ordinary

switch.

, Tl;e relay is enclosed in an earthed can, and sparking
at the tapping k?y contacts is suppfessed by a 0§ /._Ft _condensers,
For day to day calibrating checks it is only necessary to observe
-the deflexion when the tapping key is operated, 'on' and 'off*
giving positive _a,.nd.n’ega'.tivelcharges respectively if the battery
negative is earthed, Given the calibrafing condenser capacity,
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determination of CJc Just described the three condensers in series
must have a combined capacity of about 0,7 cms This seemed
ridiculously small, so I determined (. by two other independent
methods, which agreed together. The earlier value s Which was
much too low, was therefore discarded.

II 3.c Standardisation with a 10 , . F. Precision Condenser
) 7

A Sﬁlliva.n precision fixed air condenser had meanwhile
become _a#ailabla. (This is to be referred to as the 'precision
condenser’. The small air condenser in the amplifier is the
'calibrating condenser',) The Calibration Certificate provided
By the_mal;ers showed that an incremental capacity of 40,0 /x/uF-
was introduced when the brass strip link supplied was inserted
between the appropriate screw terminals, I compared the capacity
of my calibrating condenser with the incremental 10,0 Vs F, I
first applied a voltage to the calibrating condenser sufficient
to give a convenient 'reference charge' indicated by the amplifier,
Then using the preoision condenser in the sams manner I found the
voltage required to produce the same reference charge with and
without the 10 . F.  increment,

Let C/‘/uF- be the capacity of the calibrating condenser,

Let S /'f"F" be that of the precision condenser without increment.

Let x.E  volts be applied to the calibrating condenser,

Let y-E volts be applied to the precision condenser without
inorement,

Let z.E volts be applied to the precisibn condenser with increment,
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Since these three voltages applied separately all give

the same reference charge, we have

xEC = 1153 = ZE(S""O)
S = =

Y
xC = Z(‘%C*'c’)

&)
C:xl_o_c___

> -
The way in which x, y and 2 were mea.mr:g will now be described,
The emplifier was switched on and allowed time to
_become steady, The precision condenser was placed on a slab of
ebonite inside an esarthed metal box, It was left in the same
position throughout the experiment so that stray capacities
(and therefore S ) shmld remain constant, The insulated plate
of the precision condenser was connected the whole time to the
amplifier grid by é. screened polystyrene cable - the cable
normally 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 calibrating gondenser. Potential differences were taken from
a potentiometer 'ofitwo_resista.nce boxes used with an accumulator
of E.M,F, E = 2,08V, This value of E remained constant,
The precision condenser brass strip was disconnected at first,

14

Later when it was connected a slight correction was necessary
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tokéllow for the change in sensitivity of the amplifier due to
the e;t?a:10fvaf in the grid circu$t. First, strip disconnected,
‘wvarious fractions of E "we‘re applied to the éalibrating
condenser, for E = -*-'»2-08 V. Switching *on' a positive
potential gave the same effect as switching 'off' a negative
potential, that is, the effect of a positive charge placed on
the grid,  Therefore to each fraction of E four measurements
were made, ' + v€ volts on'. '+vevolts off', ' -U¢ volts on'
and * - v€ volts off', each being made three dr four times,
'J.‘hg first and fourth were averaged as giving positive charge
effects, the second and third as negative charge effects, as
in the following table,

FRACTIONS OF E APPLIED TO CALIBRATING CONDENSER (STRIP DISCONNECTED

" Galvanameter deflexion mm.

Fraction +ve - ve Average - ve + ve Average
- volts volts for volts volts - for
on off + Ve on off - ve

~ charge charge.
0 0 0 0 .0 Y 0
0.2 9:5 10,07 98 =95 -9.5 9.5
O.l;. ) 1905 19.8 19'_6 7'2000 "2003 "'20.2
006 -~ 295 30,0 29,8  =31,0 =30,8  =30.9
0,8 393 39,3  39.3  =.0  =h1.2 b1

1.0 - 9.0 149.2 Y =52.2 =52¢5 =52¢4

A straight line graph (opposite) was drawn through the

L 'origih for the positive and negative charges. The difference in
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slope of the two lines represents the slight difference in
amplifier sensitivity for positive and negative charges. Both
in this and in the two following graphs the observations for
positive charge show least deviation from the straight line,
The values of x, y amd 2 were therefore read from the positive
lines. The reference charge was ehosen as that giving a reference
deflexion of 50 mm. (brass strip disconnected), For this
deflexion we read fram the graph the fraction of £ , e
x = 1020,

Similar measurements were next made by applying
fractions of E to the precision condenser (brass strip
discomneoted) , and the following table was prepared and the.

graph opposite drawn,

 FRACTIONS OF E APPLIED TO PRECISION CONDENSER (STRIP DISCONNECTED)

_ Galvanometer Defle:d.on 1111179

Fraction + Ve = ve Average -ve volts + volts Average

volts wvolts for + ve on off for ~ve

on of f charge charge
0 0s2 0,1 0,2 4+ 0k + 0,2 + 0,3
0,05 9.2 _.8.8 9.0 - 9.8 =93 - 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 3647 3745 37.1 ~39.8 =39.2 =3945
0.25 46,2 ;-6,7 46,5 =50,2 k9.2  -49,7

0030 55-2 5507 5505 "6005 "5905 "60.0
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Using the line for positive charge, against reference
deflexion 50 mm, we read 11 = 0-269.

The brass strip was now inserted to introduce the
10.0 F and the measurements with the precision condenser
Bl
were repeated. They are shown in the table following and the graph

opposite,

FRACTIONS OF E APPLIED TO PRECISION CONDENSER (ERASS STRIP INSERTED)

GALVANOMETER DEFLEXION MM,

Fraction + ve - 've Average - ve + ve ‘Average for
volts volts  for volts volts - ve charge
on off +ve charge on off :
0 | 1.0 0.8 09 -0.6 0 - 0.3
0,03 10,5 10,5 10,5 =115 =117 -11,6
0.06 21,0 21.8 21,4 =2342 =223 -22,8
0,09 31,7 33.0  32.4 =35e7 =350 = =35.4
0,12 138 U3.7  U38  <LTuT k68 =47,2
0415 5ke3 548 546 =59.8 =59.2 =59.5

The value of z was obtained fm@ this graph after making
an ad,ju,stment‘allowing for the extra 10.0_/7.«!-'. in the grid cirouit.
With the brass strip disconnected and + 2,20 volts applied to the
ca,libré.ting condenser the deflexion averaged 52,3 mm. for switching

on, With the brass strip inserted the throw averaged 51,5 rm,

sis
523

charge (which before gave 50 mm, deflexion) will now give a

The correction factor is therefore , and the reference

















































































































































































































































































































































