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ABSTRACT 

The e l e c t r i c a l s t r u c t u r e of a thunderstorm consists 
e s s e n t i a l l y of a p o s i t i v e d i p o l e , w i t h values of the 
segregated charge estimated a t 20 coulombs. Between the 
main charge centres there e x i s t s mixed charge, of "both signs, 
of the order of 1000 t o 1500 coulombs. As t h i s charge i s 
generated i n regions where the temperature i s w e l l "below 0°C 
the phenomena have, "been associated w i t h the charging of i c e . 

I n recent years s e v e r a l workers have found t h a t i f a 
temperature gradient i s set up i n i c e , the colder p a r t 
acquires a p o s i t i v e charge, and the warmer a negative charge. 
This has "been explained by assuming t h a t protons migrate from 
the warmer t o the colder p a r t of the i c e , and IJason and 
Latham (1961 a) have put forward a q u a n t i t a t i v e t h e o r y , 
which i s i n very good agreement w i t h t h e i r experimental 
r e s u l t s . 

I n the present work the charging due t o the momentary 
contact of vapour grown i c e c r y s t a l s a t d i f f e r e n t temperatures 
was i n v e s t i g a t e d . Ice c r y s t a l s were grown i n a d i f f u s i o n 
chamber on a f i n e i n s u l a t i n g f i b r e and a f i n e h o r i z o n t a l w i r e 
supported "by.a cam d r i v e n r o d . Contact could he made 
"between i c e c r y s t a l s grown a t d i f f e r e n t l e v e l s i n the 
d i f f u s i o n chamber and the f i b r e then r a i s e d i n t o a "bronze 
Faraday c y l i n d e r , which was connected t o a V i b r o n electrometer 



adapted f o r measuring s i n g l e charges. Contact times of 
1 

the order of jogth second were employed, t h i s being the 
time f o r maximum charge separation p r e d i c t e d "by Mason and 
Latham's theory. However, although temperature d i f f e r e n c e s 
of up t o 10°c were in v o l v e d no charging v/as observed. 

When water d r o p l e t s are nucleated j u s t below 0°C a 
st r o n g i c e s h e l l i s formed and f u r t h e r f r e e z i n g produces 
a pressure i n s i d e the drop which f i n a l l y causes, the drop t o 
b u r s t . Mason and Maybank (1960) measured the charging 
which accompanies the b u r s t i n g and a t t r i b u t e d i t t o the. 
m i g r a t i o n of protons along the r a d i a l temperature g r a d i e n t 
set up i n the ice s h e l l ; the charge s e p a r a t i o n being caused 
by an excess of e i t h e r the outer or i n n e r surface of the 
s h e l l c a r r i e d away when the drop b u r s t s . .Mason and Latham 
(1961) suggest t h a t t h i s process may account f o r the charging 
of a h a i l p e l l e t growing by the a c c r e t i o n of supercooled 
d r o p l e t s . 

An attempt t o measure the charging of a s i n g l e super­
cooled d r o p l e t , brought i n t o contact w i t h an i c e surface, 
was unsuccessful, but the charging of nucleated supercooled 
d r o p l e t s v/as observed. One m i l l i m e t r e diameter d r o p l e t s 
suspended from the i n s u l a t i n g f i b r e were cooled t o j u s t 
below 0°C and then nucleated by dropping a small piece of 
s o l i d carbon dioxide i n t o the d i f f u s i o n chamber. The 



d r o p l e t s were r a i s e d i n t o the Faraday c y l i n d e r a f t e r 
f r e e z i n g was completed and no charging was observed 
unless fra g m e n t a t i o n of the drop had taken place. 

The r e s u l t s obtained suggested t h a t the charging 
was t o o large t o be accounted f o r by the temperature 
gradient theory, and als o t h a t the s i g n of the charge 
remaining on the drop was determined by the amount o f 
water present when the drop b u r s t s . 
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CHAPTER ONE 
METEOROLOGICAL AND ELECTRICAL PHENOMENA IN 

THUNDERSTORMS 
A thunderstorm i s ch a r a c t e r i s e d "by extreme turbulence 

and intense e l e c t r i c a l disturbances. I t i s intended t o give 
here a b r i e f account o f the mete o r o l o g i c a l and e l e c t r i c a l 
phenomena, which are present i n thunderstorms, so t h a t the 
th e o r i e s t o be discussed i n the next chapter may be f u l l y 
appreciated. 
1 • M e t e o r o l o g i c a l Phenomena 

A thunderstorm consists of one or more d i s t i n c t c e l l s 
(average diameter 1 Km.) w i t h intense a i r motions, 
p r e c i p i t a t i o n and e l e c t r i c a l a c t i v i t y , which are separated 
by r e l a t i v e l y s t i l l a i r . The a i r motions are l o c a l i s e d 
and "sub c e l l s " (300 m. i n diameter) have been described, 
which account f o r the t u r r e t s seen t o . r i s e from the top of 
a s i n g l e c e l l . 

The l i f e of a c e l l i s d i v i d e d i n t o three stages 
determined by the d i r e c t i o n and v e l o c i t y of the a i r motions. 
The developing or cumulus stage has up draughts extending 
from ground l e v e l t o the cloud t o p , w i t h average v e l o c i t i e s 
of 5 m./ s e c« a n d maximum v e l o c i t i e s of 15 m./sec. Dry a i r 
i s drawn i n t o the c e l l at a l l l e v e l s due t o pressure 
d i f f e r e n c e s and exchanges of momentum between the r i s i n g a i r 
and the environment. This ' entrainment' of a i r occurs i n 



a l l three stages and i n the cumulus stage tends t o decrease 
the a c c e l e r a t i n g f o r c e as cloud d r o p l e t s evaporate and the 
temperature i s lowered. The hydrometeors present i n t h i s 
stage are s m a l l , and l i q u i d water e x i s t s f o r a few thousand 
metres above the 0°C isotherm. Higher up there i s mixed 
r a i n and snow, wet snow and f i n a l l y dry snow. The e l e c t r i c 
f i e l d , measured at the ground, develops at the time of the 
f i r s t radar r e t u r n , and increases e x p o n e n t i a l l y u n t i l the 
f i r s t discharge. During t h i s stage the v i s i b l e cloud t o p 
reaches a height 1 of 10 km. a t a temperature of - l'r0°C w i t h 
the cloud base at approximately + 10°G. This stage l a s t s 
f o r 10 t o 15 minutes a f t e r the f i r s t radar echo. 

The hydrometeors grow by condensation and f i n a l l y reach, 
a mass which can no longer be supported by the up draught. 
The drag produced by the f a l l o f the hydrometeors causes the 
development of downdraughts i n the lower and middle regions 
of the c e l l , which i s now i n the mature stage. The f i r s t 
p r e c i p i t a t i o n at -"the cloud base coincides w i t h the change from 
the cumulus t o the mature stage. ( I t i s during- t h i s stage 
t h a t the most intense e f f e c t s a t the ground occur, heavy r a i n 
and s t r o n g gusty winds b e i n g common). The down draughts 
increase i n force b o t h v e r t i c a l l y and h o r i z o n t a l l y and begin 
t o spread throughout the cloud. Rain i s found i n the 
lower l e v e l s , • mixed r a i n and snow above and f i n a l l y dry snow. 
The v i s i b l e cloud top reaches i t s maximum i n t h i s stage 
u s u a l l y be Ween 10 *od 15 km. 

- 2 -



As the radar top "begins t o move downwards i n t r a - c l o u d 
l i g h t n i n g discharges take place I n c r e a s i n g i n i n t e n s i t y and 
frequency u n t i l a f t e r about 7 minutes cloud t o ground flashes 
occur. The whole stage l a s t s from 15 t o 30 minutes. 

The down draughts continue t o spread throughout the 
c e l l a t higher and higher l e v e l s u n t i l the whole o f the c e l l 
c ontains only down draughts or no v e r t i c a l motion. T h i s , 
the d i s s i p a t i n g s t a g e 5 l a s t s a f u r t h e r 30 minutes and a f t e r 
i t the storm has ended. 

Recently Ludlam (1961) has made a d e t a i l e d study o f a 
f r o n t a l storm over South East England and the analysis gives 
r e s u l t s -which d i f f e r from those described above. The 
observations i n d i c a t e t h a t the up draughts and down draughts 
act c o ntinuously side by side and t h a t each i s necessary t o 
maintain the other. The up draught i s f e d by warm, moist 
a i r e n t e r i n g the f r o n t o f the thunderstorm and the down 
draught by c o l d , dry h i g h l e v e l a i r e n t e r i n g from behind. 
Thus, the up draught c u r r e n t r i d e s over the down draught, 
the two being separated by a s l o p i n g s u r f a c e . Rain or 

j 

h a i l f a l l i n g from the up draught w i l l tend t o evaporate i n ' 
the dry environment of the down draught thus causing the 
a i r t o be c h i l l e d and a c c e l e r a t i n g the down draught. I n 
t h i s p a r t i c u l a r storm the l i f t i n g of the warm a i r was c a r r i e d 
out ahead of the storm by the co l d a i r spreading out from the 
r a i n area. I n t h i s way the storm once e s t a b l i s h e d could 



m a i n t a i n i t s e l f . The growth of hydrometeors i s also 
discussed and a mechanism i s described by which a h a i l s t o n e 
can be r e c i r c u l a t e d u n t i l i t reaches a size large enough t o 
f a l l out of the up draught. 
2. E l e c t r i c a l S t r u c t u r e 

Measurements have been made of the p o t e n t i a l gradients 
produced by thunderclouds b o t h at ground l e v e l and i n s i d e the 
cloud. As the p o t e n t i a l g r a d i e n t s are produced by the f r e e 
charges i n s i d e the cloud values can be obtained of both the 
magnitude and p o s i t i o n of these charges* The r e s u l t s show 
t h a t a thundercloud possesses e s s e n t i a l l y a v e r t i c a l p o s i t i v e 
d i p o l e w i t h i n many cases a smaller, lower p o s i t i v e charge. 
I t i s thought t h a t t h i s lower p o s i t i v e charge, which i s 
associated w i t h heavy r a i n may, i n f a c t , e x i s t i n a l l 
thunderstorms. 

The upper p o s i t i v e charge occupies a d i f f u s e volume 
a t approximately - 20°C and may be displaced from the axis 
of the main d i p o l e by wind shear. The negative charge i s 
much more concentrated and i s s i t u a t e d around the - 5°G 
isotherm. I t ' l i e s i n the same v e r t i c a l l i n e as the lower 
p o s i t i v e charge, which occurs a t , or j u s t below, the o°C 
isotherm. I t i s of i n t e r e s t t h a t the negative charge i s 
s i t u a t e d i n the p r e c i p i t a t i o n zone, but does not extend down 
i n t o the r a i n sheet. 

Values of the charges present have been deduced from 
p o t e n t i a l g r a dient measurements on the ground and these 

' - k -



i n d i c a t e t h a t the main d i p o l e c o n s i s t s of 20 - 50 coulombs 
separated by 2 - 5 kms. The lower p o s i t i v e charge i s some 
2 ions, below and has a value of about 10 coulombs. I t 
should be mentioned t h a t these are values of charges t h a t 
have been separated and t h a t there exist.: large q u a n t i t i e s 
of charges of both sigos between the two centres. 

Most'of the t h e o r i e s f o r the p r o d u c t i o n of the main 
d i p o l e consider t h a t g r a v i t a t i o n i s the segregating process. 
This means t h a t p o s i t i v e and negative charges are f i r s t 
a ttached, i n some way, t o d i f f e r e n t c a r r i e r s , which then 
move r e l a t i v e l y t o one another under the i n f l u e n c e o f g r a v i t y . 
The negative charges may be c a r r i e d on heavy p r e c i p i t a t i o n 
p a r t i c l e s while the p o s i t i v e charges move upwards i n the 
up draught on much l i g h t e r p a r t i c l e s . The g r a v i t a t i o n a l 
segregation continues u n t i l the f i e l d has b u i l t up t o the 
value r e q u i r e d f o r discharge. A f t e r a l i g h t n i n g f l a s h the 
f i e l d b u i l d s up e x p o n e n t i a l l y reaching very n e a r l y i t s 
predischarge value i n 7 seconds* To account f o r t h i s r a t e 
of charging i t has been c a l c u l a t e d t h a t the q u a n t i t y of 
unseparated charge between the two centres must be between 
1,000 and 1,500 coulombs. 

Vonnegut and Moore (1958) have put- forward a theory 
f o r the charge segregation t h a t does not i n v o l v e g r a v i t a t i o n . 
I t i s suggested t h a t atmospheric space charge i s drawn up 
i n t o the base of the cloud by the convection c u r r e n t s , and 



t h a t the small e l e c t r i c f i e l d set up causes a conduction 
cu r r e n t t o f l o w i n the c l e a r a i r , which produces a l a y e r 
of opposite charge around the cloud. This i s then c a r r i e d 
i n the down draughts so t h a t a continuous current i s set up 
"between the upper atmosphere and the lower part of the cloud. 
As the f i e l d "builds up p o i n t discharge occurs and the process 
i s strengthened. 

The. t h e o r i e s discussed i n the f o l l o w i n g chapters a l l 
consider the g r a v i t a t i o n a l process and i n v o l v e the ice 
phase i n the mechanism of "both generation and segregation 
of charge. 

- 6 -
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CHAPTER TWO 
GENERATION OP CHARGE IN THE ICE PHASE 

Results from the a l t i e l e c t r o g r a p h measurements made 
"by Simpson and Serase (1937) showed the existence of the 
upper p o s i t i v e charge centre i n regions where the temperature 
was w e l l "below 0°C. E a r l i e r Simpson had measured larg e 
p o t e n t i a l g r a d i e n t s , u s u a l l y p o s i t i v e , which were produced 
"by "blizzards i n the A n t a r c t i c and h i s e x p l a n a t i o n of these 
was a p p l i e d t o a charge generation i n thunderstorms. 
Simpson (191+2) e x p l a i n s the mechanism of the theory; 
turbulence, i n the thunderclo.ud causes the frequent c o l l i s i o n 
of i c e c r y s t a l s , v/hich gain a negative charge, an equal 
p o s i t i v e charge going as ions i n the a i r . .The ions t h e n 
"become attached t o cloud p a r t i c l e s and the charges are 
separated "by g r a v i t a t i o n a l f o r c e s . Simpson b e l i e v e d t h a t 
the charging was due t o t i n y i c e s p l i n t e r s being broken from 
the d e l i c a t e s t r u c t u r e of the ice c r y s t a l s d u r i n g impact. 
1 • Charging.due t o impact and f r i c t i o n 

c 

Since .Simpson and S^ase put forward t h e i r theory, 
experimental work done on the charging of i c e due t o 
f r i c t i o n a l contact has o f t e n been c o n t r a d i c t o r y . Pearce 
and Currie ( 1 e r o d e d a bl o c k of snow w i t h an a i r b l a s t 
and found t h a t the charging was small u n t i l the surface of . 
the block was f r a c t u r e d . Then considerable charge • 
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was produced, the eroded fragments "being n e g a t i v e l y charged 
and the a i r r e c e i v i n g a p o s i t i v e charge, Stimmel et a l 
(1914.6) showed, t h a t when snow i s "blown against various 
t a r g e t s l a r g e amounts o f charge are produced, "but the nature 
of the t a r g e t determines the s i g n of the charge, Norinder 
and Siksna (195*+) c a r r i e d out s i m i l a r experiments and came 
t o the same conclusions. However, when a snow "block was used 
as the t a r g e t the r e s u l t s v/ere opposite t o those of Pearce 
and C u r r i e , 

Impact v e l o c i t i e s expected i n the atmosphere were 
employed "by Chapman (19U9) who measured the charging produced 
"by a. s i n g l e snowflake as i t f e l l i n t o a d i s h of snow. The 
measurements were made i-n a c t u a l storms and the c o l l e c t o r • 
had a c o l l i m a t i n g device t o separate s i n g l e f l a k e s . 
Measurements were made of the i i i i t i a l charge on the snowflake, 
the charge acquired "by the d i s h a f t e r the snowflake had f a l l e n 
on i t and the charges i n the a i r . Apparently the magnitude 
of the charges produced- v a r i e d widely, hut one r e s u l t , which 
was r e p o r t e d t o "be t y p i c a l , shov/ed t h a t the d i s h acquired a 

-12 
p o s i t i v e charge of 10 c, and negative charge was observed 
i n the a i r . I f only the magnitude v a r i e d w i d e l y , Chapman's 
r e s u l t s give the wrong s i g n f o r ' t h u n d erstorm e l e c t r i f i c a t i o n . 
Chalmers (1952) c a r r i e d out an experiment, which showed the 
co r r e c t s e p a r a t i o n . Two handfuls of show were rubbed 
together and the fragments were allowed t o f a l l i n t o a 



c o l l e c t o r which was connected t o an electrometer. A 
negative charge was always i n d i c a t e d , the p o s i t i v e ions 
presumably b e i n g removed by the wind. Separate experiments 
r u l e d out the p o s s i b i l i t y t h a t charging by i n d u c t i o n , or 
contact w i t h the metal c o l l e c t o r was responsible f o r more 
than a small charge and f r i c t i o n appeared t o be e s s e n t i a l 
f o r the large charges observed. 
2. Experiments i n v o l v i n g temperature gradients 

Workman and Reynolds (1954) c a r r i e d out the f i r s t of 
a s e r i e s of experiments., which have l e d t o a q u a n t i t a t i v e 
t h e o r y , which can be t e s t e d e x p e r i m e n t a l l y and may account 
f o r the c o n t r a d i c t i o n s i n the e a r l i e r work. The e l e c t r i c a l 
e f f e c t s accompanying the grov/th of p r e c i p i t a t i o n p a r t i c l e s 
were i n v e s t i g a t e d and the r e s u l t s i n d i c a t e d t h a t the c o l l i s i o n , 
of i c e c r y s t a l s w i t h the growing:''ice p a r t i c l e was of prime 
importance. The apparatus consisted e s s e n t i a l l y of two 
ice covered metal spheres r o t a t i n g w i t h the v e l o c i t y of a 
k mm. diameter graupel p a r t i c l e (about 8 m/sec.) i n a 
supercooled cloud. The composition o f the supercooled 
cloud could be v a r i e d so t h a t i t consisted of supercooled 
d r o p l e t S j C i S u p e r c o o l e d d r o p l e t s and i c e c r y s t a l s i n coexistence 
and i c e c r y s t a l s alone. The h i g h l y i n s u l a t e d spheres were 
connected v i a a mercury contact t o an electrometer probe. 
When the cloud consisted of supercooled d r o p l e t s or i c e 
c r y s t a l s alone n e g l i g i b l e charging was observed, but when 
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the two occurred together l a r g e amounts of charge- were 
separated, the sign depending upon the r e l a t i v e concen^ 
t r a t i o n s . P o s i t i v e charging of the spheres occurred when 
there was a predominance of i c e c r y s t a l s and negative 
charging when supercooled d r o p l e t s were i n excess. 

Under c o n d i t i o n s f o r negative charging the ice :b.n 
the spheres w i l l he growing by a c c r e t i o n of d r o p l e t s and w i l l 
thus he warmer than the environment because of t h e l a t e n t 
heat l i b e r a t e d . To t e s t whether t h i s temperature d i f f e r e n c e 
was of importance c o n d i t i o n s were set f o r p o s i t i v e charging, 
but the spheres were heated-by a lamp. Strong negative 
charging r e s u l t e d immediately. The s i g n of t h e charging 
was thus shown to be s t r i c t l y c o n t r o l l e d by the temperature 
d i f f e r e n c e . Henry (1953) had put forward t h i s idea e a r l i e r 
t o e x p l a i n the separation of charge when two i n s u l a t i n g 
•materials were rubbed together. . He suggested t h a t the 
temperature g r a d i e n t , produced by •.asymmetric rubbing of the 
two surfaces, r e s u l t s i n the more mobile p a r t i c l e s moving 
from the hot t o the cold side of the boundary, the phenomenon 
being analogous t o the thermal d i f f u s i o n of gases and the 
Thomson t h e r m o e l e c t r i c e f f e c t . 

Workman and Reynolds (195U) set up an experiment t o t e s t 
t h i s hypothesis. Films of i c e were formed on two n i c k e l 
p l a t e d copper rods, one of which was earthed and the other 
connected t o an electrometer. They found t h a t when the two 
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were rubbed together the warmer always acquired a negative 
charge. Further experiments were c a r r i e d out w i t h 
i m p u r i t i e s i n the i c e f i l m s and here i t was found t h a t the 
ice w i t h the g r e a t e r proton m o b i l i t y ( i . e . the hig h e r 
c o n d u c t i v i t y ) acquired a negative charge even when sev e r a l 
degrees colder than the other i c e f i l m . Workman e t a l 
(1951+) have'found t h a t conduction i n ic e depends upon a 
pr o t o n t r a n s f e r mechanism and these r e s u l t s i n d i c a t e t h a t 
p r o t o n m i g r a t i o n along the temperature gradient i s the 
cause of the observed charge separations. 

The experiments of Workman and Reynolds i n v o l v e d 
f r i c t i o n a l contact o f the ice s u r f a c e s , "but 3rook (1958) 

c a r r i e d out work i n which rubbing and f r i c t i o n a l contact 
were minimised. One rod was suspended from the probe o f 
an electrometer.and maintained a t a constant temperature 
i n s i d e a large aluminium block, which was f i t t e d w i t h a 
heat s i n k and heater. The second r o d was supported on 
a motor d r i v e n c a r r i a g e and contact was made by moving the 
r o d i n and out of a hole i n the aluminium block. The 
temperature of the second rod was v a r i e d by p l a c i n g heated 
blocks on the r od and a l l o w i n g them t o r i d e w i t h the 
c a r r i a g e . A continuous r e c o r d o f " t h e 'probe i c e ' p o t e n t i a l 
was made durin g the experiments. The r e s u l t s showed t h a t 
the p o t e n t i a l d i f f e r e n c e between the two pieces of i c e while 
i n contact was s e n s i t i v e t o the temperature d i f f e r e n c e . 
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between them. I n one experiment the probe i c e was 
maintained a t - 21+°c w h i l e the temperature of the second 
rod changed from - 27°C t o - 21°C; the re c o r d shows a 
r e v e r s a l o f p o t e n t i a l immediately the temperature d i f f e r e n c e 
changed from p o s i t i v e t o negative. The experiments show 
t h a t a p o t e n t i a l d i f f e r e n c e can he produced by a temperature 
gradient alone, f r i c t i o n a l contact not being necessary. 

The mechanism put forward t o e x p l a i n the experimental 
r e s u l t s j u s t described can be summarised as f o l l o w s ; i f 
two pieces o f . i c e w i t h d i f f e r e n t c o n d u c t i v i t i e s are brought 
i n t o contact protons w i l l move' t o equalise the c o n d u c t i v i t i e s . 
The d i f f e r e n c e i n c o n d u c t i v i t y may be due t o e i t h e r temperature 
or contamination d i f f e r e n c e s . Thus i f the contact i s 
momentary a charge separation v / i l l occur, the ic e w i t h the 
greater c o n d u c t i v i t y l o s i n g protons and being l e f t w i t h a 
r e s u l t a n t negative charge. 

A q u a l i t a t i v e theory f o r the charge generation i n 
thunderstorms has been put forward by Reynolds et a l (1957) 

on the s t r e n g t h of these r e s u l t s . A graupel p a r t i c l e 
growingby a c c r e t i o n of supercooled d r o p l e t s w i l l be warmer 
than c r y s t a l s growing by s u b l i m a t i o n due t o the l a t e n t heat 
l i b e r a t e d . Also the d r o p l e t s w i l l be contaminated by t h e i r 
condensation n u c l e i and so the graupel p a r t i c l e w i l l c onsist 
of i c e w i t h a gre a t e r c o n d u c t i v i t y than the purer i c e c r y s t a l s . 
Therefore, both the v a r i a b l e s are i n favour of the graupel 
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"becoming n e g a t i v e l y charged a f t e r c o l l i s i o n w i t h an i c e 
c r y s t a l . I t i s suggested t h a t g r a v i t a t i o n a l segregation 
then occurs w i t h the graupel p a r t i c l e c a r r y i n g the negative 
charge and the l i g h t e r i c e c r y s t a l s the p o s i t i v e charge. • 
3. Mason's work 

Latham and Mason (1961 a) have r e c e n t l y put forward a 
q u a n t i t a t i v e theory of the proton t r a n s f e r mechanism and have 
t e s t e d the theory e x p e r i m e n t a l l y . I n ice the proton plays 
a p a r t s i m i l a r to'.that of the e l e c t r o n i n m e t a l l i c conduction 
and t h e theory i s "based on two known f a c t s (1) the 
c o n c e n t r a t i o n of H + and 0H~ ions i n i c e r i s e s r a p i d l y w i t h 
i n c r e a s i n g temperature, (2) the m o b i l i t y of the H T i o n i s 
at l e a s t an order o f magnitude greater than t h a t of the 0H~ 
i o n . 

The f i r s t case considered i s t h a t of a steady temperature 
gradient maintained across a layer' of i c e . The charge 
separ a t i o n i s described i n the f o l l o w i n g way: The 
(temperature) gradient w i l l lead t o a s e p a r a t i o n of charge 
w i t h a net excess of p o s i t i v e charge i n the colder p a r t of 
the i c e . The space charge set up "by t h i s d i f f e r e n t i a l 
d i f f u s i o n v / i l l produce an i n t e r n a l e l e c t r i c f i e l d , and a 
steady s t a t e v / i l l "be reached in.which no net c u r r e n t f l o w s , 
:the d i f f u s i v e f l u x of ions maintained "by the temperature 
gradient "being "balanced "by a reverse c u r r e n t maintained "by 
the p o t e n t i a l gradient. Equations are d e r i v e d f o r the 
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currents.-due t o the p o s i t i v e and negative ions and assuming 
t h a t the i n t e r n a l e l e c t r i c f i e l d i s u n i f o r m an expression i s 
obtained f o r the charge separated. The expression evaluated 
gives q, = k'95 x 10"^ ( ^ ) e.s.u. per cm.^, vyhere ' q_r i s , 
the charge separated and the temperature gradient i n the 
i c e . 

The second case considered i s t h a t i n which two pieces 
of ice at d i f f e r e n t temperatures are i n momentary contact. 
Here i t i s shown t h a t the charge .separation i s dependent. 
upon the time of contact and t h a t the maximum charge i s 

-2 
obtained f o r the time" of contact of approximately 10 
seconds. The maximum charge q = 3*05 x 10"^(TH - Tn) e.s.u. 

max ' e L ) 

p 
per cm. where q^^. i s the charge separated per u n i t area 
and T̂ . and T 2 the temperatures of the tv/o i c e surfaces. 
I t i s shown-that as the time of contact i s prolonged the 
charge separated diminishes as the temperature gradient i s 
destroyed, and u l t i m a t e l y the pieces of i c e become n e u t r a l . 

I n order to. measure the charging due t o steady temperature 
g r a d i e n t s a specimen of ice was f r o z e n onto tv/o copper discs 
and these were placed between, but i n s u l a t e d from, two copper 
rods. The rods, could be heated or cooled s e p a r a t e l y and 
were used t o provide the temperature gradient across the i c e . 
The copper discs act as a condenser w i t h the i c e as the 
d i e l e c t r i c and the charges separated were c a l c u l a t e d by 
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measuring the p o t e n t i a l d i f f e r e n c e s developed "between the 
d i s c s , one "being connected t o e a r t h and one t o an e l e c t r o m e t e r . 
From the r e s u l t s a graph was p l o t t e d of p o t e n t i a l developed 
against temperature d i f f e r e n c e . A l i n e a r ' r e l a t i o n s h i p was 
obtained the values "being i n good agreement w i t h the equations 
derived from the theory. The i n f l u e n c e of contaminants was 
i n v e s t i g a t e d and i t was found t h a t whereas small amounts of 
HF and C 0 2 increased the charge separation, Na CI caused a 
decrease. This decrease has "been explained "by Mason as 
being due t o concentrations of s a l t at the c r y s t a l boundaries 
s e t t i n g up leakage paths i n the i c e . 

-2 

Bouncing contact f o r 1 0 seconds was achieved by u s i n g 
an earthed cam dri v e n r o d , which was brought i n t o contact 
w i t h a s i m i l a r rod connected t o an electrometer. The 'probe 
i c e ' was h e l d at room temperature (-16°C) and the temperature 
of the moving rod could be v a r i e d from 0 t o -i+0°C. The 
capacitance of the system was c a l i b r a t e d so t h a t measurement 
of the p o t e n t i a l developed d u r i n g contact allowed the charge 
separated t o be c a l c u l a t e d . The r e s u l t s were i n good 
agreement w i t h the values of the charge separation p r e d i c t e d 
by the theory. By v a r y i n g the time of contact i t was shown 

—2 

t h a t f o r times greater than 1 0 seconds a decrease i n the 
charging occurred and a t 0«5 seconds no charge s e p a r a t i o n was 
detected. The i n t r o d u c t i o n of contaminants (IH F. ,ITaCl, 
and C 0 2 ) i n t o the warmer ice increased the charge s e p a r a t i o n , 
but decreased i t when placed i n the c o l d e r i c e . 
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The very good agreement "between the experimental r e s u l t s 
and the values p r e d i c t e d by the theory .gives s t r o n g support 
t o the p r o t o n t r a n s f e r mechanism* The i m p u r i t i e s give 
greater charge sepa r a t i o n when placed i n the warmer i c e as 
they increase the c o n c e n t r a t i o n g r a d i e n t , • However, when 
placed i n the colder i c e the i m p u r i t i e s decrease the 
co n c e n t r a t i o n gradient and can i n f a c t reverse i t (Brook 1958) . 

Latham and Mason (1961 b) went on. t o i n v e s t i g a t e , the 
charging found d u r i n g experiments .'with growing rime i c e . 
Two separate experiments were c a r r i e d out, one'on the charging 
due t o i c e c r y s t a l c o l l i s i o n s and one on the charging due t o 
impinging water d r o p l e t s . 

I n order t o e l i m i n a t e the e f f e c t s due t o water d r o p l e t s 
the ' h a i l p e l l e t ' consisted of a 0.5 mm. c o a t i n g of ice 
pre v i o u s l y grown 011 an i n s u l a t e d metal c y l i n d e r and the ice 
c r y s t a l s were produced by passing a i r saturated w i t h water 
vapour over s o l i d carbon d i o x i d e . The temperature of the 
ic e probe was v a r i e d by means o f a coolant vessel and heater 
and was measured by means of a thermocouple. The a i r ' a n d 
ice c r y s t a l s were drawn past the i c e probe and t h e i r 
temperature was measured j u s t before reaching the i c e probe. 
An i n d u c t i o n c y l i n d e r connected t o an electrometer was placed 
below the i c e probe, which could be lowered i n t o the c y l i n d e r • 
at i n t e r v a l s t o measure any charge accumulated. I t was 
found t h a t the probe always acguired a negative charge i f i t 
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was warmer than the i c e c r y s t a l s and a p o s i t i v e charge i f 
colder. The presence o f i m p u r i t i e s gave e x a c t l y s i m i l a r 
r e s u l t s t o those i n the bouncing contact experiments. An 
estimate showed t h a t a c r y s t a l of 20 jn, diameter, which was 
5°G colder than the i c e probe gave a s e p a r a t i o n of 

-9 
- 5 x 10 ^ e.s.u. per c o l l i s i o n , 

-9 
Using the value of — 5 x 10 e.s.u. .per c o l l i s i o n Mason 

c a l c u l a t e d t h a t charging i n a thunderstorm due t o ice c r y s t a l 
contact alone would give a value f o u r orders of magnitude 
lower than the observed charging. His r e s u l t s on the 
charging due t o the a c c r e t i o n of water d r o p l e t s , give the 
c o r r e c t order of magnitude when a p p l i e d t o thunderstorms and 
t h i s work w i l l be described i n a l a t e r chapter. 
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CHAPTER THREE 
THE APPARATUS 

The apparatus was designed i n i t i a l l y "by Hutchinson (1960) 

t o measure the charging produced by s i n g l e i c e c r y s t a l c o n t a c t s . 
I t c o n s i s t s e s s e n t i a l l y of a c o o l i n g s system, which produces 
a v e r t i c a l temperature gradient i n s i d e a d i f f u s i o n chamber 
and an arrangement f o r ; measuring s i n g l e charges. The three 
main p a r t s , t h e i r performance and oper a t i o n w i l l be described 
i n t h i s chapter. 
1.. The- c o o l i n g system 

The large copper base of the d i f f u s i o n chamber i s cooled 
by continuously c i r c u l a t i n g p a r a f f i n o i l , p r e v i o u s l y cooled 
i n the tank A, the whole arrangement being shown i n Figure 1 . 

The base was designed so t h a t a surface of uniform-temperature 
was presented t o the d i f f u s i o n chamber. This was achieved 
u s i n g a tank . •• 12" square and 1+" deep, w i t h a top of 5" copper 
sheet, permanently f i l l e d w i t h p a r a f f i n ' o i l . The p a r a f f i n 
o i l i s . c i r c u l a t e d through the base by two copper tubes, which 
run close t o opposite w a l l s and have holes f a c i n g outwards 
towards the w a l l s . 

The c i r c u l a t i n g p a r a f f i n i s cooled by passing i t through 
a f a i r l y close h e l i x of copper t u b i n g " i n s i d e the large tank A 
i n Figure 1. The tank, 20" high .and 10" i n diameter, has 
f i x e d i n s i d e i t a metal frame 8" i n diameter around which the 
h e l i x i s wound. The p a r a f f i n o i l i n the tank i s cooled by a 
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f u l l block of s o l i d carbon d i o x i d e , w h i c h , f i t s i n s i d e the 
metal frame and produces a temperature of around - Lj.O°C. 
I t was found t h a t higher f r a c t i o n s i n the commercial p a r a f f i n 
o i l s o l i d i f i e d around, the b l o c k , forming a t h i c k i n s u l a t i n g 
l a y e r , which had t o be scraped away t o prevent the tank from 
warming up. I t i s important, t h e r e f o r e , t h a t the s o l i d carbon 
dioxide does not come i n t o contact w i t h the copper h e l i x i n 
order t o avoid a blockage i n the c i r c u l a t i n g system. 

Before the b l o c k of s o l i d carbon dioxide i s put i n t o the 
tank, i t i s necessary t o cool down the p a r a f f i n o i l w i t h a few 
small pieces of s o l i d carbon dioxide as the gas l i b e r a t e d 
causes the p a r a f f i n o i l t o bubble v i g o r o u s l y and t o r i s e 
r a p i d l y i n the tank. 

Figure 1 shows the closed system through which the 
cooled p a r a f f i n o i l i s c i r c u l a t e d by the c e n t r i f u g a l pump. 
A r e s e r v o i r i s provided so t h a t as the p a r a f f i n o i l c o n t r a c t s 
on c o o l i n g more can run. i n t o keep the system f u l l , tap 
being always kept open.. This i s necessary t o prevent a i r 
blockages, which could stop the f l o w of p a r a f f i n o i l . (An 
a i r blockage d i d i n f a c t occur due t o a leak i n the pump and 
the c o l d p a r a f f i n o i l was pumped up I n t o the r e s e r v o i r ) . 
The problem, of .blockages i s a r e a l one and when f i l l i n g the 
closed system of tubes and base care must be taken t h a t a l l 
the a i r i s removed and t h a t no d i r t i s allowed t o enter. 
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The .procedure f o r f i l l i n g the system i s as f o l l o w s . 
A rubber tube i s attached below tap T 2 and immersed i n a 
large beaker of c a r e f u l l y f i l t e r e d p a r a f f i n o i l . A t h i s t l e 
f u n n e l i s f i x e d t o the tube above T̂  and p a r a f f i n o i l sucked 
up i n t o i t . Tap Tg i s then closed and the t h i s t l e f u n n e l 
i s removed w i t h the tube below the l e v e l of the p a r a f f i n o i l 
i n the r e s e r v o i r . I n t h i s way p a r a f f i n o i l i s siphoned from 
the r e s e r v o i r i n t o the tubes and copper base. A --' p l u g i n the 
top corner o f the copper base i s removed and t h i s corner r a i s e d 
so t h a t the plug hole i s a t the highest p o i n t i n the base. 
A i r i s thus forced out of the base u n t i l i t i s completely 
f i l l e d w i t h o i l . The p l u g i s then replaced and the c e n t r i f u g a l 
pump switched on. This d r i v e s any a i r bubbles present up 
i n t o the r e s e r v o i r . The l a s t two steps are repeated u n t i l 
no a i r bubbles are seen t o leave the system. 

The whole system stands on f o u r l a y e r s of 1" cork sheets, 
which gives good i n s u l a t i o n and also reduces v i b r a t i o n s from 
the pump. The p a r a f f i n tank, and copper tubes are t i g h t l y 
wrapped i n hessian backed f e l t i n s u l a t i o n and a chip-board 
cover •'•is f i t t e d t o the top o f the tank. 

The c o o l i n g system was f a i r l y s a t i s f a c t o r y apart from the 
problems of leaks and blockages. A temperature of around 
- 30°C was reached by the base i n 2 t o 3 hours a f t e r the 
i n t r o d u c t i o n of the s o l i d carbon d i o x i d e i n t o the tank, and 
the temperature g r a d i e n t i n the d i f f u s i o n chamber remained 
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constant' throughout the clay. The main disadvantage of 
t h i s system i s t h a t the temperature range i s l i m i t e d t o 
0 t o -30°C although t h i s d i d not r e a l l y a f f e c t the present 
work. 
2. The d i f f u s i o n chamber 

The complete d i f f u s i o n chamber i s shown i n F i g . 2. 
The outer w a l l s are made of f " chip-hoard covered w i t h a 1" 
lay e r of cork, which gave adequate i n s u l a t i o n . The o v e r a l l 
dimensions of the chamber are 12" x 12" x 13". The back and 
f r o n t w a l l s have perspex windows f o r i l l u m i n a t i o n and 
viewing r e s p e c t i v e l y , w i t h double a i r spacing t o minimise 
heat f l o w * I l l u m i n a t i o n i s provided by a 60 watt t a b l e lamp 
placed behind a glass tank f i l l e d w i t h water t o absorb the 
heat. . A microscope w i t h a 3" o b j e c t i v e was constructed f o r 
v i e w i n g and measurements i n s i d e the chamber. Later a small 
perspex window, also w i t h double a i r spacing, was b u i l t i n t o 
a side w a l l t o allow side i l l u m i n a t i o n t.o be used f o r photo­
graphic purposes. 

The i n n e r compartment, i n which the experiments were 
c a r r i e d out, i s made of perspex and was b u i l t i n the centre 
of the main chamber t o minimise convection c u r r e n t s . The 
c o n s t r u c t i o n of t h i s chamber i s shown i n F i g . 3 . The sides 
A and B run from the f r o n t t o the back of the main chamber 
and are f i r m l y f i x e d t o the outer w a l l s . The other sides 
were tapped and b o l t e d on t o A and B formin g an inner chamber 
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6" x 8" x • A l l the j o i n t s and contacts w i t h the 
copper base were sealed w i t h D u r o f i x adhesive. This was 
done t o prevent the i n f l u x of water vapour which had 
p r e v i o u s l y condensed on the inner w a l l s of compartment C 
near the viewing window. 

I n order t o measure the temperature gradient s i x 
copper-Const ant on thermocouples of 30 S.Y/.G-. wire were 
arranged h o r i z o n t a l l y w i t h one j u n c t i o n at the centre of the 
chamber. To prevent the wires from sagging when the chamber 
was cooled down the w i r e s were held t a u t by small wedges 
placed betv/een the wires and the chamber w a l l . The p o s i t i o n 
of the wedges and the way i n which the wires were secured i s 
shown i n the enlargement i n Pig. 3» The complete thermo­
couple arrangement i s shown i n F i g . 2i. Each thermocouple 
has one j u n c t i o n i n the chamber and one maintained at room 
temperature i n s i d e a brass block, which stands i n a Dewar 
f l a s k f i l l e d w i t h water. The thermocouples are connected 
across a v a r i a b l e r e s i s t a n c e (R i n Pig h) and a Scalamp 
galvanometer i n s e r i e s . The s e l e c t o r s w i t c h S allows each 
thermocouple t o be connected i n t u r n . 

C a l i b r a t i o n over the temperature range expected was 
achieved by m a i n t a i n i n g the j u n c t i o n s i n the chamber at room 
temperature and v a r y i n g the temperature o f the water i n the 
Dewar f l a s k . Connections t o the galvanometer, which had a 
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c e n t r a l zero scale, were made so t h a t the d e f l e c t i o n was 
negative, when the chamber was colder than the Dewar f l a s k . 
D uring the c a l i b r a t i o n a value of R was obtained which made 
a. d e f l e c t i o n of one d i v i s i o n e q u i v a l e n t t o a temperature 
d i f f e r e n c e of 1°G. Thus i f a p o s i t i v e d e f l e c t i o n , 
n u m e r i c a l l y equal t o the room temperature, i s set on the 
scale when there i s no temperature d i f f e r e n c e the temperatures 
of the j u n c t i o n s can "be read d i r e c t l y . 

The temperature i n the chamber increased q u i t e s t e a d i l y , 
t y p i c a l values at 2 mm, 1^, 3» ki, 6 and 7 cms. b e i n g 
-28, -20, -15 , —11, -8 and -6°0. The graph i n P i g . 3 shows 
t h a t the increase i s almost l i n e a r above the second thermo­
couple and thus the temperature a* any l e v e l can be estimated. 
The lowest temperature obtained was -30°C. 

The copper sheet (A i n Pig. 2 ) , which supports the water 
vapour source, i s b o l t e d t o the top of the inner chamber making 
i t e s s e n t i a l l y a separate u n i t . The water vapour source was 
made of crimped metal s t r i p s wound t i g h t l y together and f i t t e d 
i n t o a metal container.: The crimping was achieved by f o r c i n g 
the metal between gear wheels w i t h f i n e t e e t h , and i t s 
c a p i l l a r y a c t i o n held s u f f i c i e n t water f o r three t o f o u r days 
work; A 33-A r e s i s t o r run from a 12V a.c. supply acted 
as an e f f i c i e n t heater f o r the source and.a thermocouple i s 
f i t t e d t o measure i t s temperature. 

The whole of the chamber i s covered by a copper sheet 
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(B i n F i g . 2 ) , which i s screwed onto a wooden p l a t f o r m 
" b u i l t around the outer w a l l s . A rubber seal was f i t t e d 
between the p l a t f o r m and the copper sheet t o prevent the 
i n f l u x of atmospheric n u c l e i , which would cause condensation 
and r e s t r i c t the growth o f the i c e c r y s t a l s . For the same 
reason a l l the gaps between the movable top (C i n F i g . 2 ) 
and the outer v/alls were packed w i t h foam rubber. 
3. Measurement of charge 

A v i b r a t i n g - r e e d electrometer (Vibron 33B) i s used t o 
measure s i n g l e charges by r a i s i n g a charged p a r t i c l e i h t b a 
Faraday c y l i n d e r . The induced charge leaks away through a 

1 0 
10 ohm r e s i s t o r connected across the t e r m i n a l s of the 
electrometer and produces a b a l l i s t i c throw p r o p o r t i o n a l t o 

10 

i t s magnitude. The 10 ohm r e s i s t o r i s - c a r e f u l l y screened 
i n an ear.t!ied metal box. The Faraday c y l i n d e r i s . made of 
bronze and i s suspended j u s t above the top thermocouple i n the 
inner chamber. The supporting w i r e runs along the ax i s of an 
earthed screening tube and i s 'connected t o the i n p u t t e r m i n a l 
of the electrometer. The s l i g h t e s t movement of the c o a x i a l 
cables used causes large d e f l e c t i o n s on the i n d i c a t i n g v o l t ­
meter, but v i b r a t i o n of the motor was damped by the cork 
i n s u l a t i o n and did. not cause spurious f l u c t u a t i o n s . The 
metal parts of the d i f f u s i o n chamber provided s u f f i c i e n t 
e l e c t r o s t a t i c screening f o r the c y l i n d e r and the apparatus 
was q u i t e s t a b l e e l e c t r i c a l l y , random f l u c t u a t i o n s being 
of the order of 0.1 mV on the 10 mV range. 
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The electrometer was c a l i b r a t e d "by p u t t i n g a condenser 
i n place of the Faraday c y l i n d e r , a p plying a known voltage 
and d i s c h a r g i n g through the system. The apparatus used i s 
shown i n F i g . 5» The condenser was completely enclosed i n 
an earthed metal "box and the swit c h S, which was also 
screened' had long f l e x i b l e leads so t h a t i t could "be depressed 
without producing any spurious charge. From F i g . 5 i t can 

R 2 

he seen t h a t the charge on the condenser Q i s = =— V.C., 
and as R̂  + 73.2> v ^ a I > e constant Q i s p r o p o r t i o n a l t o Rg. 
Fig. 6 shows the graphs o f R^ against d e f l e c t i o n from which 
the s e n s i t i v i t y was c a l c u l a t e d . The 10 mV and 30 mV ranges 
give b.,2 x -\CT^ e.s.u. per mV and l.\.,0. x 10 e.s.u. per nV 
r e s p e c t i v e l y . On the 10 mV range d e f l e c t i o n s of 0.1 mV can 
he read, hut random f l u c t u a t i o n s of t h i s order occur and no 
d e f l e c t i o n of less than 0.2 mV was accepted. This gives a. 
l i m i t of s e n s i t i v i t y of 8.br x 10~^ e.s.u. 

The electrometer was normally used' on the-10 mV range 
set f o r p o s i t i v e i n p u t , "but w i t h the needle adjusted t o read 
5 mV so t h a t p o s i t i v e and negative charges could he measured 
without adjustment. A p o s i t i v e l y charged p a r t i c l e put i n t o 
the c y l i n d e r gives a p o s i t i v e d e f l e c t i o n and a negative 
d e f l e c t i o n when taken out. An average of these two d e f l e c t i o n s 
was always taken. 

The disadvantage of the system i s t h a t i f more than one 
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charge i s present on the f i b r e i t i s d i f f i c u l t t o measure 
the magnitude of "both. F o r t u n a t e l y the only time t h a t 
more than one charged p a r t i c l e was observed on the f i b r e 
the charges were spurious. 
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CHAPTER POUR 
ICE-ICS COMTACT EXPERIMENTS 

1• I n t r o d u c t i o n 
Workman and Reynolds (195U) reported a charge 

separation of -5 x 10"~^e.s.u. per c o l l i s i o n "between an i c e 
c r y s t a l and the r i m i n g spheres when there was a temperature 
d i f f e r e n c e of 2°C. Hutchinson (1960) used the apparatus 
described i n Chapter three t o i n v e s t i g a t e the charging 
produced "by momentary contact of vapour grown ice c r y s t a l s 
a t d i f f e r e n t temperatures. The c r y s t a l s were grown on an 
in s u l a t e d f i b r e and a f i n e h o r i z o n t a l w i r e t h a t could "be 
r o t a t e d t o make contact w i t h the f i b r e . A f t e r contact 
between a s u i t a b l e c r y s t a l on the f i b r e and those on the 
wire the f i b r e could be r a i s e d so.that the c r y s t a l was 
i n s i d e the Faraday cylindei*. Although temperature d i f f e r e n c e s 
of 10°C were used no charging was detected. However, contact 
times of 0.2 t o 0.5 seconds and sometimes as great as 2 

seconds were r e p o r t e d , which are much greater t h a n the time 
f o r maximum charge separation (0.01 seconds) deduced i n the 

paper by Latham and Mason (1961a). 
i 

The work t o be described here i s a r e p e t i t i o n o f 
Hutchinson's experiments w i t h general improvements i n the 
a p p a r a t u s , • p a r t i c u l a r l y an arrangement g i v i n g contact times 
of the order of 0.01 seconds. The main d i f f i c u l t i e s 
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encountered w i t h the apparatus were fogging and i c i n g up, 
which s e r i o u s l y a f f e c t e d viewing and the slow growth of the 
ic e c r y s t a l s . The f i r s t was res o l v e d by u s i n g the c a r e f u l l y 
sealed compartment described i n Chapter Three, the second by 
f i t t i n g an improved water vapour source and t a k i n g precautions 
to prevent the i n f l u x of atmospheric n u c l e i . 
2. Contact mechanism 

The arrangement used i s shown i n F i g . 7. I t consists 
of. a rod supported i n two machined guides and d r i v e n by a 
cam, which i s r o t a t e d manually. The guides f o r the rod and 
the supports f o r the cam are b o l t e d t o a V s t e e l base t o 
give r i g i d i t y . The device i s b o l t e d onto a metal p l a t f o r m 
and one of the guides, which f i t s f l u s h w i t h the outer v/all 
of the d i f f u s i o n chamber i s screwed i n t o i t t o prevent ; 
h o r i z o n t a l movement. Attached t o the end of the r o d i s a 
s t o u t w i r e , which passes through the perspex v / a l l of the 
in n e r chamber and supports the f i n e h o r i z o n t a l w i r e on which 
the c r y s t a l s were grown. The f i n e w i r e , which i s at rig'ht 
angles t o the supp o r t i n g wire was s i t u a t e d approximately ̂ " 
from the f i b r e . The throw of the cam i s and the f i n e 
adjustment on the rod was used t o move the wire forward so t h a t 
contact was only j u s t made. 

The dimensions and c o n s t r u c t i o n of the cam are shown i n 
F i g . 7 . During the time t h a t the p o i n t of contact, between 
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the cam and the r o d , moves from A t o B the rod w i l l remain 
s t a t i o n a r y . Thus i f the time f o r one r e v o l u t i o n i s 1 second 
the rod w i l l remain s t a t i o n a r y f o r the order of 0.01 seconds. 
The rod i s s p r i n g loaded so t h a t i t moves hack q u i c k l y a f t e r 
c ontact has been made. 
3 . The f i b r e 

C r y s t a l s were grown from the vapour on a f i n e i n s u l a t e d 
f i b r e attached t o the brass rod shown i n P i g . 2. The f i b r e 
was drawn'out from a drop of D u r o f i x adhesive placed on the 
rod and was held t a u t by a t i n y solder weight. The r o d could 
•be r a i s e d or lowered so t h a t any p a r t of the f i b r e was i n s i d e 
the Faraday c y l i n d e r . 

The p r o p e r t i e s of the f i b r e were c a r e f u l l y i n v e s t i g a t e d . 
I t was found t h a t the f i b r e could be very r o u g h l y t r e a t e d 
w i t h o u t becoming charged provided t h a t i t d i d not come i n t o 
contact w i t h the metal p a r t s of the d i f f u s i o n chamber. When 
t h i s happened very p e r s i s t e n t charges were produced arid these 
were used t o check t h a t the charge-measuring arrangement was 
f u n c t i o n i n g s a t i s f a c t o r i l y . Any spurious charge could be 
removed from the f i b r e by b r i n g i n g up a Cobalt 60 

r a d i o a c t i v e source which was a v a i l a b l e . The i n s u l a t i o n o f 
the f i b r e was very good, and w i t h the r o d and guide w e l l 
l u b r i c a t e d w i t h powdered g r a p h i t e the f i b r e could be moved 
q u i c k l y w i t h o u t causing f l u c t u a t i o n s of the electrometer 
p o i n t e r . 
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U. C r y s t a l growth 
I t was found i n i t i a l l y t h a t no i c e c r y s t a l s grew a t a l l 

on the f i n e w i r e of the contact mechanism due t o heat f l o w 
along the s u p p o r t i n g w i r e . A piece of polystyrene was then 
screv/ed onto the end of the r o d and the s u p p o r t i n g w i r e was 
attached t o t h i s , being earthed by the very f i n e fuse w i r e . 
When t h i s was done c r y s t a l s grew quite s a t i s f a c t o r i l y . 

C r y s t a l s , on the f i b r e , grew t o a l e n g t h of a few 
m i l l i m e t r e s i n three t o f o u r hours a f t e r the i n t r o d u c t i o n 
of the s o l i d carbon dioxide i n t o the p a r a f f i n tank. At t h i s 
time the f i n e wire was covered w i t h a ' l a y e r ' of i c e , 
i n d i v i d u a l c r y s t a l s not having grown t o any appreciable s i z e , 
and contact was duly made between a s i n g l e c r y s t a l on the 
f i b r e and the l a y e r of i c e on the f i n e w i r e . 

I t may be.mentioned here t h a t the temperature dependence 
of c r y s t a l type, described by H a l l e t t and Mason (1958), was 
c l e a r l y seen. Often the change from one type t o another 
was observed when the p o s i t i o n o f the f i b r e had been a l t e r e d , 
the most s t r i k i n g example being hexagonal p l a t e s growing on 
p r i s m a t i c columns, 
5» Sxperimental procedure 

A f t e r the c r y s t a l s had grown t o a s u i t a b l e aize and a 
s i n g l e c r y s t a l on the f i b r e had been chosen, the f i b r e was 
r a i s e d q u i c k l y through the Faraday c y l i n d e r t o ensure t h a t 
there was no i n i t i a l charge on the i c e . (No charging was 
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ever observed due t o the growth of the c r y s t a l s a l o n e ) . 
The c r y s t a l was then lowered and the contact mechanism 
adjusted so t h a t contact could "be made "between the s i n g l e 
c r y s t a l and the i c e on the f i n e h o r i z o n t a l w i r e . The 
c r y s t a l was then lowered t o i t s o r i g i n a l p o s i t i o n and l e f t 
f o r a time t o ensure t h a t i t was a t the temperature of the 
surroundings. 

The temperatures of the c r y s t a l and the i c e on the wire 
were estimated from t h e i r p o s i t i o n s i n the chamber and noted 
down. The c r y s t a l was then r a i s e d q u i c k l y t o the l e v e l of 
the w i r e and a s i n g l e cbntact made. Immediately a f t e r 
c o n t a c t the c r y s t a l was moved i n andout of the Faraday 
c y l i n d e r and the electrometer observed, f o r any d e f l e c t i o n 
on the i n d i c a t i n g v o l t m e t e r . 

6. Results 
Contact was made, both g e n t l y and v i o l e n t l y , between 

c r y s t a l s having temperature d i f f e r e n c e s r a n g i n g from 0 t o 10°C, 
but no charging was observed t h a t could be associated w i t h the 
contact. Small charges were observed when a large c r y s t a l 
was broken, but as t h i s only occurred when contact was v i o l e n t 
the charges were presumed t o be spurious. 
7. A balanced electrometer c i r c u i t 

A p r e l i m i n a r y i n v e s t i g a t i o n of the s t a b i l i t y of a 
balanced electrometer tube c i r c u i t was c a r r i e d out i n order 
t o t e s t the p o s s i b i l i t y of b u i l d i n g a D.C. a m p l i f i e r w i t h 
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greater s e n s i t i v i t y than, the electrometer arrangement. The 
c i r c u i t chosen i s described by Bubridge (1931) and i s 
e s s e n t i a l l y a Wheatstone's bridge arrangement w i t h a m p l i f i e r 
tubes i n two arms. When c o r r e c t l y balanced the c i r c u i t 
can be made independent of b a t t e r y f l u c t u a t i o n s . 

The c i r c u i t i s shown i n F i g . 8« A double electrometer 
valve ( F e r r a n t i DBM kk) was used i n s t e a d of the two tetrodes 
i n the Dubridge c i r c u i t . As t h i s valve has a common cathode 
and heater, no p r o v i s i o n i s made t o cancel heater voltage 
v a r i a t i o n s . G r i d bias b a t t e r i e s are used t o supply g r i d and 
anode voltages and two w e l l charged accumulators f o r the 
heater supply. High voltage w i r e wound r e s i s t o r s are used i n 
the anode and g r i d c i r c u i t s and a 10k.n r e s i s t a n c e box i s used 
f o r the v a r i a b l e r esistance • 

I n i t i a l l y the valve and g r i d r e s i s t o r s were c a r e f u l l y 
screened i n a l i g h t t i g h t metal box and a Scalamp galvanometer 
used t o f i n d the balance p o i n t . Balancing i s achieved, w i t h 
the c i r c u i t o perating a t normal v o l t a g e s , i n the f o l l o w i n g 
way. i s adjusted t o b r i n g the galvanometer spot t o aero 

and then a small change i s made i n the anode v o l t a g e . The 
d e f l e c t i o n on the galvanometer i s noted and then the value, 
of R̂  changed by 1000A.. The spot i s brought back t o zero 
by v a r y i n g the various g r i d p o t e n t i a l s and then the same 
change .in the anode vo l t a g e made. I f the d e f l e c t i o n on the 
galvanometer i s smaller then R̂  has been changed i n the 
c o r r e c t d i r e c t i o n and the process i s repeated u n t i l the 
change i n anode voltage produces no d e f l e c t i o n on the 
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galvanometer, ' This "balance p o i n t can he found q u i t e 
q u i c k l y w i t h p r a c t i c e and changes 6.€ ̂  v o l t on the anode 
give no d e f l e c t i o n on the galvanometer. 

The cur r e n t s e n s i t i v i t y of the c i r c u i t = where 
' d' i s the d e f l e c t i o n on the galvanometer and ' i ' the 

curre n t i n the grid, r e s i s t o r R. The change i n the g r i d 
p o t e n t i a l A e = R.i. and the corresponding anode c u r r e n t 
change A i a = Sm^e^. I f 6 i s the s e n s i t i v i t y of the 
galvanometer then the d e f l e c t i o n d = ̂ i„ 6. 

i . e . S = gm.R.6 

Using a Fluxmeter of s e n s i t i v i t y 1l±30 mm/j*A, an inp u t 
r e s i s t o r of 1 and knowing S^^O^Vy) a t h e o r e t i c a l 
c urrent s e n s i t i v i t y of 8.58 x 10 1 ^ mm/A i s obtained. 

A p r e l i m i n a r y c a l i b r a t i o n u s i n g the Scalamp galvanometer 
— 1 "2 

(6 = 67 mm/A)' was- c a r r i e d out and a charge of 10 coulombs 
gave a d e f l e c t i o n of i+.'5 mm» but random f l u c t u a t i o n s were 
of the order of 1 mm. 

I n order t o improve the screening a l i g h t t i g h t metal 
box was constructed which housed the valve and g r i d r e s i s t o r s 

b a t t e r i e s and anode r e s i s t o r s i n separate compartments. 
Co-iCKX'ial cables were used f o r a l l e x t e r n a l connections and 

the only components outside the earthed box were the 
re s i s t a n c e box R-, the accumulators and the galvanometer. 



However, the s t a b i l i t y was not n o t i c e a b l y increased 
and i t was decided t h a t the c i r c u i t would not r e a d i l y 
give a s e n s i t i v i t y g r e a t e r than t h a t of the electrometer 
arrangement. 
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CHAPTER FIVE 
THE NUCLEATION. OF SUPERCOOLED DROPS 

1. I n t r o d u c t i o n 
Mason and Maybank (1960) i n v e s t i g a t e d the f r e e z i n g of 

supercooled water d r o p l e t s and found t h a t under c e r t a i n 
c o n d i t i o n s charge was separated. When drops were nucleated 

o 
near 0 C and f r o z e n at a lower temperature a s t r o n g i c e s h e l l 
was formed and as f r e e z i n g proceeded the pressure " b u i l t up 
in s i d e the drops o f t e n caused the drop t o b u r s t . I t was 
found t h a t charging always accompanied f r a g m e n t a t i o n of the 
drop. The ex p l a n a t i o n was t h a t the r a d i a l temperature 
gradient across the s h e l l caused a m i g r a t i o n o f protons from 
the warmer i n n e r surface g i v i n g a charge s e p a r a t i o n across 
the s h e l l . I f an excess of the outer surface was c a r r i e d 
away when the drop b u r s t a negative charge would be l e f t on 
the residue", of the drop. The r e s u l t s showed t h a t the r-es\cLu.e. 

chargi-.:' was mainly negative, t h i s "being three times more 
frequent than p o s i t i v e , and an average charge of'10~^ e.s.u. 
per drop f o r 1 .mm. diameter drops was obtained. 

As r e f e r r e d t o i n Chapter 2, Latham and Mason (1961 b) 
f o l l o w e d t h e i r work on the charging of graupel due t o impact 
of i c e c r y s t a l s by - i n v e s t i g a t i n g the charging due t o the 
a c c r e t i o n of supercooled d r o p l e t s . The apparatus was 
constructed i n a c o l d room, the temperature of which could 
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be v a r i e d from 0 t o - 17°C. Drop l e t s of uni f o r m diameter 
were drawn i n an a i r stream past an ice-coated sphere, which 
was connected t o a v i " b r a t i n g reed electrometer. The d r o p l e t s 
f e l l s everal f e e t "before reaching the sphere and t h e i r 
temperature•reached t h a t of the c o l d room. Both the 
temperature of the i c e surface and the v e l o c i t y of the a i r 
stream could "be v a r i e d and the e f f e c t s of these v a r i a b l e s were 
i n v e s t i g a t e d . 

I t was found t h a t s t r o n g negative charging of the i c e 
sphere r e s u l t e d i f the d r o p l e t s were between 50 and 80 JJU 
i n diameter, "but the charging decreased a'bove and "below these 
values. After low a i r stream v e l o c i t i e s charging was observed 
reaching a maximum at 10 m./sec. A f t e r l t h i s the charging 
began t o decrease due t o p o s i t i v e charge produced by splashing 
and a t 30 m./sec. p o s i t i v e charging was observed. For a i r 
temperatures i n the range s- 6 t o r- 17°C charging was constant 
but f e l l r a p i d l y below - 6°C as the l a t e n t heat c o u l d not be 
d i s s i p a t e d and at a i r temperatures close t o 0°C the i c e sphere 
became wet. 

2. Experimental Work 
The experiment was intended t o i n v e s t i g a t e the charging 

of a single drop nucleated by an i c e sphere. The super­
cooled drop was t o be supported by a f i b r e and then brought 
i n t o contact w i t h a l a r g e r f r o z e n drop on a second f i b r e . 



A f t e r contact the two f i b r e s could "be r a i s e d through the 
Faraday c y l i n d e r so t h a t any charging could he measured, 
a) A spurious e f f e c t 

The D u r o f i x f i b r e i s hydrophobic, and i n order t o o b t a i n 
drops of s u i t a b l e diameter on the f i b r e i c e c r y s t a l s were 
grown from the vapour and then melted by r a i s i n g above the 
'.0°C l e v e l . Suitable drops were obtained i n t h i s way, but 
i t was found t h a t charging had occurred. The procedure was 
repeated several times t o ensure t h a t the charging was due t o 
the m e l t i n g of the i c e c r y s t a l s . This was found to. be so, 
but although two d i s t i n c t charges, negative above- p o s i t i v e 
on the f i b r e were observed i t was d i f f i c u l t t o determine t h e i r 
exact p o s i t i o n . A t y p i c a l example of the f i b r e a f t e r m e l t i n g 
was, 1 cm. of unmelted i c e c r y s t a l s , above t h i s 1 cm. of wet 
ice and d r o p l e t s w i t h an associated charge of 1|'6 x 10"^ e . s.u. 
a gap o f 1? cms. and then a few small d r o p l e t s w i t h a charge 
of 3»k x 10 e.s.u. apparently associated w i t h them. 

The p r o d u c t i o n of these charges seemed t o be connected 
w i t h the work • repo r t e d by Dinger and Gunn (19^+6) who found t h a t 
when an i c e mass i s melted i t gains a p o s i t i v e charge, an 
equal negative charge going i n t o the a i r . Their e x p l a n a t i o n 
was t h a t bubbles of a i r trapped d u r i n g the f r e e z i n g became 
ne g a t i v e l y charged as they passed through the melted i c e and 
Carried t h i s charge i n t o the a i r , l e a v i n g the water w i t h a 
r e s u l t a n t p o s i t i v e charge. 
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Further experiments were c a r r i e d out t o t r y t o r e l a t e 
the magnitude of the charge w i t h the q u a n t i t y of i c e melted. 
I t was found t h a t i f the ice melted t o give small d r o p l e t s 
e q u a l l y spaced on the f i b r e no charging was observed, "but i f 
the d r o p l e t s coalesced a larg e q u a n t i t y of charge was 
separated. I t seemed from t h i s t h a t the charging was due 
t o the movement of the d r o p l e t s over the i n s u l a t i n g f i b r e 
r a t h e r than the m e l t i n g of the i c e . 

I n order t o t e s t t h i s a f i b r e was constructed w i t h 
c o n s t r i c t i o n s near the top so t h a t a drop could he placed on 
the f i b r e and then moved t o a p o s i t i o n where the s l i g h t e s t 
movement caused the drop t o r u n down the f i b r e . Any charge 
on the drop was removed w i t h the Cobalt 60 source. Using 
t h i s f i b r e and drops a t room temperature i t was found t h a t a 
charge s e p a r a t i o n occurred s i m i l a r t o t h a t found i n the 
'melting i c e ' experiments. Drops at 0°C also gave a s i m i l a r 
separation. Over s i x t y drops were i n v e s t i g a t e d and the 
r e s u l t s w i l l be summarised. 

Charge was always produced w i t h p o s i t i v e charge on the 
drop (maximum value 3 x 1 0 e.s.u. f o r a 1 mm. diameter drop 
moving k cms. down the f i b r e ) and a negative charge of 
approximately the same value on the f i b r e . There was d e f i n i t e 
evidence t h a t the negative charge occurred i n a l i m i t e d r e g i o n 
around the i n i t i a l p o s i t i o n of the drop, but although the 
f i b r e was examined c l o s e l y there was no evidence of any 
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smaller d r o p l e t s l e f t behind. No r e l a t i o n could he found 
between the charge separated and the distance moved down 
the f i b r e or the r a t e of f a l l . 

These r e s u l t s suggest t h a t the charging observed when 
the i c e c r y s t a l s were melted was due t o the movement o f the . 
r e s u l t i n g d r o p l e t s and was not connected w i t h the change o f 
s t a t e . 
b) Experimental procedure 

Drops were suspended from a t h i c k e r D u r o f i x f i b r e 
attached t o the bottom of the weight which kept the 
i n s u l a t i n g f i b r e t a u t . A second guide and s u p p o r t i n g rod 
was soldered t o the one used i n the i c e - i c e contact experiment 
and v/as used t o support the f r o z e n drop. This was suspended 
i n the same way from a f i b r e attached t o a s t o u t e r wire f i x e d 
at r i g h t angles t o the s u p p o r t i n g rod. C a r e f u l p o s i t i o n i n g 
of the f i b r e s allowed the drops t o be brought i n t o contact 
when the second supporting r o d was r o t a t e d . 

I n an a c t u a l experiment the water drop was he l d j u s t 
o 

below the 0 C l e v e l and the f r o z e n drop was allowed t o reach 
a temperature of around -15°C. The supercooled drop was. 
then lowered q u i c k l y t o the l e v e l of the f r o z e n drop, contact 
made and the two were r a i s e d i n t o the Faraday c y l i n d e r when 
f r e e z i n g was completed. No charging a t a l l was observed and 
the water drop became opaque immediately contact was made. 
The drop showed no s i g n o f spicule p r o d u c t i o n . The water 
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drop al s o spread on the f r o z e n drop and i t was thought t h a t 
t h i s was "because the small heat c a p a c i t y of the f r o z e n drop 
could not d i s s i p a t e the l a t e n t heat l i b e r a t e d , A large 
i c e mass was produced "by f r e e z i n g a large water drop held 
i n a f i n e wire loop and contact was made "by l o w e r i n g the 
supercooled drop on t o i t . However i t was found t h a t 
spreading s t i l l occurred and again the drop "became opaque 
almost immediately. The dwmater of the drop was decreased 
from 1 mm. t o 250y^, but the same type of f r e e z i n g occurred. 

I t seemed t h a t the i c e mass was a c t i n g as a la r g e heat 
s i n k and the large area of contact allowed the l a t e n t heat 

t o be d i s s i p a t e d very q u i c k l y . This increase i n the r a t e 
of f r e e z i n g would r e s u l t i n an i n i t i a l i c e s h e l l not s u i t a b l e 
f o r the : •formation;- of spi c u l e s and fragmentation (Mason and 
Maybank 1960). The r a t e s of f r e e z i n g o f drops i n f r e e a i r 
and i n contact w i t h an i c e mass were compared by s u p p o r t i n g 
m i l l i m e t r e drops from one j u n c t i o n of a f i n e thermocouple. 

The r e s u l t s showed t h a t the r a t e of f r e e z i n g was increased 
by a f a c t o r o f 10 and t h i s would s e r i o u s l y deter the f o r m a t i o n 
of s p i c u l e s . 

I t was r e a l i s e d t h a t very small d r o p l e t s might remain 
s p h e r i c a l and thus reduce the area through which the l a t e n t 
heat could be d i s s i p a t e d . A spray was constructed which 
consisted of a j e t of a i r being blown against a j e t of water, 
b o t h produced from a t e s t tube f i t t e d w i t h hand bellows. 
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The spray d i d not give drops'; of u n i f o r m diameter, but 
t h i s proved u s e f u l as drops of d i f f e r e n t diameter c o u l d 
be compared. 

An i c e mass held i n a wire loop was f i x e d at some 
l e v e l i n the d i f f u s i o n chamber and was allowed t o reach 
the temperature of the environment. The spray was f i t t e d 
w i t h an ice-water mixture and kept i n an ice-water b a t h t o 
keep the temperature as near 0°G as p o s s i b l e . A small cover 
was removed from the t o p of the chamber and the ice mass was 
placed d i r e c t l y below. Drops were then sprayed above the ' 
opening and allowed t o f a l l s l owly onto the i c e mass. The 
drops were viewed through the microscope a f t e r f r e e z i n g and 
the appearance and size noted down. 
3. Results 

I t was found t h a t the smaller d r o p l e t s remained s p h e r i c a l 
a f t e r f r e e z i n g and were t r a n s p a r e n t . Larger d r o p l e t s were 
opaque and had spread on the surface of the i c e mass, but 
appeared pointed a t the surface away from the i c e mass. 
Although there was some overlap between the two classes a l l 
d r o p l e t s below 66 diameter (1 divisLion on the microscope 
eyepiece g r a t i c u l e ) were s p h e r i c a l and transparent and a l l 
above 130 ju. were opaque. 

The temperature of the ice mass was v a r i e d and a t -9°C 
the number of s p h e r i c a l drops began t o decrease and a t -6°C 
no s p h e r i c a l d r o p l e t s could be seen a t a l l . 
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An attempt was made t o remove the charge, due t o 
spraying, oh the d r o p l e t s by ap p l y i n g a voltage t o the 
water i n the spray, but although the s i g n could be reversed 
i t was not possible t o remove a l l the charge. 



CHAPTER SIX 
FRAGMENTATION AMD ELECTRIFICATION OF SUPERCOOLED DROPS 

I n the paper described i n Chapter 5 Mason and Maybank 
(1960) r e p o r t e d t h a t as the drop diameter decreased from 
1 mm. t o *35 rnnu the charge produced f e l l by a f a c t o r of 
two, but the data were i n s u f f i c i e n t t o determine the 
dependence of charge on s i z e . The present apparatus 
could e a s i l y he adapted t o repeat Mason and Maybank's work 
and i t was hoped t h a t a r e l a t i o n s h i p between drop diameter 
and the magnitude of the charge produced could be found. 
1 • Experimental technique 

I t was necessary t h a t the drops be cooled t o j u s t below 
0°c and then nucleated, a t the same temperature, i n an 
environment w e l l below 0°C. The drops were supported by 
a D u r o f i x f i b r e as i n the previous experiment and could, 

t h e r e f o r e , be moved q u i c k l y t o any l e v e l i n the d i f f u s i o n 
chamber. A l e n g t h of glass t u b i n g was f i x e d i n the second 
guide, the lower end being l e v e l w i t h the bottom of the 
Faraday c y l i n d e r . A small piece of s o l i d carbon dioxide 
dropped down t h i s glass tube produced a cloud of i c e c r y s t a l s 
below the Faraday c y l i n d e r so t h a t the supercooled drop was 
nucleated as i t was lowered i n t o p o s i t i o n . 

The f i b r e s u p p o r t i n g the drop was constructed so t h a t 
the drop hung f r e e l y from the end, i . e . the f i b r e d i d not 
penetrate f a r i n t o the drop. This was achieved by a t t a c h i n g 
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a small blob of D u r o f i x t o the end of the f i b r e and c u t t i n g 
i t t o the shape of a squat pyramid. This was found t o be 
necessary as the drop s h a t t e r e d i n t o two pieces and on 
occasions the f i b r e , f r o z e n i n t o both, prevented complete 
separation. 

The drops were nucleated around -2°C, and i n every 
experiment the environment temperature was -15°C. Any 
charge produced was measured by moving the drop i n t o and 
then out of the Faraday c y l i n d e r and t a k i n g an average of 
;the two d e f l e c t i o n s . Care was taken t o ensure t h a t the 
drops were not charged before n u c l e a t i o n , any charge present 

• being removed w i t h the Cobalt 60 source. 
2. Observations 
a) Freezing process. 

Immediately, a f t e r the drop was nucleated a t h i n l a y e r 
of transparent, i c e was formed on the surface. This grew 
sl o w l y and on occasions a l e a d i n g edge of ice could be seen t o 
move over the drop. Usually t h i s f i l m was smooth w i t h only 
the occasional i r r e g u l a r i t y , but a t times there were numerous 
r i d g e s presumably because the f i l m had been formed more 
q u i c k l y . Cracks then appeared i n the ice f i l m and water 
could be seen t o spread and freeze on the surface of the 
drop. I n t h i s way the ice f i l m t h i ckened, becoming s l i g h t l y 
l e s s t ransparent, u n t i l a p o i n t was reached, when the i c e f i l m 
c ould not crack e a s i l y . A bulge then formed, u s u a l l y around 
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'1 c yd. 

Fig. 9c 



a crack or. r i d g e on the i c e surface, and was more opaque 
than the r e s t of the drop. The "bulge continued t o grow 
slowly u n t i l a spicule appeared which grew comparatively 
q u i c k l y . The s p i c u l e was always transparent and grew 
sometimes s t e a d i l y , "but more o f t e n i n a s e r i e s of sudden 
steps. Occasionally, towards the end of the growth of the 
s p i c u l e , water was seen t o r u n down the outside and freeze 
around the base of the s p i c u l e . F i g . 9a shows a t y p i c a l 
s p i c u l e . The base can be seen t o be much more opaque than 
the r e s t of the drop. 

A f t e r the growth of the s p i c u l e f r e e z i n g proceeded much 
more slowly and continued w i t h the. sudden appearance of large 
cracks i n the i c e s h e l l . Again water could be seen t o 
spread and freeze on the surface o f the drop and a l s o 

numerous bubbles Were l i b e r a t e d i n s i d e the drop and the 
s p i c u l e . The f r e e z i n g continued i n t h i s way and the f i n a l 
f r e e z i n g was o f t e n accompanied by a large crack completely 
e n c i r c l i n g the drop. An example of t h i s is' shown i n F i g . 9b ; 
i n t h i s case the f i n a l crack f o r c e d two halves o f the drop 
a p a r t . 

b) Fragmentation 
Two types of fragmentation were observed. I n one the 

drop was s p l i t i n t o two p a r t s by a large crack i n the f i n a l 
stages of f r e e z i n g . F i g . 9c shows the remains of a drop 
which had s h a t t e r e d i n t h i s way. The .opaque i c e i n the 
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centre of the drop was probably formed by the water present 
i n the drop when fragmentation occurred. I n the second 
type observed the s p i c u l e was e j e c t e d , u s u a l l y broken a t 
r i g h t angles t o i t s a x i s . For b o t h types f r a g m e n t a t i o n 
was v i o l e n t causing the f i b r e t o t w i s t v i o l e n t l y , 
c) Charge produ c t i o n 

I n a l l but one case charge was detected when fragmen­
t a t i o n of the drop occurred. No.charge was detected i f 
fragmentation d i d not occur so t h a t the f r e e z i n g process and 
impact o f excess ice c r y s t a l s could not be the cause of the 
charging. On a number o f occasions the drop was s p l i t open 
by a large crack and the same v i o l e n t t w i s t i n g of the f i b r e 
occurred, but only once was a charge detected on the drop. 
This r u l e s out the p o s s i b i l i t y of the charge being due t o the 
movement o f the f i b r e . 
3. Results 

Table 1 shows the charges produced by the two types of 
fragmentation observed and these w i l l be discussed s e p a r a t e l y . 

ColumrvA shows the charging observed when s p l i t t i n g of 
the drop took place. I n a l l . b u t two cases marked w i t h an 
a s t e r i s k the s p i c u l e was c a r r i e d away on the p a r t of the 
drop e j e c t e d . With the exception of the value underlined 
a l l the charges are f o r the major residue type described by 
Mason and Maybank (1960). The r e s u l t s show t h a t the 
charging f o r t h i s type i s mainly negative, the n e g a t i v e l y 



TABLE 1 

Drop diameter 1 -1.5 mm. 

Type of 
S h a t t e r i n g 
Charge on 10" .s.u. 10" 3 e.s.u. 

- 25 -+ 2.0H. - 3.7 • 
T 11.3 

+ .55 - 3.4 + 5.0 
- 2.1 + .U2 - 2.7 + 1..2 
— 1.9 + - 2.1 + 1.2 
- Uk - 1.7 + .6 
- • .7 - 1.-5 + .4 
- .6 - 1.3 + .3 
- .k - 1.3 + 
- .k - 1.3 + .2 
- .2 - .9 + .1 

0 - .9 + .1 
- .9 
- .8 
- .k 

- A 
- .2 
- .1 
_ .1 

10 3 e.s 

- .3 
X 

* on f i v e other occasions no charging was observed 



charged drops b e i n g almost three times more f r e q u e n t . 
The average value of the negative charge per drop i s 

1*8 x 10~^ e.s.u. and the average value of the p o s i t i v e 
— 3 

charge per drop i s 0»82 x 10 e.s.u. 
Column B shows the charging observed when the s p i c u l e 

was broken and a p a r t e j e c t e d . I n t h i s type p o s i t i v e 
charging i s more f r e q u e n t , hut negative charging appears 
t o be stronger. The average value of the negative charge 

-3 
per drop i s 1»3 x 10 e.s.u. and the average p o s i t i v e 

-3 

charge per drop i s 0*9 x 10 e.s.u. 
Column C has been i n c l u d e d because although the tv/o 

parts of the drop were not f u l l y separated some s p l i n t e r i n g 
would be expected. 

Table 2 shows the r e s u l t s obtained w i t h l a r g e r drops 
placed nearer the f r o n t of the d i f f u s i o n chamber so t h a t 
the mechanism of the f r e e z i n g process could be observed 
more c l e a r l y . 

Column A shows the charging observed when s p l i t t i n g 
of the drop took place. Ho .positive charging was observed 
w i t h these l a r g e r drops. 

Column B shows the charging observed when the s p i c u l e 
was broken and ejected almost immediately a f t e r being formed 
and before any f u r t h e r f r e e z i n g of the drop took place. 
The values.marked with-an a s t e r i s k are f o r cases i n which 
a small amount of the f r e e z i n g took place "before the sp i c u l e 
was e j e c t e d . 



TABLE 2 

Drop diameter 1.3 - 1.5 mm. 

Type of 
S h a t t e r i n g 

Charge or*. 10 J e.s.u. 

- 25 
- 2.1 

- 1.9 
- i.k 

- .6 
- .k 

10 

- 2^1 

- 1.3 

- 1.3 
- 1.3 
- .9 
- .9 
- .k 

- 2.1s 

-3 e.s.u. 

.1+23 

.133 

1.5" 
..17s 



Column C shows the charging observed when the s p i c u l e 
was "broken and e j e c t e d .with the f i n a l f r e e z i n g of the drop. 
This type was o f t e n associated w i t h a large crack which 
passed through the s p i c u l e and the drop. The values marked 
w i t h an a s t e r i s k are f o r cases i n which a small amount of 
the f r e e z i n g took place a f t e r the s p i c u l e had "been e j e c t e d , 
U» Discussion of t h e ; r e s u l t s 

I t i s i n t e r e s t i n g to. compare the r e s u l t s l i s t e d i n 
Table 1 w i t h the t o t a l charge separation i n the i c e s h e l l 
p r e d i c t e d by Latham and Mason's theory. 

Let the r a d i u s of the drop be r and l e t the thickness 
of the ice s h e l l be nr so t h a t n i s the f r a c t i o n of the 
r a d i u s i n the i c e . Assuming a u n i f o r m thickness of the 
ice s h e l l and a u n i f o r m temperature gradient across i t , 
Latham and Mason's the o r y p r e d i c t s a charge s e p a r a t i o n of 

— c A T Q s l i 
q. = h'3 x 1 0 - : ? nr " *7o where AT i s the temperature 

crHs 

d i f f e r e n c e between the inner and outer surfaces of the i c e 
s h e l l . 

I f the area through which the charge i s being separated 
i s taken t o be equal t o the surface area of a sphere of 
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radius ( r - -5=0 then the t o t a l charge separated i s given 
,r AT 2 

"by V 9 x 10"-3 nr 2+X(j? - ^ ) e.s.u. . S i m p l i f y i n g using 
a value of A T = 15°C we have Q = 9*3. x 10~3' + ^ - 1) e.s.u. 
where Q i s the t o t a l charge separated across the i c e s h e l l . 
The average c :taetitcsr- i n Table 1 i s 0»63 mm. and F i g . 9c gives 
n = ^. S u b s t i t u t i n g these f i g u r e s a value f o r Q of 

—"5 
0*3 x 10 ^ e.s.u. i s obtained. 

This suggests t h a t the maximum charging p o s s i b l e , 
assuming a l l the charge of one sign t o be e j e c t e d , i s 
0*3 x 10~^ e.s.u. However.., i n 86?4 of. the cases the observed 
charge was greater than t h i s ' and i n 16$ of the cases the 
observed charge was greater by more than a f a c t o r of 10. 

The ways i n which the p r e d i c t e d charge could be 
9 

increased w i l l be considered. 
(1) Increase i n the temperature gradient . 
a) Temperature of the outer surface of the i c e s h e l l 

This could be estimated from the p o s i t i o n of the drop 
i n the d i f f u s i o n chamber t o w i t h i n + 1°G and no systematic 
e r r o r could have occurred i n e s t i m a t i n g the drop's p o s i t i o n . 
The drop may have l o s t heat t o the c o l d copper base by 
r a d i a t i o n , but t h i s would be cancelled out by r a d i a t i o n 
received .from the warmer copper cover o f the chamber. 
b) The temperature o f the inner surface of the i c e s h e l l 

I t seems improbable t h a t the water could be warmer 
than 0°C, and the e f f e c t s of pressure and i m p u r i t i e s i n the 
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water would tend t o cause supercooling and th e r e f o r e 
decrease the temperature g r a d i e n t , 
c) Thickness of the i c e s h e l l 

• When the drop was s p l i t , f ragmentation always occurred 
a f t e r the m a j o r i t y of the f r e e z i n g had taken place so t h a t 
the drop i n P i g , 9c w i l l "be f a i r l y t y p i c a l . However, the 
e f f e c t of a decrease, i n the i c e s h e l l thickness can be 

-B n 1 
c a l c u l a t e d from the equation Q = 9*3 x 10 •' r ( j j - + ̂  - 1) e.s.u. 

n Q e.s.u. 2 
o 
4- 0.3 x 10~ 3 20 
1 
2 0.66 x 10""2 53 
1 
3 1.2 x 10~ 3 60 
1 
4 2.4 X 10~ 3 86 

% — percentage of the observed values o f c h a r i n g i n Column A 
accounted f o r by the p r e d i c t e d Value, 

I f n i s decreased" f u r t h e r a l l the observed charges can 
be accounted f o r , but i t must be stressed t h a t the values 
quoted above are f o r the TOTAL charge separated i n the ice 
s h e l l and only a p a r t of t h i s w i l l be removed when the drop 
b u r s t s . 

I t seems-unlikely t h a t .an increase i n the temperature 
gradient alone could account f o r : .the d i f f e r e n c e between the 
observed and the p r e d i c t e d charging. 
(2) The e f f e c t s of i m p u r i t i e s 

Mason and Maybank (1960) suggested t h a t the Increase 
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i n c o n d u c t i v i t y caused "by the pre-sence of i m p u r i t i e s i n 
the i ce could account f o r the h i g h values of charging 
found i n t h e i r work. I n a . l a t e r paper Latham and Mason 
(1961 a) described the . r e s u l t s o f an experiment, t o determine 
the e f f e c t s of i m p u r i t i e s on the charge separation. I t 
was reported t h a t hydrogen f l o u r i d e and'carbon d i o x i d e gave 
an increase i n the charge s e p a r a t i o n whereas sodium c h l o r i d e 
caused a decrease. The maximum increase was caused by 
hydrogen f l u a r i d e , a 10 ^ Molar s o l u t i o n g i v i n g an increase 
of 35% f o r a temperature d i f f e r e n c e of 6°G. For the same 
temperature d i f f e r e n c e i c e s a t u r a t e d w i t h carbon diexide 
gave an increase of 13$ on the t h e o r e t i c a l charging. 

The presence of i m p u r i t i e s i n the i c e would n o t , 
t h e r e f o r e , account f o r the high values of charging observed. 
(3) P r i c t i o n a l e f f e c t s 

Mason and Maybank (1960) also suggested t h a t f r i c t i o n 
between the i c e surfaces might play an important p a r t i n the 
charging mechanism. I f t h i s were so a marked c o n t r a s t 
between the magnitudes of the charges i n Column A and B would 
be expected because of the d i f f e r e n c e i n area of contact 
i n v o l v e d . However, nonsuch c o n t r a s t i s e v i d e n t . 
(L) The e f f e c t of the s p i c u l e 

I n the e a r l y stages of growth a l a r g e temperature 
gradient w i l l be b u i l t up across the i c e s h e l l of the spicule, 
and t h i s may produce s u f f i c i e n t charge sepa r a t i o n t o account 
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f o r the values i n Column B. Using the dimensions of the 
s p i c u l e i n F i g . , and assuming a temperature d i f f e r e n c e 
of 15°C between the in n e r and outer surfaces, the thickness 
of the s h e l l r e q u i r e d f o r f i x e d charge s e p a r a t i o n can be 
determined from the equation q = k*95 x 10""-* ~ e.s.u./crii. 2 

Charge separated Tnickness of s h e l l 
10 - - 5 e.s.u. 25>u 

2 x 10"^ e.s.u. 12» 

3 x 1 0 ~ ^ e.s.u. 8"3yk 

Unless the s p i c u l e i s e j e c t e d immediately i t i s formed 
i t seems u n l i k e l y t h a t s u f f i c i e n t charge could be separated 
t o account f o r the observed values. Also only p a r t of t h i s 
charge w i l l be removed when the s p i c u l e i s broken and e j e c t e d . 

None of the e f f e c t s considered above can account f o r the 
discrepancy between the p r e d i c t e d and the observed charging. 

The r e s u l t s i n Table 2 suggest t h a t the s i g n o f the 
charge c a r r i e d away when the spicule i s e j e c t e d i s determined 
by the amount of f r e e z i n g t h a t has taken place. I n Column B 
the s p i c u l e was s t i l l t r a n s p a rant when fragmentation took 
place and must have contained a large q u a n t i t y of l i q u i d water. 
I n Column C the m a j o r i t y of the f r e e z i n g had taken place so 
th a t the s p i c u l e must have contained l i t t l e or no l i q u i d water. 
The obvious .difference of the signs i n Columns A and B suggests 
t h a t the water May'- play an importance r o l e i n the charge-
separating mechanism i n s i d e the drop. 
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Workman and Reynolds (195^+) r e p o r t e d t h a t water 
c o n t a i n i n g the i m p u r i t i e s found i n n a t u r a l h a i l i n New 
Mexico gave a charge separation of 1(A e.s.u. per c.c. 
of water f r o z e n w i t h p o s i t i v e water and negative i c e . 
Using t h i s value the charge separated i n a 1 mm. diameter 
drop when the thickness of the i c e s h e l l i s .25 mm. can 
"be c a l c u l a t e d 

Volume of water f r o z e n = ̂  n(5"^ - 2-5^) 1G~^ c.c 

= k'& x 10"^ c.c. 
.". Charge separated i s U»6 e.s.u. 
Mason (1956).'' reported t h a t when a drop i s nucleated 

i n o i l a f i n e j e t of water can he seen t o "be e j e c t e d when 
the outer s h e l l "bursts. I f the Workman-Reynolds e f f e c t 
was i n o p e r a t i o n t h i s j e t o f water would c a r r y away p o s i t i v e 
charge l e a v i n g the drop w i t h a r e s u l t a n t negative charge. 
Negative charge could "be c a r r i e d away by i c e eje c t e d by the 
sudden f r e e z i n g o f a q u a n t i t y of water which remained on the 
drop. This would leave the drop p o s i t i v e l y charged. 

This suggested mechanism can account f o r a l l the 
observed e f f e c t s both q u a l i t a t i v e l y and q u a n t i t a t i v e l y i f 
the -Workman and Reynolds value of 1 c/4" e.s.u. per c.c. frozen 
holds. 
(5) Conclusions 

When a supercooled drop i s nucleated near 0°C and f r o z e n 
at a lower temperature fragmentation accompanied by charging 



of the drop occurs. The charging appears t o he too lar g e 
t o "be accounted f o r by :Mason and Maybank's theory, values 
an order of magnitude g r e a t e r than the p r e d i c t e d charge 
separation over the whole drop having been measured. 
Factors which may increase the t h e o r e t i c a l value cannot 
account f o r the d i f f e r e n c e . 

I t appears t h a t when p a r t of the spicule is. e j e c t e d 
the amount of water present determines the s i g n of the 
charging. This suggests t h a t the charge s e p a r a t i n g 
mechanism i n s i d e the drop i n v o l v e s the l i q u i d water present, 
.The e f f e c t r e p o r t e d by Workman and Reynolds (1950) could 
account f o r the amounts of charge observed. 
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