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P R E F A C E 

The r a t i o n a l i s e d M.K'.S. system o f u n i t s i s employed as 
w i d e l y as p o s s i b l e , but exceptions are made i n the ease of 
q u a n t i t i e s such as c u r r e n t d e n s i t y , which i s given i n the 
l i t e r a t u r e i n amps/cm . Some dimensions are given i n e i t h e r 
cms or inches and t h i s i s due t o the f a c t t h a t the working 
drawings from which the items i n question were constructed 
had t o he given i n convenient values o f these u n i t s , 

-12 
The a b b r e v i a t i o n p i 1 denotes a capacitance of 10 

Farads, and r e s i s t o r s measured i n thousands and m i l l i o n s 
of ohms are l a b e l l e d 1k* and "Meg* r e s p e c t i v e l y . 

The term ' P o t e n t i a l Gradient' i s employed when 
measurements o f p o t e n t i a l are considered r a t h e r than the 
v a r i a t i o n of p o t e n t i a l w i t h distance when the term ' F i e l d * 1 

i s used. I n both cases the p o l a r i t y u s u a l l y employed i n 
(low e r ) Atmospheric E l e c t r i c i t y i s used, namely t h a t a 
charge o f e. given p o l a r i t y produces a p o t e n t i a l g r a d i e n t 
( ' f i e l d * ) of t h a t s i g n i n i t s v i c i n i t y , distances measured 
towards the charge being p o s i t i v e . 

The a b b r e v i a t i o n A.3?.0.R,L, s i g n i f i e s , A i r Force 

Cambridge Eesearch L a b o r a t o r i e s , Bedford, Massachusetts, 
At the present time (June 1962) the apparatus 

described i n t h i s t h e s i s i s scheduled t o f l i g h t i n September 
1962, and i t i s hoped t o give d e t a i l s o f the performance o f 
the ' m i l l ' elsewhere„ 



' A B S T R A C T 

An i n t r o d u c t o r y survey o f i n v e s t i g a t i o n s i n the 
Earth's Atmosphere and beyond, gives evidence from 
phenomena such as Aurora, Dynamo Theory, arid Ionospheric 
i r r e g u l a r i t i e s , f o r the d e s i r a b i l i t y o f d e t e c t i n g and 
measuring e l e c t r o s t a t i c f i e l d s i n these r e g i o n s . 

The e l e c t r i c a l phenomena associated w i t h i s o l a t e d 
conductors i n i o n i s e d regions are discussed, and the 
d i f f e r e n c e s and s i m i l a r i t i e s between e l e c t r i c a l measurements 
i n l a b o r a t o r y plasmas and e x t r a t e r r e s t r i a l plasmas are 
p o i n t e d o u t . Estimates f o r the e l e c t r i c f i e l d s and 
c u r r e n t s i n t e r a c t i n g w i t h an exposed conductor i s o l a t e d 
from the main body of a rocket or s a t e l l i t e i n the e x t r a ­
t e r r e s t r i a l plasma are obt a i n e d . 

Gonsidering these estimates, a theory f o r a device t o 
d e t e c t such f i e l d s and c u r r e n t s i s obtained. This device 
i s i n e f f e c t , two f i e l d m i l l s each having the l a y o u t f i r s t 
put forward by ui£-.lan and Sehonland (1950), r o t a t i n g about 
the same a x i s but working a t two d i f f e r e n t f r e q u e n c i e s . 
This allows two agnations t o be set up which may be solved 
f o r a p p l i e d f i e l d o r f o r a p p l i e d c u r r e n t . The means f o r 
t e s t i n g and c a l i b r a t i n g such an instrument i n the l a b o r a t o r y 
are discussed and the t e s t chamber cons t r u c t e d f o r the 
p r e l i m i n a r y model i s described, and an idea o f the r e s u l t s 
o btained i s g i v e n . 



The c o n s t r u c t i o n o f a m i l l f o r f l i g h t i n an 
Aerobee-Hi r o c k e t , and of apparatus f o r i t s accurate 
c a l i b r a t i o n i s described, and r e s u l t s given f o r the 
f i e l d , a,nd c u r r e n t s e n s i t i v i t i e s of both 'halves * of 
the m i l l . 

The f i e l d s e n s i t i v i t i e s (9.0 x 10"^ and 6 x 10~^. 
volts / v / m . approx) are as much as 85fi of the outputs 
p r e d i c t e d by the o r y , but the c u r r e n t s e n s i t i v i t i e s are 
best expressed by powers, l e s s than u n i t y , o f the a p p l i e d 

_ Q 

c u r r e n t , g i v i n g f o r t o t a l currents' g r e a t e r than 10 amps; 
(? - a) a ( I G 1 0 ! ) 1 5 

where V i s the m i l l o u t p u t , I i s the t o t a l a p p l i e d 
c u r r e n t , a. i s the m i l l output when I ^ 1 0 amps, the 
lowest s e n s i t i v i t y o f the c u r r e n t measuring element i n the 
c a l i b r a t i o n c i r c u i t ( a . i s n e g l i g i b l y d i f f e r e n t from 
zero o u t p u t ) and b i s the slope o f V against I p l o t t e d 
on l o g . l o g . axes. 

The i n t e r p r e t a t i o n o f the ' f i e l d and c u r r e n t ' t o t a l 
m i l l output s i g n a l s i s discussed, and suggestions made t o 
e x p l a i n departures from t h e o r e t i c a l p r e d i c t i o n s . 
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Chapter I 

I n t r o d u c t i o n 
1.1. H i s t o r i c a l survey. 

The o b j e c t s and phenomena i n the sky have a t t r a c t e d the 
a t t e n t i o n o f man f o r a t l e a s t as long as we have h i s t o r i c a l 
evidence. The Sun and Moon, Shooting s t a r s and Aurorae, could 
a l l be observed w i t h the naked eye, and on a more immediate 
plane, man was o f t e n a f f e c t e d by r a i n , thunder and l i g h t n i n g . 

Because of t h e i r usefulness f o r n a v i g a t i o n , the' motions 
of the s t a r s and planets received the most a t t e n t i o n , b u t those 
who wondered about the nature o f these moving l i g h t s above 
them became the f i r s t Astronomers and Geophysicists. I t was 
not u n t i l the l a t e 15th Century, t h a t the development o f the 
telescope by G a l i l e o G a l i l e i o f Pisa, made i t pos s i b l e t o 
examine them i n more d e t a i l . For almost two hundred years t h i s 
and the study o f the Geomagnetic f i e l d w i t h the compass needle, 
remained as almost the only o b s e r v a t i o n a l p h y s i c a l sciences, 
but i n the 17th Century the barometer and thermometer were 
developed, and i n v e s t i g a t i o n s i n t o the lowest p o r t i o n s of the 
atmosphere, h i t h e r t o l i m i t e d t o wind vanes, began and have 
continued ever s i n c e . 

The s t u d i e s and d i r e c t measurements o f the past two 
decades, made a t ever i n c r e a s i n g distances from the e a r t h 
are c o n t i n u a t i o n s o f these 17th Century s t u d i e s , though w i t h 
the exception of the region—between the Ear t h and the Sun, 

Si 
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they have not yet reached those regions s t u d i e d by the 
Astronomer and A s t r o p h y s i c i s t . Let us examine b r i e f l y how 
these f i r s t s t u d i e s of the lower atmosphere l e d t o the present 
s t a t e o f knowledge o f the Earth's -ohysical environment. 

At f i r s t , l i m i t e d t o the range o f h e i g h t s a f f o r d e d by 
mountains, and w i t h only temperature and pressure measurements 
a v a i l a b l e , Pascal's c o r r e c t assumption t h a t pressure was a 
measure o f the mass of a i r above the p o i n t o f observation l e d 
to an erroneous image of the atmosphere. From these e a r l y 
measurements i t seemed t h a t d e n s i t y decreased e x p o n e n t i a l l y 
w i t h h e i g h t so t h a t i t would become n e g l i g i b l e a t about 50 kms. 
I t was not u n t i l the l a t e 19th Century t h a t d i r e c t temperature 
measurements t o a h e i g h t o f about 10 kms u s i n g k i t e s , by 
de E o r t , revealed a r i s e i n temperature commencing a t about 
10 kms, t h i s p o i n t i s now ca.lled the Tropopause. 

I n t e r e s t i n the e l e c t r i c a l nature o f the lower atmosphere 
began i n the 18th Century, prompted no doubt by the s i m i l a r i t y 
between l i g h t n i n g discharges and the sparking observed w i t h 
the newly invented sources o f l a r g e q u a n t i t i e s of e l e c t r i c i t y 
such as the Leyden j a r and Wi ins h u r s t machine. This work 
continued, and a great deal o f o b s e r v a t i o n a l and q u a n t i t a t i v e 
data were obtained i n the 18th and 19th Centuries ( F r a n k l i n 
1752, Lemotmier 1752. D'Atikard 1752). 
1.2. fhe f i r s t i n t e r e s t i n the Upper Atmosphere. 

I t was not u n t i l the l a t e 19th Century t h a t the work on 
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the t r a n s m i s s i o n o f electromagnetic waves, c u l m i n a t i n g i n 
Marconi's s u c c e s s f u l t r a n s m i s s i o n across the A t l a n t i c , created 
an i n t e r e s t i n the e l e c t r i c a l c o n d i t i o n s a t distances o f tens 
and hundreds of k i l o m e t e r s above the e a r t h . Some years 
p r e v i o u s l y i n 1860 K e l v i n had drawn a t t e n t i o n t o the s i m i l a r i t y 
i n e l e c t r i c a l p r o p e r t i e s which should e x i s t between the h i g h e s t 
p o r t i o n s of the atmosphere and the then newly developed 
e l e c t r i c a l discharge, vacuum tubes (Chalmers 1962). B a l f o u r 
Stewart (1882) suggested t h a t l a r g e e l e c t r i c a l c u r r e n t s o f the 
order of thousands o f amps, were f l o w i n g i n the regions above 
the e a r t h and g i v i n g r i s e t o the observed d a i l y v a r i a t i o n s i n 
the geomagnetic f i e l d , as the regions i n which they were f l o w i n g 
moved under the t i d a l and h e a t i n g e f f e c t s o f the sun's t r a n s i t . 

I n view o f these e a r l i e r suggestions and t o e x p l a i n 
Marconi's observations Heaviside (1902), and Kennelly (1902), 
working independantly, p o s t u l a t e d the existence o f an i o n i s e d 
r e g i o n a t some distance above the e a r t h , which would r e f l e c t 
and r e f r a c t electromagnetic waves. There .was then a f u r t h e r 
h a l t i n progress u n t i l the development of a means of searching 
f o r t h i s i o n i s e d l a y e r . This was i n t r o d u c e d by E r e i t and Tuve 
(1926) and consisted o f sending s h o r t pulses o f r a d i o waves 
v e r t i c a l l y upwards and observing the time taken f o r the 
r e f l e c t e d component t o r e t u r n t o the t r a n s m i t t e r / r e c e i v e r 
a e r i a l . By f i n d i n g the frequency a t which the waves penetrated 

t h i s l a y e r an estimate o f e l e c t r o n content could be obtained. 



_ 4 -

This device known as an ' Ionosonde' i s s t i l l used to-day-
over a world-wide network,of s t a t i o n s t o monitor the c o n d i t i o n 
o f the 'Ionosphere' as t h i s i o n i s e d r e g i o n was named. U n t i l 
about 1946 i t was the only means o f i n v e s t i g a t i n g t h i s r e g i o n 
"but i t s u f f e r s from two grave l i m i t a t i o n s . F i r s t l y , a t the 
ra d i o frequencies necessary t o o b t a i n r e f l e c t i o n , the e f f e c t s 
observed are due t o the i n f l u e n c e of the H.F. s i g n a l upon the 
e l e c t r o n s p resent. The p o s i t i v e ions are so massive r e l a t i v e 
t o the e l e c t r o n s t h a t they are almost u n a f f e c t e d by the R.J?, 
waves. Thus no i n f o r m a t i o n r e g a r d i n g ions may be obtained 
u s i n g an lonosonde. Secondly, and perhaps the g r e a t e r l i m i t a ­
t i o n , i s t h a t any given e l e c t r o n d e n s i t y d i s t r i b u t i o n may only 
be s t u d i e d up t o the p o i n t o f maximum d e n s i t y . Even i f 
appreciable q u a n t i t i e s o f e l e c t r o n s are present above t h i s 
maximum they cannot be detected since the frequencies low 
enough t o be r e f l e c t e d by them have already been r e f l e c t e d 
below or at, the maximum. 
1.3* The r i s e of d i r e c t measurements. 

With the advent o f hi g h a l t i t u d e sounding r o c k e t s , and o f 
a r t i f i c i a l s a t e l l i t e s i t has been p o s s i b l e t o t r a n s m i t r a d i o 
waves t o and from v e h i c l e s i n and beyond the ionosphere. 
(Seddon 1954). Even though t h i s method has the disadvantage 
t h a t the s i g n a l s concerned must t r a v e r s e the t o t a l e l e c t r o n 
content between the r e c e i v i n g s t a t i o n and the v e h i c l e , s t a r t i n g 
i n 1946 w i t h captured German 7-2 r o c k e t s , i t has been poss i b l e 
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t o o b t a i n estimates of e l e c t r o n content i n regions above 
l o c a l and o v e r a l l maxima. 

The main advance so f a r from t h i s work i s t h a t what were 
f o r m e r l y regarded as d i s c r e t e l a y e r s of i o n i s a t i o n (D, E, 
and Fg l a y e r s ) , now appear t o be places where the e l e c t r o n 
d e n s i t y g r a d i e n t w i t h h e i g h t , increases a b r u p t l y . I n f a c t the 
troughs between these former l a y e r s are very shallow and 
e l e c t r o n d e n s i t y does not f a l l o f f s t e a d i l y u n t i l above the 
]?2 'region' (as the ' l a y e r s ' are now named) maximum a t around 
300 t o 500 kms. ( R a t c l i f f e . 1959). 

These same v e h i c l e s have also made i t possible t o measure 
d i r e c t l y temperature, pressure, Solar UV and X rays a t h e ights 
above those a t t a i n e d by b a l l o o n s , t h a t i s about 35 kms. This 
h e i g h t provides a convenient d i v i d i n g l i n e between the 'Upper' 
and 'Lower' Atmosphere. I t i s also the r e g i o n of maximum 
abso l u t e , and r e l a t i v e , 0^ c o n c e n t r a t i o n and the only i o n i s a t i o n 
present i s due t o Cosmic Rays o c c a s i o n a l l y enhanced by meteor 
t r a i l s . The lowest 'permanent' i o n i s a t i o n being the D r e g i o n 
s t a r t i n g a t about 60 kms. 

At the present time the r e g i o n between 35 kms and 50 kms 
cannot be explored s a t i s f a c t o r i l y since the motors o f most 
rockets do not 'burn out' u n t i l between 30 kms and 40 kms; 
e l e c t r o n i c apparatus must not be switched on u n t i l a f t e r t h i s 
time due t o the v i b r a t i o n which would damage the heated 
f i l a m e n t s i n vacuum tubes, which are s t i l l necessary i n 
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devices r e q u i r i n g h i g h impedence. This process takes a few 
seconds t o occur and i n a d d i t i o n any mechanical p r o t r u s i o n s 
beyond the smooth s k i n o f the v e h i c l e cannot be erected u n t i l 
an a l t i t u d e o f about 50 kms i s reached, since a t the v e l o c i t i e s 
i n v o l v e d (approx. 10^ cms/sec) they would be burnt up or 
d i s t o r t e d , a t lower a l t i t u d e s . 

U n t i l 1946 the r e was thus a gap i n o b s e r v a t i o n a l measure­
ments between 35 kms and about 70 kms. The l a t t e r f i g u r e was 
determined by the low d e n s i t y o f e l e c t r o n s a t these h e i g h t s 
(approx. 10^ per C.C.) which r e q u i r e d the use o f an Ionosonde 
capable of working a t low frequencies (300 kc/s) t o o b t a i n 
r e f l e c t i o n , and at such frequencies there i s also a great deal 
o f l o s s through a b s o r p t i o n and s c a t t e r i n g . Some work has be en 
done on the e l e c t r i c a l c o n d u c t i v i t y between the lower atmos­
phere and the Ionos one re (Bourdeau et a l . 1959). This r e g i o n 
i s s t i l l l i t t l e exnlored, however, and the main i n c e n t i v e s f o r 
f u r t h e r work come from A u r o r a l s t u d i e s and (lower) Atmospheric 
E l e c t r i c i t y . 

I t has been found ( P r e i e r 1960, Sheppard 1937) t h a t the 
e l e c t r i c f i e l d a t the earth's surface i s a f f e c t e d both by 
A u r o r a l and Sunspot a c t i v i t y . These changes are s m a l l , however, 
and are d i f f i c u l t t o observe except over long p e r i o d s , due t o 
the d i s t u r b i n g e f f e c t s o f l o c a l , low l e v e l , space charges, and 
the e l e c t r i c charges present i n clouds. I t would t h e r e f o r e be 
of great i n t e r e s t t o make ' i n s i t u ' measurements of e l e c t r i c 
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f i e l d s both j u s t above the a l t i t u d e s s u b j e c t t o m e t e o r o l o g i c a l 
disturbances, say a t h i g h f l y i n g a i r c r a f t a l t i t u d e s , and also 
i n the A u r o r a l regions between 80 kms. and 120 kms. I n t h i s 
r e g i o n e l e c t r i c f i e l d s could be the cause of the d r i f t s 
observed of A u r o r a l radar echoes and also may be one o f the 
primary causes of the Aurorae themselves ( S a t c l i f f e 1960a), 
This l a t t e r p o i n t i s put forward by AliVen (Stormer 1955) 
who f o r e c a s t s e l e c t r i c f i e l d s of the order of hundreds of v o l t s 
per meter i n the charged p a r t i c l e clouds emitted by the Sun 
which p o s s i b l y cause the Aurorae, This i s only one o f s e v e r a l 
t h e o r i e s o f the Aurorae however, but evidence of such s t r o n g 
e l e c t r i c f i e l d s a t any a l t i t u d e i n A u r o r a l l a t i t u d e s would 
lend i t s t r o n g support, 

Imyanitov (1957) has p o i n t e d out t h a t i t would be d i f f i c u l t 
t o d e t e c t any e l e c t r o s t a t i c phenomena from the E a r t h 1 s surface 
t h a t had t h e i r o r i g i n w i t h i n or beyond the ionosphere due t o 
i t s conducting, and t h e r e f o r e i t s e l e c t r o s t a t i c screening 
p r o p e r t i e s . Measurements made i n such s i t u a t i o n s might help 
us t o answer some of the o u t s t a n d i n g problems from Atmospheric 
E l e c t r i c i t y , the c h i e f of which i s the maintenance o f the 
Earth's negative charge r e l a t i v e t o the ionosphere. I s there 
a net charge on the Earth/ionosphere system which maintains 
t h i s p o t e n t i a l despite the c u r r e n t f l o w t o the e a r t h o f about 
1,800 amps, (Gish 1951) by a t t r a c t i n g charged p a r t i c l e s from 
o u t s i d e t h i s system? I n a d d i t i o n i t i s not known i f any 



e l e c t r i c f i e l d s e x i s t beyond the ionosphere,due t o t h i s 
screening a c t i o n so t h a t a t the moment any measurements here 
would be of i n t e r e s t . 

•The movements of any such p a r t i c l e s would also be su b j e c t 
t o the i n f l u e n c e o f the geomagnetic f i e l d and would thus be 
connected both w i t h the Aurorae and w i t h the r e c e n t l y discovered 
Van A l l e n b e l t s o f trapped protons and e l e c t r o n s . These b e l t s 
are b e l i e v e d t o be su p p l i e d w i t h t h e i r p a r t i c l e s by the Sun, 
i n whose outermost atmosphere the Earth i s now considered t o be 
s i t u a t e d (Chapman 1958). 
1.4. Physics o f the Ionosphere. 

I n a d d i t i o n t o these phenomena, an i n t e n s i v e t h e o r e t i c a l 
study has been made i n the past t h i r t y years of the physical, 
p r o p e r t i e s o f the Ionosphere i t s e l f . These are based on many 
years ionosonrle measurements o f e l e c t r o n d e n s i t y , and although 
e l e c t r i c a l n e u t r a l i t y has been assumed, i t i s only v e r y 
r e c e n t l y t h a t any d i r e c t evidence o f t h i s has been obtained. 
(Bourdeau 1960). 

Leaving aside the processes o f p h o t o i o n i s a t i o n and 
recombination which m a i n t a i n the l o c a l o v e r a l l charged p a r t i c l e 
d e n s i t i e s a t any l e v e l i n the Ionosphere, the most w i d e l y 
a p p l i e d process a f f e c t i n g the whole ionosphere i s t h a t known 
as the 'Dynamo Theory.' This i s concerned w i t h the c o u p l i n g 
of movements w i t h e l e c t r i c c u r r e n t s , w i t h i n and between the 
se v e r a l regions of the Ionosphere. These are g r e a t l y 
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complicated by the geomagnetic f i e l d and the theory was i n 
f a c t f i r s t p o s t u l a t e d by B a l f o u r Stewart i n 1882 t o account 
f o r the d a i l y v a r i a t i o n s i n t h i s f i e l d noted a t the Earth's 
s u r f a c e . I t was l a t e r shown mathematically, by Schuster 
(1889. 1908) and by Chapman (1919) t h a t the main steady 
geomagnetic f i e l d had i t ' s o r i g i n s i n s i d e the Earth, and t h a t 
the 'quiet day' disturbances t o i t came from above the Earth's 
s u r f a c e . 

I n the Dynamo Theory the i n i t i a l disturbance t o the 
system i s provided by g r a v i t a t i o n a l and convective t i d e s i n 
the Upper Atmosphere caused by the v a r y i n g j u x t a p o s i t i o n s 
of the Sun and Moon. The n e u t r a l p a r t i c l e s which predominate, 
are moved by these t i d e s , sweeping along the i o n e l e c t r o n 
plasma which maintains i t ' s n e u t r a l i t y by the e l e c t r o s t a t i c 
a t t r a c t i o n between the two components, as i n Ambipolar d i f f u s i o n . 
( A l l i s 1956). Although the n e u t r a l i t y i s maintained, the 
movement of these charges c o n s t i t u t e s a c u r r e n t and since the 
re g i o n i n which i t flows i s w i t h i n the geomagnetic f i e l d , 
mechanical forces a c t on the i o n e l e c t r o n plasma t o oppose 
the t i d a l motions. These for c e s act i n d i f f e r e n t d i r e c t i o n 
f o r p o s i t i v e and negative charges and the r e s u l t i n g charge 
s e p a r a t i o n sets up e l e c t r o s t a t i c f i e l d s . These f i e l d s , which 
are b e l i e v e d t o be l o c a t e d i n the E r e g i o n (100 kms. t o 160 
kms.) cause charge movements ( c u r r e n t s ) i n the P r e g i o n 
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(160 kms. t o 400 kms.) which again being placed i n the 

geomagnetic f i e l d cause a 'motor' e f f e c t and are acted on 

by mechanical f o r c e s . ( R a t c l i f f e 1 9 6 0 b ) . 

So f a r these f i e l d s have not been measured d i r e c t l y , 
— 2 

due both t o t h e i r estimated low value o f about 10 v/m 

(Matsushita 1959)» and t o the d i f f i c u l t c o n d i t i o n s under which 

a measuring instrument would have t o operate (see Chapter 2 ) . 

Such measurements would be p a r t i c u l a r l y u s e f u l i n the r e g i o n 

80 kms. t o 120 kms. since there the Dynamo theory f i e l d s 

would be a t the same hei g h t s as the Aurorae and the estimated 

values are o f the same magnitude as those supposed t o cause 

A u r o r a l d r i f t s ( R a t c l i f f e 1960c). 

The above account has been much s i m p l i f i e d and no mention 

has so f a r been made o f the, e f f e c t of a steady magnetic f i e l d 

upon the e l e c t r i c a l p r o p e r t i e s o f a plasma,. This was f i r s t 

t r e a t e d t h e o r e t i c a l l y f o r an i d e a l plasma by Cowling ( 1 9 3 2 ) 

(Chapman and Cowling 1952) and a p p l i e d t o the Ionosphere 

subsequently by a number o f workers (Hirono and Kitamura 

1957 , Martyn and Baker, 1953? Martyn 1 9 5 3 ) . 

The p r i n c i p l e q u a l i t a t i v e e f f e c t i s t h a t i f a plasma i s 

subjected t o n o n - p a r # a l l e l e l e c t r i c and magnetic f i e l d s 

then e l e c t r i c c u r r e n t tends t o f l o w both transverse t o the 

magnetic f i e l d and along a per p e n d i c u l a r t o both f i e l d s , as 

w e l l as along the d i r e c t i o n o f the a p p l i e d e l e c t r i c f i e l d . 

The transverse and normal (along a p p l i e d e l e c t r i c f i e l d ) 

c u r r e n t s f l o w w i t h o u t d i f f i c u l t y i n the Ionosphere, being 



p a r a l l e l t o the earth's surface, hut the o t h e r c u r r e n t , 
which i s named the ' H a l l ' c u r r e n t due t o i t ' s s i m i l a r i t y 
w i t h the e f f e c t of t h a t name observed i n s o l i d s , flows w i t h 
a v e r t i c a l component so t h a t i t encounters changes i n conduct­
i v i t y ( i o n i s a t i o n ) , and thus charge b u i l d s up a t these bound­
a r i e s g i v i n g r i s e t o e l e c t r i c f i e l d s t o oppose f u r t h e r H a l l 
c u r r e n t s . These ' p o l a r i s a t i o n f i e l d s ' combine w i t h the 
Dynamo, or w i t h the Motor f i e l d s and give a t o t a l f i e l d v e c t o r . 

Since i t i s p o s s i b l e t o estimate the c u r r e n t systems i n 
the ionosphere from magnetic measurements a t the Earth's 
surface (Chapman and B a r t e l s 1940), e l e c t r i c f i e l d and/or 
c o n d u c t i v i t y measurements i n these regions would give s e l f -
c o n s i s t e n t evidence of the accuracy of these estimates. For 
example Hines (1959) has estimated t o t a l e l e c t r i c f i e l d l a r g e r 
than o t h e r worker's estimates by a f a c t o r o f 10 . This would 
n e c e s s i t a t e compensatory red u c t i o n s i n c o n d u c t i v i t y about 
which the estimates published do not v&ry by such f a c t o r s 
(Oharsman 1956). 

I n a d d i t i o n t o the world-wide and r e l a t i v e l y s l o w l y 
changing p r o p e r t i e s of ionospheric regions, r a d i o methods 
have given evidence of two classes of small scale i r r e g u l a r ­
i t i e s . 

The f i r s t i s v ery s m a l l , w i t h dimensions of tens of 
meters and are associated w i t h i r r e g u l a r i t i e s o f charge 
balance w i t h i n Aurorae ( R a t c i i f f e 1960c). The second class 
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i s r a t h e r l a r g e r and are from tens t o hundreds of k i l o m e t e r s 
i n e x t e n t . They are also an i r r e g u l a r i t y i n the l o c a l charge 
"balancing processes and due t o t h e i r occurrence a t a l t i t u d e s 
of around 100 kms. ( s l i g h t l y above the A u r o r a l i r r e g u l a r i t i e s ) 
are known as the 'Sporadic E' r e g i o n . (Jackson and Seddon 
1958), (Thomas and Smith 1959). 

The presence of such charge i n e q u a l i t i e s should be 
d e t e c t a b l e w i t h an e l e c t r i c f i e l d s e n s i t i v e device, due t o the 
m o d i f i c a t i o n caused t o the o v e r a l l ionospheric f i e l d . 

The existence of f i e l d s w i t h i n these i r r e g u l a r i t i e s would 
also be d i r e c t evidence t h a t they were formed by charge 
i n e q u a l i t i e s and not by l o c a l v a r i a t i o n s of i o n and e l e c t r o n 
d e n s i t i e s o f the same magnitude, as have been seen t o cause 
the main changes i n the Ionosphere w i t h h e i g h t . 

As a f i n a l i n d i c a t i o n o f the d e s i r a b i l i t y of measuring-
e l e c t r i c f i e l d s i n the upper atmosphere, there i s the i n v e s t i ­
g a t i o n of the i n t e r a c t i o n s between the v e h i c l e and i t s immediate 
surroundings t o be considered. This i s the s u b j e c t o f Chapter 
2, since these i n t e r a c t i o n s cause great complications i n the 
measurement of e l e c t r i c f i e l d w i t h any electro-mechanical 
device, and indeed, w i t h any research i n s t r u m e n t a t i o n o f an 
electromagnetic n a t u r e . Thus i t i s d e s i r a b l e t o know as 
completely as p o s s i b l e , the e l e c t r i c a l c o n d i t i o n s a t the 
vehicle's s u rface, and i n i t ' s immediate environment. 
1.5, The experimental environment, 

Having i n d i c a t e d the value o f a knowledge o f e x t r a -
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t e r r e s t r i a l and ionospheric e l e c t r i c f i e l d s i t should now be 
po i n t e d out t h a t a t the present time ( S p r i n g 1962} no success­
f u l attempts have been r e p o r t e d t o measure ambient e l e c t r i c 
f i e l d s i n these r e g i o n s . Some success has been re p o r t e d i n 
measuring f i e l d s i n the immediate neighbourhood o f the v e h i c l e 
(A.D. L i t t l e I n c . 1959) and the value of such r e s u l t s are 
described i n Chapter 2. This l a c k of success has been due 
•partly t o the extremely d i f f i c u l t environment i n which the 
f i e l d s e n s i t i v e device i s expected t o operate and p a r t l y due 
t o the i n t e r a c t i o n between the plasma i n which i t i s s i t u a t e d , 
and the instrument and v e h i c l e i n , or on which i t i s mounted. 

A number of r e l a t i v e l y simple, e f f i c i e n t ways are a v a i l a b l e 
f o r measuring e l e c t r i c f i e l d i n the l a b o r a t o r y or i n the 
lowest p o r t i o n s o f the atmosphere. (Chalmers 1957). As soon 
as the ionosphere i s reached however any conductor, i n c l u d i n g 
the s e n s i t i v e p o r t i o n s of a f i e l d measuring device, c o l l e c t s 
a c u r r e n t o f charged p a r t i c l e s from the surroundings. This 
c u r r e n t tends t o mask any output due t o e l e c t r i c f i e l d , which 
w i l l be shown i n Chapter 2 t o be at l e a s t one and u s u a l l y two, 
orders o f magnitude s m a l l e r . I n a d d i t i o n t o t h i s , a t a l t i t u d e s 
above 80 kms. s o l a r UV r a d i a t i o n causes nhotoeaission of 
e l e c t r o n s from a l l surfaces exposed t o i t . The -oho t o c u r r e n t s 
so caused are o f t e n of equal magnitude t o the charged p a r t i c l e 
c u r r e n t s and are e q u i v a l e n t t o an added f l u x o f p o s i t i v e i o n s . 
I t w i l l t h e r e f o r e be i m p e r a t i v e t o provide some means o f 



t e s t i n g a n d c a l i b r a t i n g any instrument which may be devised 
t o measure e l e c t r i c f i e l d under such c o n d i t i o n s , which are 
d e a l t w i t h q u a n t i t a t i v e l y i n Chapter 2. 

Up t o an a l t i t u d e o f about 100 kins. there i s s u f f i c i e n t 
t u rbulence t o m a i n t a i n the v a r i o u s c o n s t i t u e n t s of the lower 
atmosphere i n t h e i r sea l e v e l p r o p o r t i o n s against the separa­
t i n g e f f e c t s o f d i f f u s i o n . The one exception t o t h i s i s the 
0^ l a y e r which i s a maximum between 30 kms and 35 kms (Johnson 
et a l , 1952). Above 100 kms however the s o l a r UV has s u f f i c i e n t 
energy t o cause d i s s o c i a t i o n as w e l l as i o n i s a t i o n , and by 
about 130 kms. one t h i r d of a l l the oxygen ions present are 
0 + and h i g h e r s t i l l when N i t r o g e n i s also d i s s o c i a t e d , the 
most common i o n appears t o be NO ( R a t c l i f f e 1960d). 

Figures 1.1, 1.2. and 1.3. show the v a r i a t i o n s t o a 
he i g h t of 1000 kms. o f pressure, mean f r e e path and n e u t r a l 
p a r t i c l e temperature, and are taken from the U.S.A.? model 
atmosphere (Minsner, Champion and Pond 1959). The f i g u r e s 
Eire based on experimental r e s u l t s up t i l l about 1958 and 
w i t h the exception of the temperatures since observed, o f 
ions and e l e c t r o n s , no oth e r i n a c c u r a c i e s have so f a r been 
exposed. 

From the p o i n t o f view o f designing experiments the 
most important q u a n t i t y of these three i s mean f r e e p a t h . 
I t w i l l be seen t h a t f o r a v e h i c l e o f moderate s i z e , say a 
few meters maximum dimension, above about 110 kms. the mean 
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f r e e path w i l l be l a r g e r than the whole v e h i c l e , and much 
l a r g e r than any s i n g l e instrument or 1 sensor% and thus a l l 
charged p a r t i c l e s i n the v i c i n i t y may be taken t o i n t e r a c t 
only w i t h the v e h i c l e and instruments, and the i n f l u e n c e they 
have upon one another and upon n e u t r a l p a r t i c l e s may be ignor e d . 

Such pressures and m. f . p. may be co n v e n i e n t l y obtained i n 
the l a b o r a t o r y but i t w i l l be shown i n Chapter 4 t h a t the 
re p r o d u c t i o n o f i o n , n e u t r a l p a r t i c l e and e l e c t r o n temperatures 
and r e l a t i v e d e n s i t i e s i s much more d i f f i c u l t . 

The n e u t r a l p a r t i c l e temperature a t about 150 kms. i s 
1000°K, having r i s e n c o n t i n u o u s l y from the mesopause a t 85 
kms. (see f i g . 1.4. f o r temperature d i s t r i b u t i o n , e l e c t r o n 
d e n s i t i e s and nomenclature o f the f i r s t 200 kms). I t continues 
t o r i s e as f a r as a l l measurements made so f a r have extended, 
t h a t i s about 1000 kms. (Spencer e t a l . 1962). At such h e i g h t s 
the atmosphere i s very h e a v i l y i o n i s e d and there are a great 
number o f H+ ions ( p r o t o n s ) observed, l e n d i n g weight t o 
Chapman's the o r y (Sec. 1.3.). Below t h i s h e i g h t i n f a c t , a 
temperature has been reached a t which a considerable number 
of the h i g h energy end o f the energy d i s t r i b u t i o n of a l l 
p a r t i c l e s present, have s u f f i c i e n t v e l o c i t y t o escape from 
the earth's g r a v i t a t i o n a l f i e l d . The r e g i o n of the earth's 
atmosphere above t h i s l e v e l , b e l i e v e d t o be a t about 600 kms. 
i s c a l l e d the Exosphere. (Singer 1960). 

A l l n e u t r a l p a r t i c l e temperatures quoted are assumed t o be 

the same as p o s i t i v e i o n temperatures. The d i f f e r e n c e i n 
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t h e i r masses i s extremely s m a l l , and very l i t t l e energy i s 
imparted t o them when they are formed by photi-on i s a t i o n due 
t o the much l i g h t e r e l e c t r o n s "being a v a i l a b l e t o absorb any 
excess energy, and t h i s i s so even when d i s s o c i a t i o n takes place 
a t the same time» 

The e l e c t r o n temperature reached i n the quasi-eequilibrium 
c o n d i t i o n s of i o n i s a t i o n , d i s s o c i a t i o n , and recombination, 
appears t o be about twice the i o n temperature, a t l e a s t up t o 
an a l t i t u d e o f 500 kms. (Spencer et a l . 1962), I n t h i s paper 
i t i s suggested t h a t the U.S.A.F. 1959 model atmosphere 
(Minsner et a l . 1959) i s low i n i t s estimated values of i o n 
and n e u t r a l p a r t i c l e temperatures. The l a c k o f thermal 
e q u i l i b r i u m t h a t the d i f f e r e n c e s i n e l e c t r o n and i o n tempera­
t u r e s i n d i c a t e s was asc r i b e d both t o the i n h i b i t e d energy 
t r a n s f e r between the two classes due t o t h e i r l a r g e mass 
d i f f e r e n c e and also t o the low value o f c o l l i s i o n frequency 
compared w i t h the lower reaches o f the ionosphere* 

The problem as f a r as t e s t i n g and c a l i b r a t i o n are concerned 
i s t h e r e f o r e t o reproduce the c o n d i t i o n s shown i n the Figures 
1.1. t o 1.4.. A r e l a t i v e l y l a r g e volume, say not much less 
than a meter , of s t a b l e 'weak' plasma, must be produced. A 
•weak' plasma ( D e l c r o i x 1960) i s one where o< < 10"^" when 

N. = IS , and N. , N and If are i o n , e l e c t r o n and n e u t r a l l e' l ' e o ' 
p a r t i c l e s d e n s i t i e s . The atmosphere i s a weak plasma up t o an 
a l t i t u d e o f about 200 kms. and g r a d u a l l y become st r o n g e r above 

( V f i N o ) ' eq'n 1.1. 



t h i s . 
The c r e a t i o n and maintenance of such c o n d i t i o n s t 

enable u s e f u l work t o be c a r r i e d out w i t h i n them w i l l 
discussed i n Chapter 4. 
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Chapter 2 
The e l e c t r i c a l s t a t e o f conducting bodies i n 

an i o n i s e d r e g i o n , 
2.1. I n t r o d u c t i o n j 

I t w i l l be shown i n t h i s chapter t h a t the! oresence o f 
charged p a r t i c l e s of both signs complicates the procedure 
which must be used t o o b t a i n a t r u e p i c t u r e of; the s t u d i e d 
r e g i o n s . This i s t r u e i n the case of a l l devices u s i n g 
e l e c t r i c a l and magnetic sensors, which i n t e r a c t w i t h the 
ambient p a r t i c l e s and f i e l d s t o o b t a i n t h e i r i n f o r m a t i o n . 

f o r the measurement of e l e c t r i c f i e l d an induefed charge, due 
; — ' 

s o l e l y t o the unknown f i e l d must be obtained. ; This necessi­
t a t e s the exposure t o t h i s f i e l d of the s e n s i t i v e p a r t s 
(sensors) o f the measuring system, and i n i o n i s e d and 
conducting regions t h i s i s merely p a r t o f a t o t a l charge 
accumulating on the sensors, due t o the impacts of the 
charged p a r t i c l e s present. j 

These charged p a r t i c l e s are e l e c t r o n s , anjd the p o s i t i v e 
ions o f the. environmental c o n s t i t u e n t s ( R a t c l i j f f e 1960f) . I n 

, i 
the h i g h e r regions, say above the 1?2 (400 - 500 kms.) there 
are also p a r t i c l e s from e x t r a t e r r e s t r i a l sourcjes, p r i n c i p a l l y 
h i g h energy s o l a r protons which predominate above 600 kms. 
(OgiLise et a l . 1962), I n f a c t , where the atmosphere o f one 
body ends and another begins i s a p o i n t which jhas only 
r e c e n t l y been r a i s e d (Chapman 1958), | 

i 
U n t i l the h i g h e r p a r t s o f the ionosphere are reached the 



- 19 -

n e u t r a l p a r t i c l e s g r e a t l y outnumber the chargeid ones forming 
the p r e v i o u s l y d e f i n e d 'weak' plasma ( D e l c r o i x 1960), as 
long as charge n e u t r a l i t y i s maintained over a l l the volume. 
The p o s i t i v e and negative c o n s t i t u e n t s are not n e c e s s a r i l y 
a t the same temperature i n such a plasma, and due t o t h e i r 
much l i g h t e r mass than the ions o r n e u t r a l p a r t i c l e s , the 
e l e c t r o n s acquire the g r e a t e r p o r t i o n o f the a v a i l a b l e energy 
i n any c o l l i s i o n , i o n i s i n g o r d i s s o c i a t i v e nrocess which they 
undergo, reaching an e q u i l i b r i u m w i t h each ot h e r a t a h i g h e r 
temperature than the more massive p a r t i c l e s . This temperature 
d i f f e r e n c e has i t s most important e f f e c t i n acc e n t u a t i n g the 
v e l o c i t y d i f f e r e n c e between the e l e c t r o n s and a l l o t h e r 
p a r t i c l e s and t h i s has t o be borne i n mind when d e a l i n g w i t h 
the i n t r o d u c t i o n o f conducting bodies i n t o such a r e g i o n . 

Any rocket o r s a t e l l i t e ( ' v e h i c l e ' ) i n such a r e g i o n i s 
an i s o l a t e d conductor and the plasma reacts so as t o minimise 
and l o c a l i s e the disturbance caused by i t s i n t r o d u c t i o n . For 
the moment a t r u e plasma only ( N . = If see eq'n 1.1.) w i l l be 

i e 
considered, since i f only charged p a r t i c l e s of' one p o l a r i t y 
are present, as occurs w i t h the s o l a r proton f l u x , matters 
are s i m p l e r but o f le s s general a p p l i c a t i o n . 

These ' l o c a l i s i n g ' r e a c t i o n s of the plasma have a grave 
e f f e c t upon the v a l i d i t y o f electromagnetic measurements such 
as the mass spectrometry (Johnson and Meadows 1955) and 
rendered the e a r l i e s t ' i n s i t u ' measurements by these 
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instruments and by e l e c t r i c f i e l d s e n s i t i v e devices o f 
l i t t l e value (see Chapter 3 ) . 
2.2, The relevance o f l a b o r a t o r y work onplasmas, 

U n t i l the l a s t decade the g r e a t e s t i n t e r e s t i n the plasma 
s t a t e came from workers concerned w i t h the e l e c t r i c a l 
p r o p e r t i e s o f gases. They d e a l t w i t h gases a t pressures o f 
a few microns t o a few mm's Hg, and w i t h i o n and e l e c t r o n 
d e n s i t i e s a thousand o r more times g r e a t e r t h a t those found 
i n the ionospheric and e x t r a t e r r e s t r i a l regions (Sanborn Brown 
and A l l i s 1958). 

Nevertheless a great deal of work has been done under 
c o n t r o l l e d c o n d i t i o n s , and by remembering the basic d i f f e r e n c e s 
between t h e * c o n d i t i o n s and the Upper Atmosphere (Boyd 1954) 
i t i s p o s s i b l e t o propose means of i n v e s t i g a t i o n f o r the 
Upper Atmosphere. 

One o f the most d i f f i c u l t t h i n g s which e n t e r i n t o the 
theo r y o f any proposed system i s the f a c t t h a t w i t h rockets 
e s p e c i a l l y , the v e l o c i t y i s not constant and f o r a considerable 

Hie r o c l c e l s ' 

o o r t i o n o f i t 1 o u s e f u l l i f e i s o f a value i n t e r m e d i a t e teUW*.i 

those o f the p o s i t i v e ions and the e l e c t r o n s , i n i t s surround­
i n g s . When d e a l i n g w i t h s a t e l l i t e s t h i n g s are s l i g h t l y 
s i m p l e r ; i t i s unusual f o r s a t e l l i t e s t o range below about 
150 kms., which means t h a t the m.f.p. o f the n e u t r a l p a r t i c l e s 
w i l l be g r e a t e r than the dimensions o f the s a t e l l i t e and since 
many o r b i t s do not i n v o l v e great changes i n v e l o c i t y , con­
d i t i o n s remain f a i r l y constant throughout the f l i g h t . 
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A rocket on the o t h e r hand has a maximum v e l o c i t y o f 
5 

say 10 cm/sec., an order of magnitude less than t h a t of a 
s a t e l l i t e and l i t t l e more than the p o s i t i v e i o n v e l o c i t i e s 
corresponding t o the i o n temperatures noted e x p e r i m e n t a l l y 
(Spencer e t a l . 1962). Figure 2.1. p l o t s energies i n e l e c t r o n 
v o l t s , and Temperatures i n °K f o r both ions ofj 32 a.m.u. and 
f o r e l e c t r o n s f o r a wide range o f v e l o c i t i e s . ; The i o n mass o f 
32 a.m.u. (0g ) w&s chosen since these are the heaviest ions 
found i n n o t i c e a b l e q u a n t i t i e s i n the v i c i n i t y of the e a r t h 
( R a t c l i f f e 1 9 6 0 f ) . For a given v e l o c i t y o f an i o n , the values 
g i v e n i n f i g u r e 2.1. w i l l t h e r e f o r e be a maximum. 

I n the case o f the e l e c t r o n s these are average v e l o c i t i e s 
as d e f i n e d by k i n e t i c t heory ( D e l c r o i x 1960b) and are r e l a t i v e 
t o a set o f axes i n which the v e h i c l e also moves, i n t h i s case 
w i t h a v e l o c i t y w . The i o n temperatures, however, are merely 

v 
obtained by p l a c i n g 

•fan. w? g=s kT . .... 2.1, 
•: 1 1 I'l ; 

where m. i s the i o n mass, k i s Boltzmanns constant and 
T . i s the 1 r e l a t i v e k i n e t i c temperature 1 o f an i o n w i t h 

r i : 
v e l o c i t y r e l a t i v e t o the observer of w ^ i n °K. 

I t may be seen t h a t the values o f i o n temperature obtained 
e x p e r i m e n t a l l y (Spencer et a l . 1962) correspond t o v e l o c i t i e s 
l e ss than a l l s a t e l l i t e and most rocket v e l o c i t i e s , and i n 
f a c t the energy o r temperature t h a t these ions (and n e u t r a l 
p a r t i c l e s ) have f o r purposes o f determining the environment 
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close t o the v e h i c l e , are almost completely determined by 
the v e h i c l e ' s v e l o c i t y r e l a t i v e t o the a r b i t r a r y frame of 
reference r e f e r r e d t o above. I f an a b s o l u t e l y accurate 
value i s r e q u i r e d , however, the r e l a t i v e v e l o c i t y between 
the ions and the v e h i c l e must be used i n eq'n 2.1. 

To summarize, t a k i n g a l l v e l o c i t i e s r e l a t i v e t o the 
a r b i t r a r y reference then i f , ŵ  is i o n v e l o c i t y , i s v e h i c l e 
v e l o c i t y , i s average e l e c t r o n velocity,A i s the m.f.p. and 
L i s a c h a r a c t e r i s t i c dimension of the v e h i c l e or instrument 
under c o n s i d e r a t i o n . 

Table I 

S a t e l l i t e Rod cet 

approx. constant wv max. w mid f l i g h t 
w e » w v » w i • 

A > L 

w e » w v > w i 
L * 

w e » w i >/ w v 

L < * 5 5 

These r e s u l t s occur since the maximum values o f 
•» — 2 

w are a t t a i n e d below about 60 kms ( A= 2.10 cms.). 
Fu r t h e r complications a r i s e due t o the a c t i o n o f 

the geomagnetic f i e l d which causes p o t e n t i a l d i f f e r e n c e s 
t o be set up upon the conducting surface o f the s a t e l l i t e 
and the e f f e c t o f t h i s i s given i n s e c t i o n 2.7. 
2.3» The Laboratory plasma probe. 

The value o f a s m a l l , conducting body ('probe') 



placed w i t h i n a plasma was f i r s t e x t e n s i v e l y i n v e s t i g a t e d 
by Langmuir and co-workers i n the 1920*s. (Langmuir and 
Mott Smith 1924, Langmuir and Compton 1930, 1931). These 
workers were p r i m a r i l y concerned w i t h Eg discharges a t 
pressures o f a few mm. Hg. thus making the m.f.p. l e s s than 
the probe s i z e . 

I n a l a b o r a t o r y system, as opposed t o the ionosphere i t 
i s simple t o va r y the nrobe p o t e n t i a l r e l a t i v e t o the plasma 
(discharge) and by observing the c u r r e n t taken by the probe 
connected through h i g h impedance t o the p o t e n t i a l source, 
the energy d i s t r i b u t i o n and d e n s i t y o f the e l e c t r o n s may be 
obtained. I t has since been shown (Boyd 1950) t h a t both 
e l e c t r o n and p o s i t i v e i o n c o l l e c t i o n are determined by the 
e l e c t r o n temperature once more due t o t h e i r much h i g h e r 
v e l o c i t y and c o l l i s i o n frequency, but Langmuir's e a r l y work 
i s s t i l l the s t a r t i n g p o i n t f o r extending these techniques t o 
the ionosphere. 

To o b t a i n a s i m p l i f i e d p i c t u r e o f what happens i n the 
absence of a magnetic f i e l d i t w i l l be assumed t h a t the ions 
and e l e c t r o n s are each i n thermal e q u i l i b r i u m w i t h i n t h e i r 
own species. This w i l l a l l o w a Maxwellian energy d i s t r i b u t i o n 
t o be assumed f o r each, w h i l s t not i g n o r i n g the experimental 
r e s u l t s obtained i n the ionosphere and mentioned e a r l i e r . 
This also means t h a t f o r e i t h e r species o f charged p a r t i c l e 
the r a t i o of t h e i r d e n s i t i e s i n the re g i o n separated by an 
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energy drop o f Y v o l t s w i l l be the Boltzmann f u n c t i o n ; 

N'_ exD. £V .... 2.2. 
N . W 

i f the region o f N* i s p o s i t i v e w i t h respect t o t h a t of 
o 

N; k i s the Boltzmann constant, and T l i i s the temperature 
corresponding t o the Maxwellian d i s t r i b u t i o n curve h o l d i n g 
f o r the p a r t i c l e s i n q u e s t i o n . 

This w i l l give a means of determining the c o n c e n t r a t i o n 
around a v e h i c l e i f Maxwellian e q u i l i b r i u m e x i s t s . 

I n the l a b o r a t o r y , and elsewhere, i n the absence o f 
i n t e r f e r i n g phenomena such as thermionic-emission and 
photoemm'ission, a high-impedance or i s o l a t e d probe w i l l acquire 
a negative p o t e n t i a l with respect t o the mean p o t e n t i a l of 
the plasma. This i s due t o the hi g h e r v e l o c i t i e s o f the 
e l e c t r o n s , since k i n e t i c t heory holds t h a t the number o f 
p a r t i c l e s of Maxwellian temperature T°K, s t r i k i n g a u n i t area 
i n one second i s ; 

Nw/ 4 . . . . 2 . 3 . 
where N i s the d e n s i t y o f the p a r t i c l e s and w i s the aver­

age v e l o c i t y given by: 

m i 2 / 2 s (3kT/2)* 2 # 4 , 

where m i s the mass o f the p a r t i c l e k i s Boltzmann's 
constant and T i s Maxwellian temperature i n °K. 

Since the electrons have a higher temperature and lower 
mass, the value o f w 0

 i s m u c h h i g h e r than wj_ a n d t h e r e f o r e a ' e 
much g r e a t e r e l e c t r o n f l u x than p o s i t i v e i o n f l u x reaches the 



conducting probe. 
As a consequence the probe takes up a negative p o t e n t i a l 

which repels the lower energy end of the e l e c t r o n energy 
spectrum and a t t r a c t s positive i o n s . A quasi equilibrium i s 
reached when equal p o s i t i v e and negative f l u x e s reach the 
probe. I f the equilibrium p o t e n t i a l i s Vp then only those 
e l e c t r o n s w i t h energies g r e a t e r than eVp on the Maxwellian 
d i s t r i b u t i o n can reach the probe. This process i s aided by 
the i n c r e a s i n g a b i l i t y of the probe to a t t r a c t positive ions 
over a wider r a d i u s and h i g h e r energies, w i t h i n c r e a s i n g 
negative p o t e n t i a l . (Boyd, A l l e n and Reynolds 1957). 

The plasma r e g i o n i s conducting however, and the negative 
charge sets up an e l e c t r o s t a t i c f i e l d which causes the plasma 
to t r y t o l o c a l i s e t h i s f i e l d . This i s done by the f o r m a t i o n 
of a r e g i o n near the probe where » N g and which acts as an 
e l e c t r o s t a t i c screen, p r e v e n t i n g most but not a l l of t h i s 
f i e l d from extending i n t o the plasma,. The net f l u x of ions 
reaching the o u t e r edge of t h i s sheath and l e a v i n g i t t o the 
probe i s zero and i t i s also penetrated by the h i g h energy 
e l e c t r o n s w i t h energies g r e a t e r than eVp. 

Because of t h e i r r e l a t i v e l y slow speeds however the 
p o s i t i v e ions cannot replace those ions i n the v i c i n i t y of 
the probe which are taken up both by the f o r m a t i o n o f the 

t 
sheath and by the steady i o n c u r r e n t I p f l o w i n g t o the probe. 

The e q u i l i b r i u m , which i s maintained by the e l e c t r o n s , again 



due t o t h e i r h i g h e r v e l o c i t y and c o l l i s i o n frequency, i s 

l o s t f o r the positive ions and f o r the case of a s t a t i o n a r y 

probe a t l e a s t (w < w^) Maxweliian energy d i s t r i b u t i o n cannot 

"be assumed (Schulz and Brown 1955). There i s , i n f a c t , a 

shortage o f p o s i t i v e ions i n the r e g i o n o f the r e g i o n surround­

i n g the probe and sheath and t h i s permits the e l e c t r i c f i e l d 

of the n e g a t i v e l y charged probe t o penetrate i n t o the plasma. 

jL»4« The l i m i t a t i o n s imposed by the Ionosphere 

The phenomena described above may also be obtained i n 

the l a b o r a t o r y w i t h a l l p o l a r i t i e s reversed; t h a t i s an 

e l e c t r o n sheath w i l l form about a conductor which i s maintained 

a t a p o s i t i v e p o t e n t i a l w i t h respect to the plasma. With 

no e x t e r n a l source t o r e t u r n the 'drained o f f * e l e c t r o n s t o 

the plasma, such a p o s i t i v e p o t e n t i a l can only be applied f o r 

s h o r t times t o a v e h i c l e i n the Ionosphere or Upper Atmosphere 

(Beard and Johnson 1962). However, although o v e r a l l changes 

of p o t e n t i a l are not possible i n a research v e h i c l e , small 

areas may have a varyo^voltage w i t h respect t o the r e s t o f 

the v e h i c l e , a p p l i e d t o them, thus reproducing the l a b o r a t o r y , 

Langmuir probe s i t u a t i o n . F i g . 2.2, reproduces t h i s p l o t , the 

s t r a i g h t l i n e s e c t i o n r e p r e s e n t i n g the space ehrrge l i m i t e d 

c u r r e n t of eq'n 2.25 below. "When the c u r r e n t i s zero, equal 

p o s i t i v e and negative c u r r e n t s are reaching the probe, a t the 

lower end where the curve sets i n e l e c t r o n s are beginning t o 

be r e p e l l e d so t h a t the probe i s then a t plasma p o t e n t i a l , and 

a t the t o p of the curve a l l a v a i l a b l e e l e c t r o n s are being 
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c o l l e c t e d and s a t u r a t i o n takes place i f there are no ions o f 
s u f f i c i e n t energy t o overcome eVps i f Vps i s s a t u r a t i o n v o l t a g e . 

Once the quasi e q u i l i b r i u m c o n d i t i o n o f a ' f l o a t i n g ' 
probe has been a t t a i n e d , the sheath r e g i o n , although s t i l l 
t r a v e r s e d by the h i g h energy e l e c t r o n s , becomes a r e g i o n o f 
p o s i t i v e i o n space charge c o n t r o l l e d c u r r e n t , and Child's law 
may be a p p l i e d . (Langmuir 1923). I t w i l l be seen l a t e r t h a t 
t h i s equation r e q u i r e s two boundaries a t d i f f e r e n t p o t e n t i a l s 
i f any c a l c u l a t i o n s of c u r r e n t s less than s a t u r a t i o n c u r r e n t s 
are t o be d e a l t w i t h . I n the case o f a orobe ( v e h i c l e ) 
immersed i n a p o s i t i v e i o n sheath the usual concept o f the 
anode and cathode are reversed, since i t i s the negative 
e l e c t r o d e which receives the space charge l i m i t e d c u r r e n t i n 
t h i s case (Guthrie and Wakerling 1949.a). I t i s the p o s i t i o n 
of the p o s i t i v e boundary i n the present arrangement t h a t i s 
i n doubt and which causes the u n c e r t a i n t y as t o the disturbance 
caused t o the plasma, a t l a r g e . 

Since the p o s i t i v e i o n sheath does not f u l l y screen the 
negative p o t e n t i a l of the probe, ions w i l l be a c c e l e r a t e d 
towards i t , i n s t e a d o f d i f f u s i n g t o the o u t e r surface o f the 
sheath. Since the space between any i o n and the probe i s 
occupied by s i m i l a r l y charged i o n s , there w i l l be e l e c t r o s t a t i c 
r e p u l s i o n between these ions which i s expressed as a screening 
of the f i e l d due t o the orobe. This i s expressed i n terms o f 
a screening l e n g t h , such t h a t over distance IL known as the 



Debye l e n g t h , the p o t e n t i a l due t o the charge on the probe 
f a l l s t o l / e of i t s i n i t i a l v a l u e , t h a t i s ; 

v s 7 exo.- x/DT 2.5. 
X O JJ 

where x i s the distance from the p o i n t a t which p o t e n t i a l 
i s V . 

o 
2 ^ 

i s given as (k'l/4-T.ne ) 2 .... 2.6. 
where T and n are the temperature, d e n s i t y o f the charged 

p a r t i c l e s , and e i s the e l e c t r o n i c charge. ( D e l c r o i x 1960c). 
I t has been shown (Jastrow and Pearse 1957a) t h a t the 

c o n d i t i o n s f o r assuming t h i s simple s h i e l d i n g scheme do not 
h o l d i n the ionosphere and Upper Atmosphere, even i f more 
recent values o f the necessary parameters are used (Vp, deduced 
from nrobes see Chapter 4, and T ) . Thus a more q u a l i t a t i v e 

' e 
approach was used by Jastrow and Pearse i n the same paper, 
i n which the t o t a l p o s i t i v e and negative charges w i t h i n a 
c e r t a i n r a d i u s o f the centre of the probe was estimated f o r 
a s p h e r i c a l c o n f i g u r a t i o n . This was p o s s i b l e knowing the 
Debye l e n g t h f o r the u n d i s t u r b e d p o s i t i v e i o n s , and by s o l v i n g 
Foisson's equation f o r s p h e r i c a l c o o r d i n a t e s . The increase i n 
e f f e c t i v e p o s i t i v e i o n cross s e c t i o n mentioned before, i s 
seen here. This method gives a possible value f o r a distance 
between the two electrodes as i s required l a t e r i n s e c t i o n 2.7. 
2.5. Estimated values of probe and v e h i c l e c o n d i t i o n s . 

I f the assumption of wg >^ w^ i s r e t a i n e d , then the i o n 
c u r r e n t I 4 f l o w i n g t o a c o l l e c t o r of a cmf moving a t a v e l o c i t y 
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of w cm/sec, through a plasma of d e n s i t y n ^ ( ~ n e ) , w i l l he; 
I + = n. a w amps .... 2.7. 
P 1 v 

Since the ions do not have time t o rearrange themselves 
t o meet the oncoming c o l l e c t o r they appear t o t h i s c o l l e c t o r 
t o he an almost' u n i d i r e c t i o n a l monoenergetic stream o f 
charges, inroacting upon the c o l l e c t i n g area. They have a 
temperature due t o the v e l o c i t y o f the v e h i c l e ( S e c t i o n 2.2.) 
corresponding t o ; 

T . — m.wf/2k .... 2.8. n 1 v 
where k i s Boltzmann's constant 

i s the mass of the ions 
w „ i s vehicle v e l o c i t y 
v 

The s u f f i x r ^ denotes t h a t t h i s i s a temperature 
d i f f e r e n t from the ambient Maxwellian temperature T ^ < T r i ) 
o f the undisturbed plasma i o n s . I n t h i s case the v e l o c i t y 
obtained w\ would be due t o 

T± = ( m . i f / 3 k ) * 2.9. 

as i s always the case when d e a l i n g w i t h e l e c t r o n s 

(e q'n 2.4.). 
I t may be seen now how much more d i f f i c u l t i t i s t o 

analyse the s i t u a t i o n of a rocket experiment, performed a t 
v a r y i n g v e l o c i t y i n v a r y i n g surroundings. T r i and T± must 
be used a t d i f f e r e n t times (Table I ) , f o r when w

v < wi» T± 

i s a p p l i c a b l e and k i n e t i c t heory a p p l i e s both t o the e l e c t r o n s 
and i o n s . 
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S u b s t i t u t e i n eq'n 2.%©, and c o n t i n u i n g t o consider 
32 a.m.u. ion s , t o o b t a i n T ̂  and the e l e c t r o n v o l t 
e q u i v a l e n t , the f o l l o w i n g q u a n t i t i e s must be defined 
(U.S. I n s t . Phys. 1957). 

I f mass o f 32 a.m.u. ions ~ 32 m where m i s prot o n 
P P 

mass, i g n o r i n g mass defect and masses of e l e c t r o n s . 
Now 2 ^ = 1.68 x 10~ 2 4gms. 

k = 1.38 x 10" 1 6ergs/°K. 
1 eV = 1 . 6 x 10 1 2 e r g s 

Thus T . = 32 x 1.68 x 1 0 " 2 4 w2 - (1.95 x 10~ 7w 2)°K 
2 x 1.38 x 10" X D

 0 , n 

and eV . = 32 x 1.66 x 1 0 ~ 2 4 w2 - (1.68 x 10" 1 1w 2)eV. 
2 x 1.6 x 10 9 ' 

I n the case o f the e l e t r o n s , and als o the p o s i t i v e 
ions when wv << , remembering t h a t these q u a n t i t i e s are 
average values from k i n e t i c t h e o r y so t h a t there w i l l be a 
spread o f h i g h e r and lower values corresponding t o the 
Maxweliian energy d i s t r i b u t i o n , then, s u b s t i t u t e i n eq'n 2.4. 
and rearrange knowing t h a t , 

28 
me - 9.1 x 10" gms.(U.S. I n s t . Phys.1957) then; 
T = 9.1 x 1 0 " 2 8 w2 = (2.2 x 10~ 1 2w 2) °K. e —— • — — e e 

3 x l . 38x10 010 
.... C % X. £ % 



and eV e = 9.1 x 1 0 ~ 2 8 w 2 = (2.84 x 1 0 ~ 1 2 w 2 ) . eV. 
2 x 1.6 x 1 0 ~ 1 2 

«»•• 2»13» 
I t may be seen t h a t by s u b s t i t u t i n g and i n 2.J2, 

and 1.i?>. t h a t ; 
Tj^ — 2T^,^/3 • ...» 2.14 • 

and eV r i=eV i .... 2.15. 

The expressions 2.10, t o 2.13. are p l o t t e d i n f i g u r e 
2.1, f o r values o f w g and wv l i k e l y t o be of i n t e r e s t i n 
Ionospheric and Upper Atmospheric i n v e s t i g a t i o n s . 

Upon i n v e s t i g a t i o n the values shown i n f i g u r e 2.1, i t 
may be seen t h a t w i t h i n the f i r s t 800 kins. or so o f the 
e a r t h where T. < 1000°K and T < 2000°K (Spencer et a l . 
1962), then v e h i c l e v e l o c i t i e s are w i t h i n one order o f 
magnitude o f i o n v e l o c i t i e s , e l e c t r o n v e l o c i t i e s , or b o t h . 
The f i r s t c o n d i t i o n does not a r i s e o f t e n however but there 
w i l l be i n t e r m e d i a t e stages where the p o s i t i v e i o n f l u x 
w i l l be very d i f f i c u l t t o estimate since w v=^w\. 

On the other hand i f a s a t e l l i t e o r b i t s close t o the 
8 

e a r t h ( r a d i u s 7 x 10 cms.) i n 100 minutes, then i f the 
o r b i t i s approximately c i r c u l a r i t s v e l o c i t y w i l l be 

w = 2~TTr/t = 1,4 x 10^ cms/sec, .... 2,16. 
•y 
From f i g u r e 2.2. and eq'n 2.14. t h i s may be seen t o be 

much g r e a t e r than the average v e l o c i t y o f 1000°K ions 
(w\ = 8 x 10^ cms/sec) and le s s than the average v e l o c i t y 
o f 2000°K e l e c t r o n s (w Q = 3 x 10 7 cms/sec). 
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On the other hand i f a r o c k e t a t t a i n s i t s maximum 
v e l o c i t y a t about 50 kms. and reaches a maximum a l t i t u d e 

o f 200 kms, then i t s maximum v e l o c i t y w i l l be 
w ^ 5 x 10 cms/sec, and thus although t h i s w i l l v max. ' ' 
always be much less than the e l e c t r o n average v e l o c i t y , 
i t i s o f the same order as the p o s i t i v e i o n v e l o c i t y 
though l e s s than i t in^upper p o r t i o n of i t s f l i g h t . 
2.6. The s t a b i l i t y o f the v e h i c l e sheath and p o t e n t i a l . 

When the probe i s s t a t i o n e r y , t h a t i s there i s no n e t 
i o n o r e l e c t r o n d r i f t r e l a t i v e t o i t , then Bohm (Guthrie 
and Wakerling 1949b) by c o n s i d e r i n g the r e g i o n over which 
the Debye l e n g t h p e r m i t t e d e l e c t r o s t a t i c a t t r a c t i o n o f 
ions (eq'n 2.5.) which he c a l l e d the ' t r a n s i t i o n r e g i o n ' , 
was able t o show t h a t a s t a b l e sheath could not be set up 
unless the p o s i t i v e ions reached the sheath edge w i t h a t 
l e a s t one h a l f the energy of the e l e c t r o n s . I t i s the 
• t r a n s i t i o n r e g i o n ' , i n which ions are a c c e l e r a t e d t o these 
energies, and f i g u r e 2.3. taken from Bohm's work shows 
again how d i f f i c u l t i t i s t o d e f i n e a 'sheath edge', 
though the g r e a t e r the value o f (eY^/kT^) the more sudden 
the r i s e i n n. and the f a l l i n g o f f o f n becomes. The 

i e 
curves i n f i g u r e 2.3. are p l o t s of the 'plasma sheath' 
equation f i r s t obtained by Langmuir and Blodgett (1923). 
This i s a means o f determining the d i s t r i b u t i o n of p o t e n t i a l 
w i t h p o s i t i o n i n a space charge l i m i t e d c u r r e n t o f e i t h e r 
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p o l a r i t y where the p a r t i c l e s e n t e r the system w i t h k i n e t i c 
and p o t e n t i a l energy. For a given value o f V the plasma 

o 
p o t e n t i a l . T.. T and I where these terms have t h e i r previous ' 1 e e • -
meanings then f o r a plane e l e c t r o d e the curves o f f i g . 2.3. 
are obtained, and has the form. (Guthrie and Wakerling 
1949b). 

ifdvf •= 4-Fn el 2^Q

f + M e
 e xP Z§£?zVl + 0. 2\dx / o L 0 e e k T ~ 0 J 

•«•• 2•17• 
where ¥ i s the p o t e n t i a l a t a p o i n t x from the c o l l e c t o r . 
Now i t has been s t a t e d (Sec. 2.3.) t h a t the Maxweliian 

energy d i s t r i b u t i o n i s 'cut o f f a t the probe p o t e n t i a l 
and thus the number of e l e c t r o n s w i t h energies i n excess 
of t h i s , which s t r i k e the probe w i l l be (Jeans 1940a) 

2 TTn (hm / F ) ̂ 2 exp(-hm w' 2 ) w' 3 . dw' .... 2.18. e e ..., J e e e e w e 
— 1 where h = (2RT ) and E i s U n i v e r s a l gas c o n s t a n t , e 

T i s e l e c t r o n temperature such t h a t average v e l o c i t y i s 
w . w' i s cut o f f e l e c t r o n v e l o c i t y such t h a t 
e 5 e J 

eV — mw'2/2. .... 2.19. 
p & 

The only unknovm term i n t h i s expression i s ŵ , and 
by equating 2.18 t o the p o s i t i v e i o n f l u x i t may be found 
(w y>w. ). 

This problem was f i r s t evaluated by Jastrow and Pearse 
(1957), and r e s u l t e d i n estimates of v e h i c l e (probe) 
p o t e n t i a l f o r values of T then believed t o apply i n the 
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Upper Atmosphere, w i t h values of o f the order of tens 
of v o l t s n e g a t i v e . 

An approximate s o l u t i o n may be obtained g r a p h i c a l l y 
however, by p l o t t i n g Maxwell's d i s t r i b u t i o n f u n c t i o n i n the 
form 

2 2 
y = x exp -x .... 2.20 
where x i s the v e l o c i t y term. (Jeans 1940b). 

'This f u n c t i o n i s p l o t t e d i n f i g u r e 2.4. and the 
maximum value (w, ri) o f y i s a t the most probable v e l o c i t y 

max 
%. _ 

which i s (2/3)" w as used i n previous c a l c u l a t i o n s . 
With t h i s curve i t i s p o s s i b l e t o determine the 

r e l a t i v e numbers o f l i k e p a r t i c l e s of a g i v e n v e l o c i t y 
(energy) provided t h a t they are i n thermal e q u i l i b r i u m 
w i t h one another. 

I f the i o n and e l e c t r o n c u r r e n t s are equal, t a k i n g 
' t y p i c a l ' v a l u e s ; 

w„ ^ 8 x 10 7cms. (T 2 x 1 0 3 °K) 
w v - 1 0 5 ( T r i ^ 3 x 1 0 3 °K) 
n. - n --- 10 /cm . 

i e ' 
—19 

e ( e l e c t r o n i c charge) - 1.6 x 10 coulombs. 
I n the absence of an e l e c t r o n r e p e l l i n g p o t e n t i a l 

the e l e c t r o n c u r r e n t density j on a plane conducting 
surface w i l l be 

j - e n ew Q/4 = 1.6 x 10~ 1 9x 10 5x 8 x 1 0 7 

= 3.2 x 10" 7 amps/cm^. .... 2.21 

e 
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and the p o s i t i v e i o n c u r r e n t d e n s i t y w i l l be 

j . = e n.w„r = 1.6 x 10™ 1 9 x 10 5 x 10 5 

1 I V 

= 1.6 x 10 amps/cm . .... 2.22 
Thus the p o t e n t i a l of the orabe V has t o be 

P 
s u f f i c i e n t l y negative so t h a t o n l y (1.6 x 10""~9)/(3.2 x 10 -^) 
— 0.002 o f the e l e c t r o n s have s u f f i c i e n t energy t o overcome 
the r e p u l s i o n , reach the probe and equalise the i o n c u r r e n t . 

Prom f i g u r e 2.4. t h i s i s the case when only those 
e l e c t r o n s w i t h a v e l o c i t y g r e a t e r than 2.4w _ . 

max» 
_ -J-' 

Since w — ( 3 / 2 ) 2 w.mQ̂  = 1.22 w m_„ then the cut off 
v e l o c i t y w i l l be; 

2 * 4 ¥ e = 2 A x 8 x 1 0 7 = 1.56 x 10 8 cms/sec. 
1»2 2 1L • 2 2 

••** 2«2 3 
from f i g u r e 2.2. t h i s corresponds t o an e l e c t r o n energy, 

and hence a probe or v e h i c l e p o t e n t i a l of V — -6 v o l t s . 
P 

Such p o t e n t i a l s have been i n f e r r e d from the data from 
rocket and s a t e l l i t e f l i g h t s (Chopra 1961, Johnson and 
Meadows 1955) and a t f i r s t s i g h t i t would seem t h a t when 
these p o t e n t i a l s have been reached the net c u r r e n t t o any 
c o l l e c t o r should be zero. However i f a passive c o l l e c t i n g 
area i s i s o l a t e d from the remainder of the v e h i c l e surface 
through a h i g h impedance measuring device, then a p o s i t i v e 
c u r r e n t i s obtained. Figure 2.5. shows the v a r i a t i o n o f 
t h i s c u r r e n t w i t h a l t i t u d e f o r a c o l l e c t o r o f 18 cmf mounted 
f l u s h w i t h the s k i n of a USAF Aerobee h i - r o c k e t , f o r a 
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d a y l i g h t f l i g h t (M. Smiddy AFCSL 1960). The measuring 
devices used f o r such, instruments are l o g a r i t h m i c , 
c u r r e n t a m p l i f i e r s which are s e n s i t i v e t o cu r r e n t s of one 
p o l a r i t y o n l y , and overload immediately a c u r r e n t of the 
opposite p o l a r i t y i s amxLied ( P r a g l i n and Nichols 1960). 
Thus the c u r r e n t shown i n f i g u r e 2.5. i s a net c u r r e n t and 
not merely the p o s i t i v e component of a zero net c u r r e n t . 

What can "be the source of t h i s c u r r e n t and i t s 
v a r i a t i o n w i t h a l t i t u d e ? So f a r no mention has been made 
o f the photoemission which takes place a t a i l p a r t s of the 
v e h i c l e s k i n , and i n s t r u m e n t a t i o n when exposed t o s o l a r 
UV r a y s . Smiddy (personal communication) has s t a t e d t h a t 
the t e l e m e t r y records used t o o b t a i n f i g u r e 2.5. and 
s i m i l a r records, show sharp drops i n the c u r r e n t c o l l e c t e d 
which l a s t a very s h o r t time and may be i d e n t i f i e d from 
t h e i r frequency as occuring when the v e h i c l e or instrumen­
t a t i o n come between the c o l l e c t o r and the sun. f i g u r e 2.6. 
and t a b l e I I give the s o l a r UV spectrum a t about 100 kms. 
and f i g u r e 2.7. shows the expected p h o t o e l e c t r i c y i e l d s 
f o r surfaces of Pt (Ichimaya et a l . 1960) . 

I n the f i r s t few hundred k i l o m e t e r s o f the atmosphere 
where appreciable a b s o r p t i o n o f s o l a r UV takes place and 
where i o n and e l e c t r o n d e n s i t i e s are known, the photocurrents 
i n d i c a t e d , w h i l s t measurable do not i n t e r f e r e w i t h the 
v e h i c l e p o t e n t i a l as determined by equations 2.21 and 2.22. 
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Where l i t t l e a b s o r p t i o n takes place and where i o n and 

e l e c t r o n d e n s i t i e s are f a l l i n g (Hanson and McKibbin 1961) 

i t may be t h a t the ̂ h o t o currents have a l a r g e determining 

e f f e c t UDOII the v e h i c l e p o t e n t i a l , as long as i t i s i n 

s u n l i g h t ( Hinteregger and Damon 1959)« 

2.7• I n t e r p r e t a t i o n o f E l e c t r i c f i e l d s measured 

I t i s now o f value t o consider what q u a n t i t i e s may be 

deduced w i t h the a i d o f a device which i s able t o measure 

e l e c t r i c f i e l d when placed i n the Ionosphere, Upper 

Atmosphere or beyond. I t must be remembered t h a t whether 

the device i s mounted f l u s h w i t h the v e h i c l e s k i n or i s 

separated from the v e h i c l e by a long cable as has been done 

i n some mass spectrometry work, there w i l l always be a f l u x 

of charged p a r t i c l e s of one or both p o l a r i t i e s so long as 

these are present i n the un d i s t u r b e d r e g i o n and the device 

w i l l have t o e l i m i n a t e the d i s t u r b i n g e f f e c t o f these 

f l u x e s on i t s output due t o f i e l d . 

I f t h i s r e g i o n i s a plasma then the c o n d i t i o n s 

described i n t h i s chapter h o l d , i f charged p a r t i c l e s o f 

one sign, o n l y occur t o g e t h e r w i t h n e u t r a l p a r t i c l e s then 

the Dhotocurrents w i l l have t o equalise an e l e c t r o n f l u x 

or i f a p o s i t i v e i o n f l u x occurs there w i l l have t o be some 

mechanism f o r l i m i t i n g the charge and p o t e n t i a l b u i l d up on 

the v e h i c l e . 

Two p o s s i b i l i t i e s t o overcome t h i s l a s t problem 

e x i s t , f i r s t l y as the p o t e n t i a l o f the v e h i c l e b u i l d s up the 
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e l e c t r i c f i e l d e x i s t i n g between i t s e l f and i t s surroundings 
w i l l v a r y from p o i n t t o p o i n t on the v e h i c l e due t o i t s 
shape, and corona, discharge c u r r e n t s w i l l occur when they 
reach a / s u f f i c i e n t l y h i g h v a l u e . (Clark 1957) (Smythe 1939). 
I f the surroundings are s u f f i c i e n t l y conducting then the 
charge w i l l be enabled t o leak hack t o the surroundings 
w i t h o u t discharge needing to occur. Leakage w i l l also occur 
by a d i f f e r e n t process when the v e h i c l e i s moving; through a 
Dlasma w i t h a v e l o c i t y w such t h a t 

W e > w v > w i 2.24 

This means t h a t the slow moving ions w i l l not f i l l i n 
the vacuum l e f t by the passage of the v e h i c l e , as q u i c k l y as 
w i l l be e l e c t r o n s and thus a cone o f negative space charge 
w i l l b u i l d up behind the v e h i c l e , i n t o which p o s i t i v e 
charge w i l l l e a k from, the v e h i c l e or which w i l l n e u t r a l i s e 
the charge b u i l d i n g up on the v e h i c l e , (Gringauz and 
Zelikman 1957)• (Bourdeau, Serbu et a l 1961), 

I n the next chapter the t h e o r y o f a device to e l i m i n a t e 
the i n t e r f e r i n g e f f e c t s o f the charged p a r t i c l e f l u x e s w i l l 
be g i v e n , but f o r the moment i t w i l l be assumed t h a t the 
t r u e e l e c t r i c f i e l d may be measured, t o g e t h e r w i t h the • 
value, o f net c u r r e n t d e n s i t y t o any v e h i c l e i n a plasma. 

Now u s i n g Childs law, when; 
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a' i s the 

*o i s the 
S i s the 
V i s the 

m i i s the 
e i s the 
I . 1 i s the 

I . - 4J1T c f e \* a ¥ 3 / / 2 2.25 

• Noting t h a t i n the present case S i s open t o s e v e r a l 
i n t e r p r e t a t i o n s ( s e c t i o n 2.4..) and also t h a t the terms 
anode and cathode should he replaced by c o l l e c t o r and 
e m i t t e r then i f S * i s the distance from the undecided 
•sheaf edge 1 and <f> i s the- p o t e n t i a l a t S' . 

\ 2 / «- o 2e ^ " 

If ^ S ' j 4 / 3 2.27 

P 1 since when S'- S, (j) = the p o t e n t i a l d i f f e r e n c e 

between the probe ( v e h i c l e ) and the plasma 
E d4> - 4 V / S'\1//3 2.28 

Thus 

4 V / S'\ 
3 s« V s | 

and E„, = (sA1^ .... 2.29 
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where E g f i s e l e c t r i c f i e l d a t S' and i s e l e c t r i c f i e l d 
a t the probe (vehicle,)--surface (Booker 1959). 

Thus from eq'n 2.28 
E - 4 2.30 

P - -P 
3 S 

Shvartz (196D) has shown t h a t t o g e t h e r w i t h a 
knowledge o f 1^, the above t h e o r y may be used t o o b t a i n 
¥ 'without a knowledge o f S being necessary. 
P 

Prom eq'n 2.30 l e t t i n g a = 2, b - 1.5. 
E^ — V a ....2.31 

S b 
and eq'n 2.25 becomes 

I = K. 7* 2.32 
P _£ 

s a 

wriere K i s a numerical cons t a n t . 
S may be e l i m i n a t e d from 2.31, and 2.32 t o give 

7 = ^ / ( a - b ) p ~ / ( & ~ h ) B a/(a-b) ; [ l / ( b - a ) 
P lo P" P* •••• 2#33 

. s u b s t i t u t i n g ; V = K 2/3 \ 4 E 4 i j " .... 2.34 
P J P P 

To determine any ambient e l e c t r i c f i e l d from t h i s , 
one major assumption w i l l be necessary. Since the 
d i s t u r b e d r e g i o n around the v e h i c l e has a h i g h e r c o n d u c t i v i t y 
than the u n d i s t u r b e d r e g i o n , f o r a, v e h i c l e w i t h an equipoten-
t i a l surface i t w i l l be assumed t h a t whatever i o n and 
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e l e c t r o n d i s t r i b u t i o n i s caused by the v e h i c l e i t w i l l be 
r a d i a l l y symmetrical. This would mean t h a t equations 2,25 
t o 2.34 could be a p p l i e d t o v a r y i n g values of V^, E^ and 1^, 
t r e a t i n g S as a constant. This would also depend upon the 
successive values being taken w i t h i n a s h o r t p e r i o d so 
t h a t no v a r i a t i o n i n e x t e r n a l c o n d i t i o n s need be considered 
( I n y a n i t o v 1957) • 

However as has been i n d i c a t e d , the surface of the 
v e h i c l e when i n the v i c i n i t y o f the e a r t h , w i l l not be an 
e q u i p o t e n t i a l due t o the i n f l u e n c e o f the geomagnetic 
f i e l d upon any conducting body moving through i t . Since 
the v e h i c l e i s i s o l a t e d eddy c u r r e n t s are set up i n the 
conducting o u t e r s k i n , which r e s u l t i n a p o t e n t i a l d i f f e r e n c e 
being set up between the two opposite sides of the v e h i c l e 
on a l i n e p e r p e n d i c u l a r t o i t s motion and the geomagnetic 
f i e l d (Zonov 1961). 

I f H i s the magnetic f i e l d s t r e n g t h i n Gauss, and w, 
the v e h i c l e v e l o c i t y r e l a t i v e t o t h i s f i e l d , then V^, the 
p o t e n t i a l d i f f e r e n c e due t o t h i s w i l l be (Beard and Johnson 
1960). 

VTT — 1 0 H.w volts/cm cross s e c t i o n .... 2.35 
H v 

and since the maintenance of a steady p o s i t i v e v o l t a g e 
upsets the e q u i l i b r i u m i n the surrounding r e g i o n (Beard and 
Johnson 1961) one side of v e h i c l e may be considered t o be 
more negative w i t h respect t o the e x t e r n a l plasma than the 
o t h e r , whose p o t e n t i a l w i l l be determined by the p r e v i o u s l y 
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developed methods. 
Further the t o t a l p o t e n t i a l d i f f e r e n c e w i l l be 

L.Vjp where L i s the r e l e v a n t dimension o f the v e h i c l e i n 
cms. and Beard and Johnson show i n t h e i r f i r s t paper (1960) 
t h a t t h i s dimension should be taken as the t o t a l e f f e c t i v e 
cross s e c t i o n f o r p o s i t i v e i o n c o l l e c t i o n as developed 
by Jastrow and Pearse (1957), being 

L =. f 2 e V p \ 2 V 2 - 3 6 

U i e / 
where ? i s v e h i c l e p o t e n t i a l P 

I J J i s Debye l e n g t h 
T i s e l e c t r o n temperature 
k i s Boltzmann's constant 

This can be of the order o f tens of cms thus g i v i n g 
m a g n e t i c a l l y induced p o t e n t i a l d i f f e r e n c e s between the sides 
of the d i s t u r b e d r e g i o n o f the order o f t e n t h s o f a v o l t 
( H r i 3 x 10"^* Gauss.Zonov 1961) 

I f t h i s value i s known and r a d i a l symmetry r e t a i n e d 
then i f r ^ i s the ra d i u s of the v e h i c l e s k i n , the two 
values o f 7 obtained from equations 2.37a,b. w i l l be 

TP 
V = [ v ; + ( r + L) < B a . i V ] *.37* 

where V' i s the p o t e n t i a l o f the s a t e l l i t e i n the 
absence of K and H. a 
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Thus ( V p l - ¥ p 2 ) / ( r + L ) = (E f l + V̂ .) . .... 2.38 

and a s e r i e s o f values of and i n v a r y i n g 
a t t i t u d e s of the v e h i c l e would a l l o w L and ? H t o be 
e l i m i n a t e d . 

The above sections have a l l ignored the c o m p l i c a t i n g 
f a c t o r s a r i s i n g when the v e h i c l e does not cross the 
geomagnetic f i e l d p e r p e n d i c u l a r l y or when the exposed 
areas o f the f i e l d s e n s i t i v e device i s not normal t o the 
d i r e c t i o n of motion. This f i r s t f a c t o r w i l l m u l t i p l y the 
rhs o f eq'n 2.36 by s i n °<' where **' i s the instantaneous 
value o f angle between the geomagnetic f i e l d and the 
d i r e c t i o n o f v e h i c l e motion. I n the case of the e l e c t r o n 
and i o n f l u x e s and o f the f i e l d induced s i g n a l s d e a l t w i t h 
i n the next Chapter, the s e n s i t i v e area must be m u l t i p l i e d 
by cos (3* the instantaneous value o f the angle between 
the d i r e c t i o n o f v e h i c l e motion and the normal t o t h i s area. 

Thus the a l t i t u d e and v e l o c i t y of the v e h i c l e must 
be known a t a l l times if r E„ i s to be e x t r a c t e d from a 

a 
knowledge of E , I p , and . I f H i s also known then t h i s 
r e s u l t may be checked by i n s e r t i o n o f Y g i n equation 2.38. 
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Chapter 3« 
Techniques of e l e c t r i c f i e l d measurement. 

3.1. The Lower Atmosphere. 
I n regions o f the atmosphere where l i t t l e i o n i s a t i o n 

e x i s t s , and where m e t e o r o l o g i c a l and cloud physics phenomena 
al. 

are i n v e s t i g a t e d , t here are two p r i n c i p l e classes o f device 
f o r the measurement o f e l e c t r i c f i e l d . The f i r s t i s the 
Radioactive c o l l e c t o r , which u t i l i z e s the increased l o c a l 
c o n d u c t i v i t y of i t s surroundings caused "by the i o n i s i n g 
r a d i a t i o n s i t emits, t o a l l o w the R.A. source and i t s 
conducting mounting t o a t t a i n a p o t e n t i a l p r o p o r t i o n a l t o 
t h a t o f i t s p o s i t i o n , (Chalmers 1 9 5 7 5 . This method i s un-
s u i t e d t o use i n the Ionosphere due t o the p r e - e x i s t i n g 
h i g h c o n d u c t i v i t y , the slow time constant due t o the hi g h 
r e s i s t a n c e o f the R.A. source, and t o the i m p o s s i b i l i t y o f 
o b t a i n i n g a steady reference p o t e n t i a l . 

The second class of device i s electromechanical i n 
o'Deration and r e l i e s upon the f a c t t h a t when an area A.meter 
i s placed i n an e l e c t r i c f i e l d of E. v/m, a charge o f 
Q = -£ EA. i s induced upon i t , where £ i s the p e r m i t t i v i t y 

0 u 0 

o f f r e e space (8.86^ Farads/meter). The negative s i g n 
i n d i c a t e d t h a t a p o s i t i v e f i e l d i s t h a t which induces 
negative charge upon a conductor placed w i t h i n i t . The 
devices i n t h i s class have the conductor screened from the 
f i e l d p e r i o d i c a l l y , a l l o w i n g the 'bound' charge t o l e a k 
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away t o e a r t h through a r e s i s t i v e impedance. This generates 
a v o l t a g e which may he f e d t o an a m p l i f y i n g system, and 
which i s p r o p o r t i o n a l t o the a p p l i e d f i e l d (Gunn 1954). 
Such devices give an A.C. outp u t , are known as ' F i e l d M i l l s ' 
and are the most w i d e l y used means o f e l e c t r i c f i e l d 
measurement on or nesr the earth's s u r f a c e . 

As an i n d i c a t i o n o f performance i t may be sa i d t h a t a 
' M i l l ' w i t h a c o l l e c t i n g area o f 10 meter w i l l generate 
anproximately 10"^ volts/v/m, across 100 Megohms, o p e r a t i n g 
a t a few hundred c.p.s. The impedance across the output 
i s c a p a c i t a t i v e as w e l l as r e s i s t i v e due t o the c o n s t r u c t i o n 
of the m i l l i t s e l f as w e l l as the leads connected t o i t , 
and i t w i l l be shown i n s e c t i o n 3.4. t h a t t h i s capacitance 
should be kept t o a minimum a t a l l times t o o b t a i n maximum 
o u t p u t . These are r e l a t i v e l y bulky instruments however 
and i t i s d i f f i c u l t t o reduce the e f f e c t i v e capacitance o f 
the m i l l and a m p l i f i e r f i r s t stage t o much below 100 pp, 
w i t h o u t employing feedback (Adamson 1960) which i s not 
always convenient. 

Nevertheless these values a l l o w a time constant o f 
about 10 seconds which allows o p e r a t i o n a t two or thr e e 
hundred cycles per second; low enough f o r a l l Lower 
Atmosphere problems unless the very r a p i d changes i n e l e c t r i c 
f i e l d due t o l i g h t n i n g discharges are being s t u d i e d . F i e l d 
M i l l s working a t a few k i l o c y c l e s per second have been 
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developed f o r t h i s purpose (Smith 1953), one o f which 
forms the basis f o r the device developed i n the present 
work (Malan and Schonland 1950)• 

3.2. Previous work i n the Upper Atmosphere. 
The r e l a t i v e l y r a p i d response time o f a l l types o f 

F i e l d M i l l s and the considerable amount of experience i n 
t h e i r use, caused i t t o be one o f the f i r s t instruments 
t o be sent i n t o the Ionosphere and Upper Atmosphere when 
captured German V-2's were a v a i l a b l e between 1946 and 1949* 

I t now seems c l e a r t h a t the m i l l s used were u n s u i t a b l e 
due t o t h e i r l a c k of compensation f o r the e f f e c t s mentioned 
i n the previous Chapter. Thus Clark (1949), describes 
what appears t o be a c o n v e n t i o n a l f i v e bladed, s e c t o r type 
f i e l d m i l l mounted f l u s h w i t h the s k i n o f a m o d i f i e d V-2. 
I t i s s t a t e d t h a t v e h i c l e p o t e n t i a l and any ambient e l e c t r i c 
f i e l d were measured but no r e s u l t s are given nor i s any 
method o f a n a l y s i s o f r e s u l t s g i v e n . 

S i m i l a r l y Bourdeau (1959), i n d e s c r i b i n g work c a r r i e d 
out i n 1950 mentions the use of a ' F i e l d Meter' ( F i e l d M i l l ) 
t o estimate any p o t e n t i a l d i f f e r e n c e between the v e h i c l e 
and i t s surroundings. Using the ' F i e l d Augmentation Factors' 
d e r i v e d by Clark (1957) the minimum detectable s i g n a l o f 
the F i e l d M i l l (+50 v/m), i s equated t o a v e h i c l e p o t e n t i a l 
o f +"55 v o l t s and Bourdeau me r e l y records t h a t t h i s value 
was not exceeded. 
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The f i r s t q u a n t i t a t i v e treatment of F i e l d M i l l 
performance under Upper Atmospheric c o n d i t i o n s was given 
by Imyanitov (1957), who, w i t h a number o f co-workers 
seems t o have been the most p e r s i s t e n t advocate f o r the 
use o f f i e l d M i l l s , a t a time when d i r e c t measurement o f 
e l e c t r i c a l q u a n t i t i e s was very l i t t l e developed. This 
f i r s t work o f Imyanitov was not t r a n s l a t e d u n t i l 1958, by 
which time i t seems t h a t more o f the d i f f i c u l t i e s had been 

t e d , since i n 1959, he published a proposal f o r a 
m o d i f i e d f i e l d m i l l t o overcome the ' i n t e r f e r i n g e f f e c t s ' 
of charged p a r t i c l e f l o w (Imyanitov and Shvartz 1959). I n 
t h i s m o d i f i e d m i l l the charged p a r t i c l e f l u x was reduced 
by making both the s t a t o r ( c o l l e c t i n g system), and the 
rotor (screening system), from a wire mesh w i t h v e r y 
h i g h o p t i c a l transparency. The f l u x of charges was reduced 
by the mesh s t a t o r system which p e r m i t t e d a h i g h p r o p o r t i o n 
o f the charged p a r t i c l e s t o pass s t r a i g h t through t o the 
earthed baseplate, and the modulation o f the f l u x was 
s i m i l a r l y reduced by the mesh r o t o r . The mesh was taken t o 
be f i n e enough f o r no r e d u c t i o n i n 'bound charge* c o l l e c t i o n 
t o occur, so t h a t f o r e l e c t r o s t a t i c purposes the s t a t o r may 
be considered as s o l i d . I t i s l i k e l y t h a t f i e l d m i l l s o f 
t h i s type we re mounted on Sputnik I I I , but t h i s was the 
only apparatus t h a t has not been described i n d e t a i l , n o r 
have any r e s u l t s been g i v e n . 

By 1960 experiments were described i n which a f i e l d m i l l 
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was used t o measure surfs.ce charge d e n s i t y (Bourdeau et a l . 
1960), and t h i s suggests t h a t space charge theory was used 
t o determine v e h i c l e p o t e n t i a l (Shvartz 1960. Booker 1959). 

Most United States f i e l d m i l l s so f a r described have 
been of the c o n v e n t i o n a l , s o l i d s e c t o r t y p e , but two 
v a r i a n t s have been t r i e d which should be mentioned. I n 
the f i r s t , two lo n g arms were f i t t e d t o the rocket w i t h an 
i s o l a t e d probe a t the end o f each. The r o t a t i o n o f the 
rocket i n the ambient e l e c t r i c f i e l d t u r n e d the arm/probe 
assembly i n t o a l a r g e f i e l d m i l l , since the probes were 
c o n t i n u a l l y g a i n i n g or l o s i n g charge through a h i g h 
impedance d e t e c t o r , as they attempted t o a d j u s t t o the 
p o t e n t i a l of the changing surroundings (A.D. L i t t l e I n c . 
1959). 

No r e s u l t s were published, but a s i g n a l o f the same 
frequency as the r o t a t i o n o f the rocket ( 1 c.p.s) was 
re p o r t e d , i n d i c a t i n g t h a t the method might give a means o f 
d e t e c t i n g ambient f i e l d s . 

I n the second v a r i a n t , a s e c t o r type m i l l was 
cons t r u c t e d having a mesh s t a t o r , but a co n v e n t i o n a l , s o l i d 
r o t o r . (Smiddy A.F.C.E.L. personal communication). This 
would o b v i o u s l y reduce the photocurrents from the c o l l e c t o r , 
but whether the f l u x o f charged p a r t i c l e s would be reduced 
by a s i m i l a r f a c t o r i s open t o doubt. The d i s t o r t i o n o f 
the e l e c t r i c f i e l d i n the r e g i o n of the mesh might cause a 

http://surfs.ce
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h i g h p r o p o r t i o n o f the charged p a r t i c l e s t o he d e f l e c t e d 
onto i t i n s t e a d of passing through, 

A s t a t o r assembly o f t h i s instrument w i t h r o t o r 
removed, was t e s t e d by the author i n the t e s t chamber shown 
i n f i g u r e 7.8., and the c u r r e n t c o l l e c t e d by i t when 
exposed t o an e l e c t r o n f l u x was not much less than t h a t 
c o l l e c t e d by a s o l i d s t a t o r o f the same dimensions. 
Although by no means a r i g o r o u s t e s t of the complete 
instrument as proposed by Imyanitov and Svartz, t h i s r e s u l t 
emphasises t h a t the main problem, caused by the t o t a l 
s i g n a l being composed o f two p a r t s , may be reduced but very 
probably not e l i m i n a t e d . 

Two s i g n a l s must be d e a l t w i t h , one due t o bound charge 
induced by the a p p l i e d e l e c t r o s t a t i c f i e l d , and the oth e r 
caused by the charge f l u x , and these two s i g n a l s w i l l be 
shown t o be 90° out o f phase. I n e f f e c t the s i g n a l from 
the m i l l a t any time i s the instantaneous value o f an 
expression w i t h two independent v a r i a b l e s . The Imyanitov 
and Shvartz m i l l aims a t reducing the charge p a r t i c l e t o a 
n e g l i g i b l e value but the above observations cast doubt on 
the p o s s i b i l i t y o f t h i s . I n some cases (Smiddy A.P.G.R.L. 
personal communications), the value o f the charged p a r t i c l e 
c u r r e n t d e n s i t y has been obtained independently as i n 
f i g u r e 2.5. I t i s then assumed t h a t the same c u r r e n t 
d e n s i t y a p p l i e s t o the exposed surfaces o f a nearby f i e l d 
m i l l and an estimate o f the e f f e c t o f t h i s t o t a l c u r r e n t 
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upon the m i l l output der i v e d from 
V = j A R 3.1. 
where V i s the peak t o peak s i g n a l produced across 

2 
i n p u t r e s i s t e n e e R ohms, when a c u r r e n t density 3 amps/ m 

2 
acts upon an area, o f A.meter . 

Since these m i l l s are not d i r e c t l y c a l i b r a t e d 
a g a i n s t known a p p l i e d c u r r e n t s , the r e s u l t s o f Chapter 8:, 
would suggest t h a t such estimates are extremely u n r e l i a b l e , 

A s o l u t i o n t o t h i s problem would be some means o f 
mounting two f i e l d m i l l s i n close p r o x i m i t y . This would 
permit the assumption t o be made t h a t both m i l l s were 
subjected t o the same e l e c t r i c f i e l d s and charged p a r t i c l e 
f l u x e s a t any i n s t a n t . Two simultaneous equations could 
then be obtained i f each ' m i l l 1 were c a l i b r a t e d f o r output 
a g a i n s t a p p l i e d e l e c t r i c f i e l d , and a p p l i e d charged p a r t i c l e 
f l u x . The two components would also have t o be a p p l i e d 
simultaneously t o deduce the r u l e s governing the combination 
of the two s i g n a l s produced by each channel ( m i l l ) . This 
i s d e a l t w i t h f u r t h e r i n s e c t i o n 4.2. 
3.3. The p r i n c i p l e o f the two frequency f i e l d m i l l . 

I n order t o o b t a i n these two simultaneous equations i n 
E and I , where these are the a p p l i e d f i e l d , and a p p l i e d 
c u r r e n t , i t i s f i r s t necessary t o decide upon the most 
s u i t a b l e c o n f i g u r a t i o n . 

At f i r s t s i g h t i t would seem t h a t since i t i s de s i r e d 
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t o e l i m i n a t e the charged p a r t i c l e component then a c o n f i g ­
u r a t i o n o f two close m i l l s should be obtained which have 
the same c u r r e n t s e n s i t i v i t y but d i f f e r e n t f i e l d s e n s i t i v i ­
t i e s . Although t h i s i s not i n f a c t a s t r a i g h t f o r w a r d 
m a t t e r o f s u b t r a c t i n g the two t o t a l outputs (Se c t i o n 4.2.) 
i t happens t h a t a very compact assembly may be obtained 
assuming t h a t equation 3.1. holds and making the two m i l l s 
w i t h equal areas, 

The usual s e c t o r shape i s not s u i t a b l e since the only 
way t h a t t h i s could be arranged t o give d i f f e r i n g f i e l d 
s i g n a l s would be some means o f e l e c t r i c a l l y l i n k i n g 
d i f f e r e n t numbers o f i s o l a t e d vanes; a system which would 
r e s u l t i n d i f f e r e n t c o l l e c t i n g areas, and i n i n t e r m i t t e n t 
s i g n a l s being d e l i v e r e d t o the two a m p l i f y i n g systems. 

I n the hi g h frequency m i l l developed by Malan and 
Schonland (1950) however, a s e r i e s o f i d e n t i c a l studs are 
mounted i n a c i r c l e on an i n s u l a t i n g base and connected 
e l e c t r i c a l l y beneath t h i s base. An earthed r o t o r w i t h a 
s i m i l a r l y arranged set of holes r o t a t e s above these studs, 
exposing and screening them Np times per second, where N 
i s the number o f studs and p the r o t a t i o n a l frequency o f 
the r o t o r . I f two such sets o f studs and holes were 
arranged c o n c e n t r i c a l l y on one baseplate w i t h two c o r r e s ­
ponding sets o f holes i n a s i n g l e r o t o r , t h e r e would be 
i n e f f e c t two separate f i e l d m i l l s i n close p r o x i m i t y . 
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The configuration would have to be such that there 
was no 'leakage' or e l e c t r o s t a t i c coupling, between one 
m i l l and the other, and i d e a l l y the 50/50 open/solid r a t i o 
of the sector type m i l l s should be maintained i n order to 
d e l i v e r a continuous AO s i g n a l . This may be d i f f i c u l t due 
to the small dimensions of the i n d i v i d u a l studs when 
compared to the l a r g e r vanes of conventional f i e l d m i l l s * 
This means that since the clearance of r o t o r above the 
s t a t o r cannot be s u b s t a n t i a l l y reduced, r e l a t i v e l y more 
d i s t o r t i o n of the e l e c t r i c f i e l d may take place r e s u l t i n g 
i n a loss of induced ('bound1) charge f o r a given f i e l d . 
This w i l l be dealt with i n Chapter 6. 
3.4. Theory of operation 

The most complete theories of m i l l output are those 
given i n a paper by Hapleson and Whitlock (1955). Two 
treatments are given, one i n which the area of c o l l e c t o r 
exposed varies s i n u s o i d a l l y , r e s u l t i n g i n a sinusoidal 
waveform, and the other f o r a sector type configuration, 
which r e s u l t s i n a t r i a n g u l a r waveform output. The f i r s t 
case i s given below with some modification to s u i t a Malan 
Schonland type m i l l , and the required outputs. 

The m i l l described i n - a r t I I of t h i s thesis and that 
constructed by Mapleson (1954) both gave outputs which 
appeared sinusoidal when displayed on a CRO before or a f t e r 
a m p l i f i c a t i o n . With the m i l l constructed i n Durham the 
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waveform i s "best described as 'rounded o f f t r i a n g u l a r , but 
on comparing the estimated outputs from the two treatments 
w i t h the observed outputs there i s r e l a t i v e l y l i t t l e 
difference between the two outputs when compared with 
observed value. 

I n both cases i t may be shown that an e l e c t r i c f i e l d 
signal which i s sensitive to frequency of operation may be 
obtained, together with a current output inversely proportional 
to frequency. 

p 
I f a conducting c o l l e c t o r area A meter i s subjected 

o 
to a sinusoidal screening cycle of f.cps, i n an e l e c t r i c 
f i e l d of 1 volts/meter, then the instantaneous value of the 
bound charge Q' i s ; 
Q1 = 8 0EA Q sin.wt. ' .... 3.2. 

where w = 2TT f . and £ = 8.86 x 1 0 ~ 1 2 Farads/meter 
o ' 

Then the current leaving the conductor at any inst a n t i s ; 
I ' = dQ' - £ wEA cos.wt. .... 3.3. 

dT 0 0 

This may be w r i t t e n as; 
I» = £ wEA /2 -f £ OW£A QCOS wt./2. 3.4. 

The conductor has an inherent capacitance C.farads, 
which i s connected to earth through a r e s i s t o r of B ohms. 
These are i n p a r a l l e l (since the r o t o r i s earthed), and i f 
t h e i r impedance i s Z, then the instantaneous A.G. voltage 
generated across R i s ; 
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YJ, =r i» Z/2. .... 3.5. 
Now 2 = R/(w2G2R2 + 1 ) * ...,3.6. 
Thus l^ = £nwEAn R cos wt/2(w 2G 2R 2 + l ) * **»* 3 • 7 • ̂  • 
or Y|=£ Q 1AQ cos wt/2(G 2+ l/w 2R 2 ) * 3.7.b. 

This i s a sinusoidal signal 90° out of phase with the 
screening cycle. 

Nov/ the voltage Ŷ  generated across R by a charged 
p a r t i c l e current density j amps/meter , w i l l be an a l t e r n a t i n g 
component superimposed upon a steady D.C. si g n a l . 

The instantaneous current I ' w i l l be: 
c ' 

I£ = j A Q s i n wt. .... 3.8. 
g i v i n g r i s e to a voltage V*; 

c 
V' — I Z s i n wt - jA R 4. jA R. s i n wt 
c o 0 0 

2 2(w 2C 2R 2+l)* 3.9. 
The AG component i s thus i n phase with the screening 

cycle, and 90° out of phase with the f i e l d induced voltage. 
2 2 2 

.From equations 3.7. i t may be seen that when w G S » 1 , 
1 and. w may be eliminated and; 

V' = £ EArt cos wt./2.C. 3.10. 
& 0 0 

Under these same conditions equation 3.9« becomes; 
Y' = jA^ s i n wt/2.w.C. .... 3.11. 
c o 
Here i s one possible arrangement f o r producing two 

m i l l s w ith d i f f e r i n g s e n s i t i v i t i e s at d i f f e r e n t frequencies. 
Using frequencies f^y f 2 ? and c o l l e c t i n g areas > a g 
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so t h a t ; 
* ̂  2 ~ • • • • 3 • 1 ̂- • 

the current signals would 'be equal and the f i e l d 
signals would be i n a r a t i o ( f - ^ / f 2) , with the higher 
frequency g i v i n g the greater output. 

However, t h i s would involve constructing a m i l l 
s a t i s f y i n g the conditions i n section 3.5. w h i l s t having 
the outer studs of much la r g e r t o t a l area than the inner, 
a l l studs would "be the same size i n f a c t . This would mean 
that nowhere near the 50/50 solid/open r a t i o could be 
maintained f o r both sets of studs, and i t was therefore 

2 2 2 
decided to construct a m i l l w i t h, w C R < 1, and also 

a2̂  « a2— 1. ••••3*13s*. 

f-^ ""̂  f ̂  • • • • 3.13b * 
p o p 

I n t h i s case from equations 3.7, when (w C R << 1) the 
f i e l d signals become proportional both to w and to R, and 
from equation 3.9. the current signals become proportional 
to the fun c t i o n ; R/(w2G2R2 + l p " . 

Let x — (wGR) and l e t : 
4 (x) - 1/(1 + x 2 ) ^ " .... 3.14. 

The f i e l d signals w i l l be i n a r a t i o f o r constant R of; 
111 = V + ( x i 5 .... 3.15a. 
VE2 w2 <f>(x2} 

and the current signals w i l l be i n a r a t i o f o r constant R, of; 
V c l _ * ( x l > .... 3.15b. 
T c2 <(>(x?) 
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Prom equation 3.7a. 
Constant. R.w. <j> (x) .... 3.16 

and i n fi g u r e 3.1. (x) i s pl o t t e d f o r a range of values 
of x. 

Examining the nature of equation 3.16, and remembering 
that w appears i n x, i t may be seen that V i s proportional 
to w f o r constant R and x. I n practice i t i s d i f f i c u l t to 
vary C with any accuracy so that R and w are the quantities 
which must be manipulated to give optimum signal d i f f e r e n ­
t i a t i o n , and examing <j) (x); 

2 ~ 
(1 + x ) 2 —* 1 as x —> 0 .... 3.17a. 
(1 -+ x ) ~ 2 —? 0 as x -> oo .... 3.17b. 

so that compromise values of x^ and Xg f o r the two 
sets of studs must be chosen to give wide f i e l d signal 
separation and r e l a t i v e l y low current separation. From 
figu r e 3.1. i t would seem that suitable values are 

x l = W1°1 R1 "= 0 # 7 5 •... 3.18a. 
x 2 ~ W 2 G 2 R 2 ~ °» 25 ...• 3.18b. 

where — 3w2, 0^ -~ 0^ and R̂  = R 2» 

Thus the f i e l d signals w i l l be i n a r a t i o 

I I * <M xi> .... 3.19a. 
VE2 w2 4 > ( x 2 } 

and the current signals w i l l be i n a r a t i o 
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4 > U i ) 3.19b, 
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Chapter 4. 
The Durham m i l l . 

4.1. Construction 
A m i l l based on the p r i n c i p l e s given i n Chapter 3 was 

constructed, and preliminary tests of i t s performance were 
carried out i n the laboratory i n Durham. The best configura­
t i o n to be contained w i t h i n a reasonable size {less than 
50 cms diameter), was found to be one i n which the outer 
set of c o l l e c t o r s ('studs') had three times the number of 
studs of the inner set, t h i s being found by drawing suggested 
configurations accurately and f u l l sized. The c o n f l i c t i n g 
factors were; the o v e r a l l l i m i t a t i o n s on size; the desire 
to r e t a i n a 50/50 open s o l i d r e l a t i o n s h i p or as close to i t 
as possible; and the need to have a reasonable separation 
between the two sets of studs to minimise e l e c t r o s t a t i c 
coupling. I t w i l l be seen l a t e r , that i d e a l l y the outer 
(high frequency) set of studs should have a t o t a l area three 
times that of the inner set but t h i s would make the whole 
device f a r too large i f the inner studs were to be large 
enough to be reasonably e f f i c i e n t , a f a c t o r which i s 
supported by the work with the e l e c t r o l y t i c tank described 
i n Chapter 6. 

In the Durham m i l l the sets were of 6 studs and 18 studs, 
mounted on a 0.33 cms t h i c k Perspex pl a t e , 28 cms i n diameter. 
The inner ones were made from Brass O.B.A b o l t s , w i t h the 
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heads machined f l a t , and edges turned g i v i n g a clean edge to 
the sensitive area to reduce l o c a l increases i n f i e l d due to 
d i s t o r t i o n at projections. They were 1.30 cms i n diameter, 
and the outer set, made from s i m i l a r l y worked 4.B.A. h o l t s , 
were 0.63 cms i n diameter. This gave t o t a l areas, i n terms 

o _A p —4 2 of meters , of 5 x 10 m and 5.5 x 10 m , f o r the inner 
and outer sets respectively. Better agreement between the 
areas could only have been obtained by f u r t h e r machining of 
the 4.B.A. bolts which would probably have exposed the shaft 
of the b o l t s . As i t was t h i s shaft may have been the cause 
of the impaired e f f i c i e n c y of the smaller studs seen i n 
the e l e c t r o l y t i c tank work. 

The r o t o r was of hardened Aluminium, 23 cms i n diameter 
and 0.16 cms t h i c k . The exposing holes were 2.22 cms and 
1.44 cms i n diameter f o r the inner and outer sets, l a r g e r 
than t h e i r complementary studs but chosen to give the same 
(hole/stud) area r a t i o as i n both the o r i g i n a l Malan and 
Schonland m i l l , and i n a s i m i l a r m i l l constructed i n Durham 
by Mapleson (1954). Ultimately a f t e r studying various r a t i o s 
w i th the e l e c t r o l y t i c tank t h i s r a t i o was found to be too 
high but since t h i s was to be an experimental model i t was 
decided to r e t a i n as much as possible from previous successful 
m i l l s . 

An earthed, outer 'screening r i n g ' of width 2 cms was 
f i t t e d i n the same plane as the r o t o r w i t h a clearance of 
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0.33 cms. a l l round. This was an attempt' to ensure that 
an e l e c t r i c f i e l d as normal to the sensitive surfaces as 
possible was obtained. The r o t o r , baseplate, and guard 
r i n g assemblies are shown i n fi g u r e 6.3a. and a l l exposed 
surfaces were Chromium plated to reduce contact potentials 
(zero outputs). Subsequently i t was found necessary to 
cover the Perspex base with a conducting sheet, i s o l a t e d 
from a l l the studs, i n an e f f o r t to eliminate a very large 
spurious output. (see section 6.4.). 

The r a d i i f o r mounting the two sets of studs and holes 
should be chosen so that the 50/50 solid/open r a t i o i s 
attained as closely possible w h i l s t at the same time keeping 
the closest approach of any two holes i n adjacent sets of 
studs equal to the sum of t h e i r diameters. The inner radius 
was f i x e d at 5.7 cms and the outer at 9.5 cms. 

The r o t o r -was turned by an A.C. induction motor 
nominally of 3000 rpm. B a l l races we re added, and the r o t o r 
f i x e d d i r e c t l y onto the motor sha f t . Spring loaded, graphite 
earthing brushes were held against t h i s shaft and the load 
thus caused reduced the r o t a t i o n speed i n vacuum (no a i r 
loading) to about 2000 r.p.m. 
4.2. The estimated Durham m i l l output. 

The motor i n vacuum under load turns at 2000 r.p.m. 
Thus w1-= 1200TT , w ? = 400 Tf . 

The capacitance of the m i l l excluding coaxial cable 
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leads each of approximately 2 feet (22. pF. per fo o t ) was 
measured using a Marconi Universal bridge at 1000 c.p.s. 
Very l i t t l e v a r i a t i o n i n or 0^ was noticed between the 
screened and unscreened positions and, indeed, removal of 
the r o t o r i t s e l f caused measured value to drop by less 
than lOpF. The values obtained w i t h the r o t o r i n p o s i t i o n 
were; 

C-L (high frequency) = 57 +• 1. pF. .... 4.1a, 

Og (low frequency) - 74 "+ 1. pF. .... 4.1b. 
That i s , there i s 2pF difference between the screened 

and unscreened positi o n s , and the bulk of the instrument's 
capacitance seems to have been associated with the bulky 
Perspex baseplate and i t s A l . covering. Lengths of coaxial 
cable may be employed so that the t o t a l capacitance w i l l be 
100 pF f o r e i t h e r ' m i l l ' . I n the case of any m i l l mounted i n 
a rocket or s a t e l l i t e the leads would be shorter than the 
one or two feet required i n t h i s case, and t h i s would give 
an easy means of trimming the outputs without making G too 
large . 

Knowing these values, and noting expressions 3.18, the 
value of H may be calculated. The use of equal values of R 
f o r both sets of studs ensures that they w i l l a t t a i n the 
same D.G. p o t e n t i a l when subjected to the same charged 
p a r t i c l e f l u x . This minimises differences i n f i e l d d i s t o r t i o n , 
and i n the repulsion of charged p a r t i c l e s ( i . e . , the current 
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c a r r i e r s ) , which have energies ( f i g u r e 2.1.) of the same 
order as the P.O. voltage generated i n equation 3.9* 

I f w1C1R1 = 0.75, i f wx = 1200 TT and G± = 0 2 = lOOpF, 
then R = 7.5 x 10" 1 = 2 x l 0 6 ohms .... 4.2. 

1200 TT x l O " 1 0 

Substituting t h i s i n equation 3.7a. including ^)(x- L); 

V' - £ EA w.R. d) (x,) cos wt/2 4.3a 
La 0 0 i i -

Dropping the cosine term to obtain a peak to peak value, 
from fi g u r e 3.1. $(0.75) =0.81, so that i f A Q= 5 x i o " 4 m2 

—12 and £ •= 8.86 x 10~ Farads/meter 
0 

V-ĝ , the peak to peak voltage w i l l be; 
V™ = 8.86 x 1 0 " 1 2 x 5 x 10~ 4 x 8.1 x 10" 1 x 1200IT.2 x 10 6/2 

J i l 
= 1.4 x 10~^volts/v/m. .... 4.3b 

Si m i l a r l y f o r w£ - 400 TT and <£(0.25) •= 0.97 

V E 2 - 8.86 x 1 0 ~ 1 2 x 5 x 10" 4x 9.7 x 10" Xx 400ITx 2 x 10 6/2 
= 5.4 x 10"^ volts/v/m. .... 4.4. 

The deviation from l i n e a r frequency dependence caused 
by <j) (x) means that 

2.54 
VE2 

Consider now a charged p a r t i c l e current density of 
10" amps/meter2 with the same values of w, C, E, and <j) (x) . 
From equation 3.9. 

ve = * A
0

R - | i n w t - 4 ( X ) .... 4.5a. 
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Therefore, V -, = 10~ 5x 5 x 10" 4 x 2 x 10 6x 8.1 x l O " 1 ^ . 
= 4.05 x 10"^ v o l t s ptp. .... 4.5b 

= 10~ 5x 5 x 10~ 4x 2 x 10 6x 9.7 x 10 _ 1/2 
- 4.85 x 10" 3 v o l t s . p t p . .... 4.5c 

Y c2 

gi v i n g V c l = 

I n both cases (4.5b and 4.5c) the studs w i l l be 
raised to DO p o t e n t i a l of, 

j AQR/2 =* 10" 3 x 5 x 10" 4 x 2 x 10 6/2 
- 3 

— 5 x 10 v o l t s d.c. .... 4.6. 
4.3. Analysis of f i n a l m i l l outputs 

At f i r s t sight i t would seem that i n the analysis of 
res u l t s obtained from such a m i l l operating i n an ionised 
region, the a p p l i c a t i o n of a correction f a c t o r , (^(xg)? 
(J) (x^) to the values given by expressions 4.3b and 4.5b 
would s u f f i c e to equalise the current components, and 
followed by subtraction of the t o t a l outputs from both 
sets of studs ( V T 1 - Y ^ ) , would give a quantity proportional 
to the applied f i e l d . 

However both of the components making up each t o t a l 
signal are sinusoidal, 9 ° out of phase, and from AG theory 
(Joos 1951), ( f o r both sets of studs); 

V' - V,, cos wt. + Y cos (wt + 0 ) .... 4.7. 
1 a C 
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Y' Y cos wt -+ V cos wt cos©- V sin wt sin b .... 4.8. 
X Hi C C 

as Yj cos (wt + |3 ) .... 4.9. 
¥7ii ere 

cos 0 = V E+ V ccos 0 £( V * V ccos 0 ) 2+ V 2sin 20] .... 4.10a 
sin|3 = V csin0 £(V + Vccos 0 ) 2 + V 2 s i n 2 0 j .... 4.10b 
Y T - (V 2 + Y 2 + 2Y EY c cos 0 ) * . .... 4.10c 

I n the present case D« 90°, cos 6 s 0, s i n 0 = 1 . and 
since Y w i l l usually be at least one order of magnitude 
gresiter than V̂ ,, ^3 i s approx 60°» 

Thus the res u l t a n t of the two components f o r each 
set of studs i s a t h i r d sinusoidal signs-1 of the same 
frequency and|S° out of phase with the f i e l d component, and 
amplitude given by equation 4.10c. 

The phase of the signal i s of l i t t l e i n t e r e s t and 
since (V- V j ^ < (V 2 + V 2 ) * , i t w i l l have l i t t l e e f f e c t 
upon amplitude'. 

I f the m i l l has been calibrated separately f o r both 
f i e l d s e n s i t i v i t y and current s e n s i t i v i t y , then i f and 
Kg are these s e n s i t i v i t i e s f o r one set of studs; then from 
equation 4.10c; 

Y 2 = E 2E 2 + K 2 I 2 + aE^KgEI. cos 0 .... 4.11. 
But when 0 = 90° 

V 2
T = K 2E 2-f K 2 I 2 . .... 4.12a 



V 2
f - C 2E 2 + C2 I 2 .... 4.12b 

Where E and. I are the f i e l d and .current applied to both 
sets of studs, and 0-̂ , are the relevant s e n s i t i v i t i e s 
of the second set of studs. 

I n practice a smoothed D.G. voltsge would be obtained 
from the telemetry system of the vehicle, and i t should be 
noted that a l l the output voltages referred to i n t h i s 
Chapter are peak to peak A.G. voltages derived from a 
knowledge of the gain of the amplifying system. The 
amplifying system would have to be calibrated i n terms of 
smoothed D.C. output against A.G. peak to peak input, as 
i s i n fact done i n Chapter 8 when laboratory t e s t i n g the 
f l i g h t model of the m i l l . 

I f the constants connecting these two quantities are 
p and q, being l i n e a r over the required range of inputs, 
then 

V*̂ -ĵ  is j) *V̂fp«j «•»• A" • 13^ 

V 2
2 = q 2 V 2

2 .... 4.13b 
Therefore, 

p 2 = K 2 1 2 + K 2 I 2 .... 4.14a 

q 2 V 2
2 = C 2E 2 + C 2 I 2 4.14b 

I f the a m p l i f i e r outputs are not l i n e a r however, 
reference to the aiii/clifier c a l i b r a t i o n curve would have 
to be made f o r each value of and 



— 66 -

I t w i l l be shown i n Chapter 8 that the f i e l d outputs, 
both f o r the b u i l t i n Durham and that constructed at 
A.F.C.R.L. were l i n e a r as forecast, but that the current 
s e n s i t i v i t i e s , which were only determined accurately at 
A.F.C.l.Ii., were best expressed i n the form; 

(V c - a) = I b 4.15. 
where a and b are constants, d i f f e r i n g f o r the two 

sets of studs. 
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Chapter 5» 

The simulation of Upper Atmospheric conditions. 
5.1. The problem. 

"Before any experimental use may he made of any device 
proposed to overcome the problems set i n Chapter 2, some 
means of v e r i f y i n g i t s theory of operation under conditions 
of use must he devised, and i t must also he c a l i b r a t e d . 
This problem i s encountered by a l l workers i n upper 
atmosphere and s a t e l l i t e instrumentation, but i s p a r t i c u l a r l y 
acute when the e l e c t r i c a l structure and conditions of the 
region are concerned. 

I t i s possible to simulate conditions with regard to 
density, U?, x rays, and temperature, and large t e s t 
chambers have been constructed f o r t h i s i n the U.S. I t i s 
also possible to reproduce the mechanical conditions of 
the powered part of the f l i g h t when a l l instrumentation i s 
subject to acceleration i n the region lOg - 50g, and 
vib r a t i o n s up to several hundred ops over an amplitude of as 
much PS a few cms. (M„ Smiddy personal communication). 

When the e l e c t r i c a l structure and properties are under 
consideration however, the i d e a l at which to aim i s the 
production of a large volume (meters^ i n the present case) 
of stable, low temperature, weak plasma. This use of the 
term 'weak' plasma i s the same as used i n laboratory work on 
Plasmas (Delcroix 1960.b), 



Assuming as i n Chapter 1 that charge n e u t r a l i t y i s 
maintained, then from figures 1.1. and 1.4, a charge 

5 —5 density (n.= n ), of 10 c.c. at a pressure of 10 mm.Hg, x e 
w i l l approximate to the conditions 100 kms above the earth. 
Figure 2,5. gives an idea of the currents th a t i t i s desirable 
to apply to the instrument under t e s t . 

The main problem i n producing such a plasma f o r t e s t i n g 
purposes i s not so much i t s production but 'containing' i t 
w i t h i n the desired volume. The temperature of the electrons 
i n a glow discharge, a common form of plasma, i s high enough 
to allow them to escape to the walls of the container, 
leaving behind p o s i t i v e space charge which must be reduced 
by the constant external supply of electrons, and by the 
e l e c t r o s t a t i c f i e l d s set up by the separation of charge. 
This d i f f u s i o n to the walls may also be opposed by applying 
a magnetic f i e l d around the axis of the discharge (plasma), 
as i s done i n machines f o r i n v e s t i g a t i n g c o n t r o l l e d thermo­
nuclear reactions. These deal with 'strong' plasmas however, 
where <V * 1 , n,s n 10 1 3.c .c. and T. ~ T as 10 5 °K. 

x e x e 
Up to the present (1962) no stable volume of true 

plasma suitable f o r enviromental t e s t i n g of upper atmosphere 
instrumentation has been described. Such attempts as have 
been made (Boyd. 1960, Mechel and Harkins 1960, Ohopra 1961) 
have u t i l i s e d a stream of charged p a r t i c l e s to simulate the 
motion of the vehicle through the ionosphere, and upper 
atmosphere. 



A l l of these devices produce Hg ions which contaminate 
surfaces placed w i t h i n the beam region and t h i s same c r i t i c i s m 
applies to a suggestion (Whitlock 1960) of using Gst ions 
with which i t i s r e l a t i v e l y straightforward to obtain a 
plasma due to i t s high vapour pressure at moderate temperatures, 
i t being contained by R.F. f i e l d s w i t h i n a waveguide. 

Boyd's apparatus uses an Hg discharge at a pressure 
of about 10 J mm Hg. with cathode th a t i s p a r t i a l l y o p t i c a l l y 
transparent, allowing some of the positi v e ions to pass 
through and form a charged p a r t i c l e beam a few cms i n 
diameter. This i s large enough to t e s t small instruments 
such as Langmuir probes f o r a short time before the surfaces 
become contaminated. 

A more elaborate device described by Mechel and Harkins 
produces a small, e l e c t r i c a l l y n e u t r a l volume with i o n / 

8 
electron concentrations up to 10 cc. I n t h i s case a beam of 

j . 

Hg ions produced as i n Boyd's apparatus,causesionisation 
i n a separate limb of the same vessel where there are also 
thermionic emitters of electrons to overcome the loss to 
the walls by d i f f u s i o n of the electrons produced i n the 
i o n i s i n g processes. I f a chemically and e l e c t r i c a l l y 
correct reproduction of the intended regions of ope r a t i o n 
f o r the instrument cannot be produced, the various ways 
of producing a robust and f l e x i b l e stream of charged p a r t i c l e s 
should be considered. 
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Any apparatus devised should be robust and simple 
enough not to use up an undue amount of time i n s e t t i n g 
up f o r each time of operation, and should allow convenient 
access to the instrumentation being tested. Since frequent 
adjustments and replacements of t h i s instrumentation are 
l i k e l y , the means of producing the p a r t i c l e s should not be 
contaminated by the atmosphere to any extent which cannot 
be compensated. I t should also be possible to apply an 
e l e c t r i c f i e l d to the device at the same time as a charged 
p a r t i c l e f l u x . 

Since the chemical composition of the atmosphere does not 
a l t e r appreciably up to about 100 kms, ( R a t c l i f fe 1960g), 
no special gases need be introduced i n t o the t e s t i n g chamber. 
Bearing t h i s i n mind, and also the fa c t t h a t a r e l a t i v e l y 
large volume i s required, we w i l l consider the various 
means available f o r the production of i o n i s a t i o n or of 
charged ^ a r t i c l e s of e i t h e r sign i n the laboratory* 
5.2.. Sources of i o n i s a t i o n and of charged p a r t i c l e s . 

I f i o n i s a t i o n may be produced w i t h i n a suitable 
volume, charged p a r t i c l e s of e i t h e r sign may be drawn o f f 
by the ap p l i c a t i o n of suitable voltages to accelerating 
g r i d s , and made to impinge upon the instrument under t e s t . 
This also applies t o a stream of charged p a r t i c l e s which may 
be drawn o f f from a thermionic emitter. 

A photocurrent produced by a UV source shining on the 
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instrument under t e s t would be the equivalent of a f l u x 
of p o s i t i v e charges landing on i t . 

A review of methods f o r producing p o s i t i v e ions i s given 
by Duckworth (1958), although of those given only surface 
i o n i s a t i o n i s mentioned below; the others being discarded 
on grounds of e r r a t i c performance (gas discharge), 
complexity (electron impact source), or the production of 
unsuitable ions (gas discharge). 

Three means of producing i o n i s a t i o n or charged 
p a r t i c l e s w i l l be considered i n more d e t a i l , they are 

a. Photoemission. 
b. Radioactive sources 
c. Thermionic emission 

a. Photoemission. 
I f the use of X rays i s discounted on grounds of 

safety, and the quantity of a u x i l i a r y equipment needed, 
then the pliotocurrents that could be obtained using UT 
lamps may be calculated. 

Before an electron can be ejected the condition, hv y cj> 
must hold, where h i s Planck's constant, "v the frequency 
of the (UV) l i g h t , and (j) i s the work function of the 
surface involved. I n the present case t h i s surface i s the 
working surface of the instrument under t e s t , which i s 
most l i k e l y to be Au (<p = 4.54 v o l t s , Hermann and Wagener 
1951). This is the material which has been found to give 
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the lowest and most stable contact p o t e n t i a l errors when 
used i n upper atmosphere instruments (Smiddy. personal 
c ommunication). 

Thus to give r i s e to emission the wavelength X of the 
UV l i g h t must be not greater than; 

^ Oil • e * • 5 • » 

where c i s the v e l o c i t y of l i g h t , and <p i s expressed 
i n e rgs» 
Thus. x' - 3 x 10 1 0x 6.625 x 10" 2 7 

4.54 x 10~ 1 2x 1.6. 
o 

r 2.74 x 10"5cms.(2740 A). 5.1b. 
I f suitable TJV sources were available with a s i m i l a r 

power output to the Mazda MBf/U. series, which give 0.25-
o 

wa 11s/stera.dian at 3640.A (Mazda data sheet l/DIS/MB/3), 

then there i s s t i l l the question of photoelectric y i e l d 
('efficiency*) to be considered. Not every photon incident 
upon the working surfaces releases a photoelectron, and 
although Au has a higher y i e l d than most (Walker et a l 1955), 

o 
t h i s i s only about 4$ at a wavelength of 1000A and decreases 
with longer wavelengths. 

Assume that a ' y i e l d ' of 1$ ware possible, and that 
s i m i l a r power outputs to above were available then a 

p 
working surface of l.cm at 25 cms from a lamp emitting 0.25 

o 
watts/steradian (2740A) would give a photocurrent of; 
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power output x steradians x e — 4 x 10" x 10 x 10 x 1.6x 10" 
photon energy (ergs), 1.6 x 10 x 4.54 

—7 2 = 8.8 x 10 amps/cm . .... 5.2. 

This i s a current as great or greater than i s l i k e l y 
to the needed i n t e s t i n g instrumentation designed f o r use 
i n the f i r s t few hundred kms above the earth ( f i g u r e 2.5)» 
"but the only way that i t ' s i n t e n s i t y could be varied would 
be by various f i l t e r s , which would be very inconvenient to 
adjust w i t h i n a vacuum chamber. On the other hand i f a 
constant high i n t e n s i t y were required (simulation of solar UV) 
then t h i s would be quite suitable (Bridge et a l 1959)* 

b.. Radioactive sources. 
There are two processes which need to be considered, 

by which charged p a r t i c l e s are found i n the v i c i n i t y of 
the R.A. source. 

F i r s t l y some of the emitted p a r t i c l e s w i l l themselves 
impinge on the working surfaces, and secondly a l l the 
emitted p a r t i c l e s including those i n the f i r s t category 
w i l l undergo i o n i s i n g c o l l i s i o n s along t h e i r paths. The 
number of ion/electron pairs produced depends upon the 
type of p a r t i c l e , i t s energy, and the type and density of 
the gas through which i t i s t r a v e l l i n g . Onlyo( and (3 
emitters w i l l be considered due to the screening and 
car e f u l handling required by y rays. 

Upon examining the pressures at which i t i s desired to 
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operate, i t becomes apparent that the second process above, 
i s of l i t t l e value due to the low number of c o l l i s i o n s per 
u n i t track length. 

The number of ion/electron pairs produced per cm track 
length i s , f o r of p a r t i c l e s (Fermi 1950); 

dN _ p .dE 1. .... 5 . 3a. 
d x ' d G 30 x 1.6 x 10" 1 2 

where P i s the density of the gas through which they pass 
i n gms/cc. 

^ j r i s the energy loss i n ergs/gm . cm2. 

1 e 7 e 1.6 x 1 0 ~ 1 2 ergs. 
30 eV are required to produce one ion/electron p a i r . 

At an a l t i t u d e of 125 kms above the earth (10 mm Hg) the 
value of P i s 10" gms/cc, 
(ABBC) and dE/dG i s 1200 ergs/gm cm2 f o r 4* MeV <* «s (Fermi 
1950), thus; 

dN _ 10" 1 : Ix 1200 «250 ion pairs /cm t r a c k .... 5.3b 
dx 30 x 1.6 x 1 0 " 1 2 

and thus the range of each 4. MeV Oi p a r t i c l e w i l l be; 
f t 2 4 x 10 = 5.33 x 10 cms. 5.4. 

30 x 250 
I n a chamber with a greatest dimension of h a l f a meter 

a considerable amount of r a d i o a c t i v i t y would.be needed. 
One mi H i curie w i l l give 3.71 x 104" disi n t e g r a t i o n s per 

http://would.be
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second and i f these are spread over a l l d i r e c t i o n s , then 
f o r a useful track length of 50 cms, over 2 TT steradians 
(one side of source i n chamber) a, t o t a l of; 

3.71 x 10 4x 250 x 2JT x 50 = 2.32 x 10 8ion pairs/second. . 
A if 

5 . 5 . 

Which gives a t o t a l charge/second ( i . e . current) made 
available of 2.32 x 10 8 x 1.6 x 10~ 1 9 = 3.72 x 1 0 " 1 1 

coulombs/sec.(amps), 
I t is very u n l i k e l y that more than a small f r a c t i o n 

of t h i s charge could be drawn onto the instrument by 
accelerating g r i d s , and since R.A. sources of more than a 
few m i l l i c u r i e s require c a r e f u l handling t h i s method does 
not give s u f f i c i e n t l y large currents to simulate upper 
atmosphere conditions. Obviously the method of d i r e c t 
impacts w i l l be even less s a t i s f a c t o r y since only one 
charged p a r t i c l e r e s u l t s from each d i s i n t e g r a t i o n , and a 
much smaller proportion of them leave the source i n the 
r i g h t d i r e c t i o n . 

c. Thermionic emission. 
The chief a t t r a c t i o n of t h i s method i s the ease with 

which the emitted current may be varied by varying the 
power applied to the emitting elements. 

I d e a l l y , to reproduce upper atmosphere conditions i t 
v/ould be desirable to produce posi t i v e ions; although t h i s 
i s possible (Moak et a l 1959, Duckworth 1958) the coating of 
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the oxide of the required i o n , which i s usually applied 
to the filament i s contaminated by the atmosphere, thus 
rendering i t useless f o r a 'demountable' apparatus which 
would be frequently opened to the atmosphere. 

On grounds of s i m p l i c i t y and robustness a system using 
Tungsten (W) filaments gives a useful source of electrons. 
These electrons may be directed onto the instrument under 
t e s t by applying accelerating potentials to a number of 
g r i d s , which should have as high an o p t i c a l transparency as 
possible. I f the wire of the g r i d i s of small diameter 
compared with the mesh spacing, and i f these gaps are small 
compared with the distances betv/een the grids then the 
e l e c t r o s t a t i c f i e l d w i l l be perpendicular to the plane of 
the grids except very close to the wires themselves, and 
most electrons w i l l pass perpendicularly through the g r i d s . 

Tungsten has the advantage of a high melting point 
(3387°K), which means that i f run normally at a moderate 
temperature (a domestic lamp bulb operates at about 2500°K) 
a. f a l l i n g o f f i n emission due to any contaminations may be 
compensated f o r by increasing the running temperature. 
Suitable filaments may be made from small lamps such as 
Galvanometer lamps, by c a r e f u l l y removing the glass bulb. 
This also gives a convenient way of mounting a number of 
filaments as required. 

Figure 5.1. (Hermann and Wagener 1951) shows the 
v a r i a t i o n of current emitted per u n i t area, with temperature 
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and was obtained by s u b s t i t u t i n g i n Richardson's equation? 
i = AT2. exp( - 0/kT) . .... 5.6. 

2 
where A i s a constant, (A =120 amps/cm f o r most metals) 

i s the work function of the emitter i n ergs, 
k i s Boltzmann 1s constant 
T i s the absolute temperature of the emitter 
i i s the saturated current, that i s the t o t a l 

charge emitted per second. 
Now i f the instrument to be tested has a t o t a l area of 

2 
some hundreds of cm { o v e r a l l dimensions) and a current 

8 2 
density of about 10"" amps/cm i s re qui re d then t o t a l 
emitted currents must be at least of the order of microamps 
and probably a great deal higher to allow f o r the low 
e f f i c i e n c y to be expected when electrons are i n a container 
with many conducting components besides the instrumentation 
i t s e l f . 

On removing the glass envelope from a 12v. 24 watt 
galvanometer lamp the filament was found to have an o v e r a l l 
length of 0.45 cms, an outside diameter of 0.08 cms, and 
to be made of Tungsten wire 0.01 cms i n diameter. I t i s 
wound with very small spacing between adjacent turns and. 
f o r a quick approximation i t was assumed that the e f f e c t i v e 
exposed area of each t u r n , of which there were over twenty, 
compensated f o r the spaces thus giv i n g a t o t a l emitting; 
surface of; 

TT x 4.5 x 1 0 _ 1 x 8 x 10" 2 = 1.4 x 10" 2 cm2 5.7. 



Six such lamp filaments i n t h e i r o r i g i n a l base caps 
2 

mounted i n landholders would give a t o t a l area of 0.84cm , 
which from figure 5.1. would give a saturated current of 
5 x 10~^amps, a.t a temperature of 1650°K. 

I t may be shown (Hermann and Wagener 1951. v o l . 2} 
that the mean energy of the emitted electrons i s kT, where 
these symbols have t h e i r usual meanings. They have a 
Maxwellian d i s t r i b u t i o n of v e l o c i t i e s , where v the mean 
v e l o c i t y i s ; 

c x 

v = 5.53 x 10 ( T ) 2 cms/sec. .... 5.8. 
Expressed i n terms of electron v o l t s , at 1650°K the mean 
energy w i l l be; 

kT —1.38 x l O ' ^ x 1650 1.42 x 10" 1 eV 
1.6 x 1 0 " 1 2 1.6 x 1 0 ~ 1 2 

.... 5.9» 
and thus low voltages w i l l be required to influence the 
motion of electrons i n the vacuum chamber, always remembering 
that with a Maxwellian spread, some electrons w i l l have 
much higher energies. 

Due to the s i m p l i c i t y and f l e x i b i l i t y of t h i s method 
i t was decided to construct such a device, to provide a f l u x 
of electrons onto the m i l l under t e s t . 
5.3. The Durhamtest chamber. 

There was available i n Durham a vacuum system capable 
of a t t a i n i n g a pressure of 10~5mm Hg, when c a r e f u l l y set up, 
a f t e r two to three hours pumping. A Mercury d i f f u s i o n pump, 
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backed by a rotar y o i l pump, evacuated a vessel formed by 
a 20" length of |; s t e e l piping, 14" i n t e r n a l diameter, 
I t rested on a 20" diameter machined f l a t , stainless steel-
baseplate, i n which there was an opening to the pumps. The 
top of the chamber was formed by a s i m i l a r plate and both 
were vacuum sealed to the piping forming the walls by 
demountable L sectioned rubber seals. Thus the three 
components could be e l e c t r i c a l l y i s o l a t e d from one another, 
although the baseplate was earthed. 

I n both top and bottom plates, there were four 
vacuum sealed electrodes f o r power supplies and signal 
leads, and i n the bottom plate there were three O.B.A. 
threaded sockets f o r mounting apparatus. 

Figure 6.1. gives a section through the completed 
chamber with the m i l l i n p o s i t i o n and fig u r e 6.4b shows the 
filament and g r i d assembly, together w i t h the top p l a t e . 
Two models of t h i s 'test r i g ' were constructed, the present 
one described here, and a, second one at A.P.C.R.L., based on 
the same idea and described i n Chapter 7. 

The emitting filaments are arranged so that they are 
the most negative part of the apparatus, the instrument 
under t e s t i s earthed, and i s the most po s i t i v e p a r t . The 
power source f o r these filaments has i t s p o s i t i v e end 
connected to the top plate of the chamber, which i s connected 
to one lead, of the filaments, the negative end i s connected 
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to the other lead of the filaments. I n the Durham case, 
s i x 12 volts. 24 watt galvanometer lamps were used i n series, 
but i n the A.F.C.R.I, model ten 28v 24, watt a i r c r a f t lamps 
were employed. The l a t t e r arrangement i s more s a t i s f a c t o r y 
since the potent i a l s of the bulbs connected i n series varies 
along the c i r c u i t and thus the p o t e n t i a l d i s t r i b u t i o n i s 
not symmetrical over the plane of the filaments. 

Figure 5.2. shows a section through one 'of the three 
i d e n t i c a l bushes which supported the accelerating g r i d s , 
and insulated them from the c e n t r a l mounting column. A 
email hole was d r i l l e d through each one to allow the e l e c t r i c a l 
leads to the g r i d and the lower bushes, i f any, to pass, through. 

As soon as the electrons are emitted they are i n an. 
e l e c t r o s t a t i c f i e l d , p o s i t i v e downwards, and are a t t r a c t e d to 
the uppermost g r i d Gl through which some of them pass. The 
potenti a l s of the second and t h i r d grids are successively . 
less negative than the f i r s t , and the t h i r d one w i l l be at 
earth p o t e n t i a l i f no e l e c t r i c f i e l d i s "being applied to the 
m i l l . 

Two accelerating grids i n addition to t h i s lowest 
screening g r i d ^ i n an attempt to prevent too great a loss of 
electrons to the conducting walls of the chamber. I t was 
possible to vary the p o t e n t i a l of the walls and t h i s gave 
some measure of co n t r o l over the d i s t r i b u t i o n of current 
flow (see below). 

The grids themselves were made of Cu mesh of l/32 t t wire 
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w i t h spacing giving- an o p t i c a l transparency o f 45$, 
which was as h i g h as could be obtained i n any commercially 
o b t a i n a b l e mesh. They were 13" i n diameter and bound by 
fuse w i r e t o a 14 gauge s t e e l wire former around the 
c i rcumferenc e. 

The power s u p p l i e s f o r the e m i t t i n g f i l a m e n t s came from 
a Post O f f i c e s u r p l u s , f u l l wave r e c t i f i e r , r a t e d up t o 
110 v o l t s , 2.5 amps. Three stages of L.O. smoothing 
( I s= 10.H. C as 5 x 10"^P) were added and the r e s i d u a l mains 
r i p p l e was 0.25 v o l t s p . t . p . a t 100 v o l t s , 1.5 amps. Three 
stages o f smoothing were needed since w i t h two stages when 
the f i l a m e n t s were drawing above about 1 amp, 50 cps mains 
r i p p l e o f s e v e r a l hundreds mV p.t.p was observed superimposed 
upon the c u r r e n t t o a passive c o l l e c t o r i n the chamber. The 
power from 240 a.c. mains was s u p p l i e d t o t h i s r e c t i f i e r 
through a •Regavolt• v a r i a b l e t r a n s f o r m e r , a l l o w i n g c o n t r o l 
of the v o l t a g e s u p p l i e d to the e m i t t i n g f i l a m e n t s between 
20 v o l t s and 125 v o l t s d.c. 
5.4. The t e s t chamber performance. 

With the Dower pack and s i x e m i t t i n g f i l a m e n t s as 
described p r e v i o u s l y , the m i l l was placed i n the t e s t 
chamber mounted on three O.B.A. screwed rods i n the base of 
the chamber, and the two sets o f c o l l e c t o r studs connected 
by screened leads t o the vacuum sealed e l e c t r o d e s i n the base. 
These l e d i n t o a screened can on the underside of the 
chamber base and from here by means of c o a x i a l leads t o the 



two a m p l i f y i n g systems. 
At f i r s t the screening r o t o r was removed from the m i l l 

so t h a t some idee, of the magnitudes of c u r r e n t s produced could 
he gained, and these were i n i t i a l l y measured simply "by p l a c i n g 
a T i n s l e y 4500A moving c o i l galvo between the studs and 
e a r t h . This had a s e n s i t i v i t y of 1500 Him//iA(at one meter 

2 
m i r r o r - s c a l e d i s t a n c e ) and w i t h the 5cm t o t a l c o l l e c t i n g 

-9 
area gave 1 cm. d e f l e c t i o n f o r a c u r r e n t of 1.33 x 10 amps. 
This was w i t h i n the range des i r e d hut t o measure very small 
c u r r e n t s i t was necessary t o use a V i b r a t i n g Reed Electrom­
e t e r ( M b r o n 33B) t o measure the d.c. v o l t a g e generated across 
a known h i g h r e s i s t o r placed between the c o l l e c t i n g studs 

12 
and e a r t h . This had a wide range and with a 10 ohm r e s i s t o r 

-15 
c u r r e n t s as low as 10 amps could be detected but i t was 
not found p o s s i b l e t o m a i n t a i n steady c u r r e n t s l e s s than 

—1 ? 
10 amps, s u f f i c i e n t l y low f o r the present purpose however. 

o 
Using an i n p u t r e s i s t o r o f 10 ohras, and u s i n g a l l ranges of 
the e l e c t r o m e t e r (0 - 10m?. t o 0 - lOOOmV), i t was p o s s i b l e 

-9 / 2 
to measure c u r r e n t densities as h i g h as 2 x 10 ^amps/cm / —12 2 2 and as low as about 5 x 10~ amps/cm (both over 5 em 
c o l l e c t o r s ) . 

I t was found t h a t the e m i t t e r s could not be run when 
the pressure i n the chamber exceeded 10~"^ mm Hg. Doing so 
would e i t h e r d r a s t i c a l l y shorten t h e i r l i v e s , or cause them 
to burn out immediately. 
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Each of the three g r i d s ( G l , G2, G-3 downwards) and the 
top p l a t e o f the chamber which h e l d the f i l a m e n t mounts, 
was connected t o a separate potentiometer across a 120v 
b a t t e r y . The usual values o f the voltages a p p l i e d were; 

V f * -120v 
Y G 1 * - 1 0 0 v 

V^^ - 0 (n<> a p p l i e d f i e l d ) . . 
Coarse v a r i a t i o n i n the c u r r e n t s t o the m i l l (xlOO), 

could be obtained by v a r y i n g the power t o the f i l a m e n t s , and 
gave f i n e adjustments. 
At t h i s stage a disadvantage o f the apparatus became 

apparent which could be minimised but not e l i m i n a t e d . This 
was, t h a t f o r any set o f values o f f i l a m e n t power, f i l a m e n t 
and. g r i d v o l t a g e s , the c u r r e n t s f l o w i n g t o the i n n e r and 
o u t e r sets of c o l l e c t o r studs we re not equal. 'That of the 
o u t e r set was always smaller and t h i s was even more pronounced 
w i t h the r o t o r i n p o s i t i o n . Two p o s s i b l e causes o f t h i s were, 
f i r s t l y the a t t r a c t i o n of the e l e c t r o n s t o the w a l l s o f 
the v e s s e l , and secondly d i s t o r t i o n s of the e l e c t r i c f i e l d 
i n the v i c i n i t y o f the r o t o r and c o l l e c t i n g studs (see next 
Chapter)* 

An attempt t o minimise t h i s f i r s t e f f e c t was made by 
applying v a r i o u s voltages t o the previously earthed w a l l s o f the 
v e s s e l , and the best r e s u l t s were obtained when these were 
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connected d i r e c t l y t o the middle g r i d (G-2). I n t h i s case the 
out e r studs received a, c u r r e n t approx. 0.7 times that of the 
i n n e r studs. This v o l t a g e was taken t o be a compromise 
between too great a c u r r e n t being drawn o f f i f the w a l l s 
are not s u f f i c i e n t l y n e g a t i v e , and too l i t t l e being a t t r a c t e d 
from the c e n t r a l regions o f the chamber i f they are made too 
n e g a t i v e , thus ' s t a r v i n g * the out e r studs. 

The c u r r e n t s f l o w i n g t o the a c c e l e r a t i n g g r i d s them­
selves were measured w i t h a milliarameter placed i n s e r i e s 
w i t h the r e l e v a n t b a t t e r y a p p l y i n g the p o t e n t i a l to the 
g r i d i n q u e s t i o n . They were each found t o be of the order o f 
a few mA and since a t the time a l l the measurements were 
made the w a l l s o f the ve s s e l were connected t o G-2, t h i s 
gave an i n d i c a t i o n of the t o t a l c u r r e n t e m i t t e d . This 
i n d i c a t e s a t o t a l emission from the f i l a m e n t s o f about 

10mA, and an o v e r a l l transparency t o e l e c t r o n s f o r the g r i d s 
-4 

of l e s s than 10 a t the most. This i s much le s s than the 
o p t i c a l transparency (.09 f o r the three g r i d s t o g e t h e r ) 
but t h i s reduced transparency t o e l e c t r o n s , even r e l a t i v e 
t o more massive charged p a r t i c l e s , has been noted by oth e r 
workers (Bourdeau et a l 1961) . 

Such an output agrees the expected emission ( f i g . 5.1.) 
a t a temperature o f approx. 2500°K deri v e d by c o n s i d e r i n g 
the r i s e i n r e s i s t a n c e o f the f i l a m e n t s from 3 ohms, t o t a l 
a t 300°K t o o p e r a t i o n at 74 v o l t s , 1,8 amps. Figure 5.3. 



(langmuir and Jones 1927) gives the r i s e i n r e s i s t i v i t y 
with, tenroerature and a r i s e o f ; 74 x L = 13.7* 

T78- 1 
corresponds t o a temperature o f 2500°K. For an e m i t t i n g 

p 
area of 0.014 cm the c u r r e n t e m i t t e d i s 13mA. 



Chapter .6. 

The experimental work i n Durham. 

6.1. The m i l l a m p l i f i e r s and power s u p p l i e s . 

The theory o f the m i l l suggested t h a t a m p l i f i e r s 
_5 

capable of d e t e c t i n g a. s i g n a l i n the r e g i o n o f 10 v o l t s 
p . t . p . ( a p p l i e d f i e l d s i g n a l ) t o 1 0 ~ \ o l t s p . t . p . ( c u r r e n t 
component) would be required. 

Accordingly one a m p l i f i e r was constructed as shown i n 
f i g u r e §=f*. Negative feedback over three stages o f B.C. 
coupled a m p l i f i c a t i o n was varied t o give v a r i a b l e g a i n 

3 4 i n a range 3.10 t o 7.10 . 
A ' p a r a l l e l T 1 f i l t e r was i n c l u d e d i n the feedback 

loop i n an e f f o r t t o reduce the s i g n a l t o noise r a t i o 
o f the a m p l i f i e r when d e a l i n g with i n p u t s o f a few 
m i c r o v o l t s amplitude. This component has a very h i g h 
impedance when H =s 1/wO and thus a t t h i s value of w no 
feedback occurs and the gain a t t h a t frequency i s undimin­
i s h e d . I n p r a c t i c e complications arose since there was a 
phase s h i f t i n the three a m p l i f y i n g stages not equal t o a 
m u l t i p l e o f If and thus a phase s h i f t i n g network had t o be 
added (Everest 1941). 

This a m p l i f i e r proved t o be unnecessary f o r the m i l l 
when constructed since the zero output could not be reduced 
below a m¥ p.t.p. thus meaning t h a t the a m p l i f i e r had t o be 
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run a t minimum g a i n which could he obtained more simply, 
w i t h o u t the l i m i t i n the present case o f ove r l o a d i n g 
o c c u r i n g a t 20mV p.t.p. i n p u t . 

Two a m p l i f i e r s were constructed u s i n g i d e n t i c a l EP 86 
pentodes t o give two stages o f E.G. coupled a m p l i f i c a t i o n 
w i t h a l l components the same value .as i n the f i r s t stage o f 
f i g u r e 6,5? w i t h two exceptions. The i n p u t r e s i s t o r was. 
2 Megohms t o o b t a i n an adequate output w h i l s t n ot s a c r i f i ­
cing too much t o (J> (x) (Chapter 3)» and the anode load of 
the second stage was a 1 Megohm v a r i a b l e t o give crude 
c o n t r o l over the g a i n . A cathode f o l l o w e r as i n f i g u r e 
6.5. was also f i t t e d . 

The l e a s t d e t e c t a b l e s i g n a l w i t h t h i s a m p l i f i e r was 
8 m i c r o v o l t s as opposed t o 6 m i c r o v o l t s i n the previous 
amplifer, and the v a r i a b l e anode load allowed a range o f 
gains between 100 t o 3000. The frequency response was 
e f f e c t i v e l y f l a t between 600 cps and 1500 cps, f a l l i n g off 
beyond t h i s range, and increasing.below i t . 

The power su p p l i e s were obtained from a power pack 
b u i l t and shown i n f i g u r e 6.8. The H.T. supplies were 
s t a b l i s e d a.t +225 v o l t s w i t h t h r e e 7501 neon discharge 
s t a b i l i s e r tubes. The 50 cps mains ripple remaining was 
5 mVp.t.p. a t 100 mil. The heaters were also s u p p l i e d w i t h 
D.O. power i n an e f f o r t t o av o i d any mains r i p p l e being 
fed t o the a m p l i f i e r s ; three stages of LO smoothing gave 
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10m? p.t.p r i p p l e a t 6 v o l t s , 1.6 amps. The r e s u l t a n t 
r i p p l e a t the output o f the a m p l i f i e r was 0.5 v o l t s p.t.p. 
(superimposed on m i l l a m p l i f i e d s i g n a l o f a few v o l t s ) and 
t h i s could not be reduced even supplying the heater c u r r e n t s 
from accumulators. 

I t was necessary t o i n s e r t a ' P a r a l l e l T' network 
tuned t o e l i m i n a t e 50 c.p.s. s i g n a l s between the cathode 
f o l l o w e r and the C.R.O. used f o r observations, since no 
matte r how much screening was employed a ver y l a r g e 50 c.p.s 
s i g n a l (many v o l t s p.t.p.) was superimposed whenever the 
m i l l motor was r u n n i n g . Thus since no ove r l o a d i n g o f the 
valves occurred i t was p o s s i b l e t o e l i m i n a t e t h i s from the 
system a f t e r a m p l i f i c a t i o n . 

6.2. The m i l l performance i n the t e s t i n g chamber. 
Throughout the course of the work described i n t h i s 

chapter there was the c o n t i n u i n g inconvenience t h a t no 
r e c o r d i n g equipment, such as a m u l t i c h a n n e l pen recorder, 
was a v a i l a b l e , making comparisons of performance, and accurate 
c a l i b r a t i o n s extremely d i f f i c u l t . The only means o f observing 
the m i l l performance was by d i s p l a y on a double beam O.H.O., 
and i t was found necessary t o r e c a l i b r a t e the ranges o f t h i s 
i nstrument t o know r e l a t i v e values of s i g n a l d i s p l a y e d by 
i t , over a s u f f i c i e n t l y wide range o f val u e s . Any a m p l i f y ­
i n g systems used i n c l u d e d cathode f o l l o w e r f i n a l stages f o r 
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connection t o d i a l d i s p l a y A.C. vo l t m e t e r s or pen recorders, 
i f r e q u i r e d but i n a l l the measurements quoted the C.R.O 
was connected across the anode load of the f i n a l a m p l i f y i n g 
stage, and peak t o peak values are quoted. 

Figure 6.1. shows the o v e r a l l set up f o r examining the 
m i l l output when placed i n the chamber. By s h o r t i n g out 
t h a t p a r t o f the c i r c u i t enclosed by the broken l i n e the 
observed output became t h a t from an ' i n f l i g h t ' c i r c u i t where 
no c a l i b r a t i o n s are p o s s i b l e . A l l leads were of screened 
c o a x i a l cable, and the b i a s s i n g c i r c u i t and output s e l e c t o r 
s w i t c h , were each i n a separate screening can. 

I n i t i a l l y , e l e c t r i c f i e l d s only were a p p l i e d to the 
m i l l , both w i t h and w i t h o u t b i a s s i n g a p p l i e d t o the c o l l e c t o r 
studs t o minimise zero o u t p u t . As the m i l l t h eory f o r e c a s t 
a h i g h e r v o l t a g e was r e q u i r e d to minimise the zero output 
from the o u t e r set o f studs, both i n n e r and ou t e r sets 
r e q u i r i n g v o l t a g e s o f between - 0.20v. and — 0.80 v o l t s , 
measured by valve v o l t m e t e r a t p o i n t 1 V on f i g u r e 6.1.. 
With the r o t o r / s t u d clearance of 0.2cms t o 0,3 cms, these 
corresponded t o zero outputs of f i e l d o f a few hundreds o f 
v/m ( p o s i t i v e ) i n magnitude. The same l e v e l o f minimum 
zero output could be obtained by di s c o n n e c t i n g the b i a s s i n g 
c i r c u i t and a p p l y i n g a p o s i t i v e v o l t a g e t o the lowest g r i d . 
Since d i f f e r e n t v o l t a g e s would have t o be a p p l i e d t o the 
two sets o f studs, s e r i o u s l y u p s e t t i n g the charged p a r t i c l e 
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c u r r e n t s f l o w i n g t o the two s e t s , i t would he b e t t e r not t o 
attempt t o e l i m i n a t e the zero output, hut t o a l l o w f o r i t 
i n c a l i b r a t i o n , even t a k i n g advantage of the p o s s i b i l i t i e s 
o f s i g n discrimination t h a t i f o f f e r s . 

With the gains o f the a m p l i f i e r s set a t xlOOG the zero 
outputs o f the i n n e r and o u t e r sets were found to be 4 x 10""^ 
v o l t s , and 6 x l C T ^ v o l t s , peak t o peak.(p.t.p). These are 
two orders o f magnitude l a r g e r than the f i e l d s e n s i t i v i t i e s 
expected from m i l l t h e o r y , but since they remained a t 
steady values corresponding t o negative f i e l d s o f s e v e r a l 
hundreds o f v/m, t h i s was no o v e r r i d i n g disadvantage. 

I f the a c t u a l curves o f output against a p p l i e d f i e l d 
were p l o t t e d , then t a k i n g i n t o account the inaccurate methods 
of measuring the values of ou t p u t , the slopes o f these 
curves gave f i e l d s e n s i t i v i t i e s o f between 5 x 10~^volts/v/m. 
and 10~^volts/v/m, w i t h the o u t e r set always having the 
g r e a t e r v a l u e . This was l e s s i n magnitude than expected, 
but experience w i t h c onventional s e c t o r type m i l l s has shown 
t h a t the t h e o r e t i c a l output i s r a r e l y , i f ever achieved. 

The f a c t t h a t there was a t most a 2:1. d i f f e r e n t i a t i o n 
between the two s i g n a l s , whether zero outputs or a p p l i e d 
f i e l d s e n s i t i v i t e s , was more d i s t u r b i n g , e x p e c i a l l y since 
when the e l e c t r o n e m i t t i n g f i l a m e n t s were switched on and the 
m i l l s ubjected t o a charged p a r t i c l e f l u x then the i n n e r 
(low frequency) set of studs had the g r e a t e r s e n s i t i v i t y as 



- 91 -

forecast i n Chapter 3. However, i n Chapter 3, the c o n d i t i o n 
f o r ? o< 1/w (equation 3.11} was t h a t w 2 G 2 l 2 « 1. (see 
Chapter 3 f o r symbols), but the above, r e s u l t i n p r a c t i c e was 
found whether or not the c u r r e n t measuring device a YHE 

o 

w i t h i n p u t r e s i s t a n c e s of 10 ohms and h i g h e r , -was i n c i r c u i t 
or the value of 1 as determined i n Chapter 3 was the r e s i s t i v e 
l o a d o f the m i l l . 

At a constant speed o f r o t a t i o n , which was assumed 
throughout the experiments since the pressure was not 

-4 
p e r m i t t e d to r i s e above 10 mm.Hg, the output of e i t h e r set 
of studs when subjected t o a charged p a r t i c l e f l u x was not 

— 1 0 ? 
l i n e a r as expected. An increase o f from say 10" amps/cm 

—7 2 
to 10 amps/cm would r e s u l t o n l y i n a t e n or twenty f o l d 
increase i n o u t p u t . I f such a s e n s i t i v i t y could be 
accurately c a l i b r a t e d and the f i e l d s e n s i t i v i t y r e t a i n e d as 
i n d i c a t e d , then the d e v i a t i o n from t h e o r y could be t u r n e d 
t o advantage. Overloading o f the amplifying systems due to 
h i g h c u r r e n t s , when they were being operated a t h i g h s e n s i ­
t i v i t y t o detect small f i e l d s , would not occur u n t i l much 
hi g h e r values o f charged p a r t i c l e f l u x were i n c i d e n t upon 
the m i l l . The c a l i b r a t i o n would i n v o l v e s e t t i n g up two 
simultaneous equations which would d i f f e r from equations 4.14. 
i n t h a t the c u r r e n t ( I ) term would be o f an as y e t u n d e t e r ­
mined form. Further d i s c u s s i o n on t h i s i s delayed u n t i l 
Chapter 8, i n which the more accurate data from A.F.C.R.L 
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are a l s o considered. The remainder o f t h i s chapter i s 
devoted t o observations of the o p e r a t i n g c h a r a c t e r i s t i c s 
o f the vacuum chamber and m i l l , and t o an account o f an 
attempt t o i n v e s t i g a t e the ' e l e c t r o s t a t i c e f f i c i e n c y ' o f 
va r i o u s stud c o n f i g u r a t i o n s . 

The f i e l d , s e n s i t i v i t i e s were not a f f e c t e d by the 
a p p l i c a t i o n or otherwise of a zeroing p o t e n t i a l t o the 
studs or t o the lowest g r i d . I f the e m i t t i n g f i l a m e n t s 
were turned on f o r a sho r t w h i l e however, and then 
switched o f f , the zero output o f the m i l l was increased t o 
a g r e a t e r p o s i t i v e f i e l d e q u i v a l e n t . Since no zeroing 
would be po s s i b l e i n a ' f l i g h t ' model, accurate observations 
would be impossible i f t h i s s h i f t were caused by changes 
i n the m i l l i t s e l f , such as contact p o t e n t i a l s changing 
due t o bombardment by e l e c t r o n s o r i o n s . I t was n o t i c e d 
t h a t the s h i f t d i d not seem apparent d u r i n g the time when 
the c u r r e n t was being a p p l i e d t o the m i l l , t h a t i s f o r a 
given c u r r e n t measured w i t h the V.H.I, the m i l l output 
remained constant w i t h t i m e . Any change however may have 
been obscured by the r e l a t i v e l y l a r g e s i g n a l due t o t h i s 
c u r r e n t since the zero c u r r e n t s i g n a l corresponds t o a 

-11 
value o f I i n equations 3.8. and 3.9. o f about 3 x 10 
amps/cm , and i n most cases the a p p l i e d c u r r e n t s were two 
or three orders of magnitude g r e a t e r . 

I f changes i n the m i l l are discounted, another p o s s i b l e 
cause of t h i s zero s h i f t , which i s supported by the slow 
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r e t u r n of the zero output t o i t s i n i t i a l output over a 
period o f minutes, i s t h a t a l a r g e number of f r e e e l e c t r o n s 
are l i f t i n the volume of the chamber when the e m i t t i n g 
f i l a m e n t s are switched o f f . Workers concerned w i t h 
s i m i l a r l a r g e volume chambers (Oldenburg A.F.C.B.Ii personal 
d i s c u s s i o n ) have suggested t h a t a t h i n f i l m o f o i l from 
the d i f f u s i o n pumps of the vacuum system covers a l l exposed 
surfaces i n the chamber. Us u a l l y f r e e e l e c t r o n s have been 
found t o have a h i g h e r a f f i n i t y f o r a ' d i r t y ' surface than 
a clean metal surface but a f i l m o f o i l may have the 
p r o p e r t i e s of a very smooth surface and i t i s t h e r e f o r e 
a l o n g time before the space charge i n the chmaber may l e a k 
away t o e a r t h . 

On some occasions i t was n o t i c e d t h a t unless the 
c o l l e c t i n g studs were cleaned w i t h 001^ the zero output 
would never r e t u r n t o i t s i n i t i a l value although the 
g r e a t e r p a r t o f the enhanced zero disappeared w i t h i n a 
few minutes o f s w i t c h i n g o f f the f i l a m e n t s . The mechanical 
c l e a n i n g of the studs i n v o l v e d the opening o f the vacuum 
chamber and t h i s could have removed the l a s t t r a c e s o f 
space charge but '/hen the apparatus a t A.F.C.R.L. was used 
i n which i t was p o s s i b l e t o open and close the chamber more 
co n v e n i e n t l y and gain access t o the m i l l t h i s same remanent 
output was observed w i t h the chamber open and m i l l r unning, 
a f t e r allowance had been made f o r the r e d u c t i o n i n m i l l 

speed due t o i t s running a t atmospheric pressure. 
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Thus both surface contamination of the m i l l , and 
r e s i d u a l space charge i n the vacuum chamber seem t o 
occur, hut the l a t t e r i s more important and a f t e r s e v e r a l 
hours of use w i t h o u t mechanical c l e a n i n g , over a p e r i o d o f 
s e v e r a l weeks, the surface contamination e f f e c t becomes 
n e g l i g i b l e presumably as the surfaces 'weather*• I t might 
t h e r e f o r e be worthwhile 'weathering' i n such a c u r r e n t f l u x , 
any apparatus intended f o r use i n a c t u a l experimental f l i g h t s . 

I t was a t t h i s stage (May 1961) t h a t c o n f i r m a t i o n was 
received from the Photochemistry Laboratory A.P.O.R.L, o f 
the a v a i l a b i l i t y o f space f o r any device developed i n t h i s 
work on two Aerobee-hi research r o c k e t s , scheduled f o r 
f i r i n g i n 1962. Bearing i n mind the performance of the 
m i l l as j u s t described, i t was decided t o complete the 
development and design of the f i n a l ' f l i g h t 1 model, a t 
A.F.C.R.l i t s e l f , and f o u r months ( J u l y t o November 1961) 
were spent there f o r t h a t purpose. 

The f a c t o r s s u p p o r t i n g t h i s d e c i s i o n , apart from i t s 
more obvious a t t r a c t i o n s , were; 

a) The a v a i l a b i l i t y o f a l a r g e volume, r a p i d 
pumping, vacuum system s u i t a b l e f o r t e s t i n g 
and c a l i b r a t i n g the i n s t r u m e n t . 

b) The a v a i l a b i l i t y o f mu1ti-channe1 r e c o r d i n g 
equipment, power sources and a m p l i f i e r s . 

c) The f a c t t h a t no a l t e r a t i o n s o f any k i n d are 



p o s s i b l e to any research i n s t r u m e n t a t i o n 
l a t e r than a,bout f o u r o r f i v e months 
before the scheduled f i r i n g date. A s t r i c t 
check on a l l stages o f c o n s t r u c t i o n o f t h i s 
i n s t r u m e n t a t i o n and o f i t s t e s t i n g and 
c a l i b r a t i o n i s t h e r e f o r e d e s i r a b l e . 

6,3« fJhe e l e c t r o l y t i c tank. 

I n the time remaining before t h i s work could be 
arranged, i t was decided t o t r y and devise some means of 
comparing the r e l a t i v e amounts of f i e l d d i s t o r t i o n and 
los s o f bound charge, caused by the various r o t o r / s t a t o r 
c o n f i g u r a t i o n s . This could have been done by c o n s t r u c t i n g 
a number o f m i l l s o f va r i o u s dimensions and c o n f i g u r a t i o n s , 
but t h i s would have i n v o l v e d considerable time and expense. 
I t was reasonable t o suppose t h a t one stud and i t s complemen­
t a r y screening h o l e , would d i s p l a y the same p r o p e r t i e s and 
r e l a t i v e ' e l e c t r o s t a t i c e f f i c i e n c y * w i t h respect t o bound 
charge as a complete set of studs, so a means was sought o f 
t e s t i n g a range of Studs and holes under c o n t r o l l e d c o n d i t i o n s . 

Now a means of reproducing the p o t e n t i a l d i s t r i b u t i o n 
i n a m u l t i e l e c t r o d e system i s the e l e c t r o l y t i c tank 
( C o s s l e t t 1950, Bromer 1960). I n t h i s , a model, f u l l s ized 
or otherwise, i s set up so t h a t the v a r i o u s p o t e n t i a l s may 
be a p p l i e d t o i t as i n p r a c t i c e , and i t i s then completely 
immersed i n an e l e c t r o l y t e s o l u t i o n . Due t o the c o n d u c t i v i t y 
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o f t h i s s o l u t i o n no space charge can e x i s t w i t h i n i t and 
Poisson's equation f o r the system becomes; 

Where V i s the p o t e n t i a l a t any p o i n t i n the system. 
The s o l u t i o n thus has an ohmic r e s i s t a n c e and the c u r r e n t 
f l o w i n g across any elementary surface w i t h i n i t i s d i r e c t l y 
p r o p o r t i o n a l t o the value o f dV/dx, e t c . a t t h a t s u r f a c e . 

U s u a l l y an A.C. f i e l d i s a p p l i e d a t about 1000 cps. t o 
reduce p o l a r i s i n g e f f e c t s i n the s o l u t i o n , which i s o f t e n 
0uS0^_, though i n many cases, i n c l u d i n g the present one, 
t a p water was found to be s a t i s f a c t o r y . With a reference 
p o t e n t i a l , u s u a l l y one of the e l e c t r o d e s , and a, t i p probe on 
i n s u l a t e d leads, i t i s p o s s i b l e t o determine the p o t e n t i a l 
a t any p o i n t i n the e l e c t r o d e system, by making the 
r e s i s t a n c e o f the s o l u t i o n between the t i p probe and the 
reference e l e c t r o d e one arm o f an A.Q. bridge c i r c u i t . 

I n the present case however i t i s the p o t e n t i a l g r a d i e n t 
a t the working surface o f the c o l l e c t o r stud which i s o f 
i n t e r e s t , and due t o the ohmic r e s i s t a n c e o f the s o l u t i o n 
t h i s w i l l be i n d i c a t e d by the c u r r e n t f l o w i n g t o such a 
stud set up i n an e l e c t r o l y t i c t a n k . 

I n the m i l l t h eory f o r a. non conducting medium the 
charge Q on the c o l l e c t o r i s ; 

2 d V d T 
2 dz dy 

0 6.1. • * • * 

Q = E EA 
o 

* • • • 6.2. 
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then the e l e c t r o s t a t i c e f f i c i e n c y for bound charge 
c o l l e c t i o n , and hence for f i e l d s e n s i t i v i t y w i l l be 
d i r e c t l y proportional to the c u r r e n t flowing. With a 
constant value of the -A.C. f i e l d applied, a quick comparison 
of various configurations may be obtained. 

The screening cycle cannot be reproduced of course, 
though due to the 1000 cps applied f i e l d the t o t a l current 
flowing through the c o l l e c t o r w i l l vary i n a s i m i l a r way 
to the f i e l d m i l l , although the geometry w i l l not a l t e r . 

Figure 6.2a shows diagramatically the apparatus used 
for t h i s work, and figure 6.2b. shows the stud configuration 
i n more d e t a i l . A s e r i e s of studs ranging from 0.4 cms 
to 2.5 cms i n diameter, and a range of plates 10 cms by 
8 cms with corresponding holes ranging from 0.65 cms to 2.6 
cms diameter were constructed. The screening plates were 
of Al and the studs brass soldered onto 4B.A. screwed rod. 
The f i e l d was applied by placing the studs between the 
Al baseplate (45 x 30 cms), and a s i m i l a r upper Al sheet 
which s l i d up and down Tufnol rods mounted i n the base, 
by means of rubber grommets. A t h i r d Al sheet, also s l i d i n g 
on the Tufnol rods supported the plates containing the 
screening holes. This plate, and the base were earthed and 
A.C. f i e l d voltage was applied to the top plate. The whole 
was immersed i n tap water i n a s i x inch deep glass tank as 
shown i n figure 6.3b. Figure 6.4a. shows the lower two 
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p l a t e s w i t h a stud and sc-reening p l a t e i n p o s i t i o n , as 
w e l l as showing the same p l a t e s , and c o l l e c t o r stud p r i o r 
t o being mounted on .screwed r o d . 

The A,G, f l o w i n g t o the s t u d on i t s i n s u l a t i n g 
mount was passed through a r e s i s t a n c e R = 220k, which 
formed the f i r s t g r i d r e s i s t o r o f an a m p l i f i e r m o d i f i e d 
from those described i n Chapter 5, and shown i n f i g u r e 6.5. 
The i n p u t r e s i s t o r was reduced t o reduce the l o s s o f c u r r e n t 
f l o w i n g from the stud t o the baseplate through the s o l u t i o n 
r a t h e r than through E. 
6.4. Results and conclusions from e l e c t r o l y t i c tank. 

Before the main set o f readings were taken, a number 
of s u b s i d i a r y t e s t s were c a r r i e d out, which are given below, 
i n note form. 

i ) For a g i v e n a p p l i e d f i e l d , and stud and hole s i z e , 
the c u r r e n t c o l l e c t e d v a r i e d by as much as a f a c t o r 
of three when the h e i g h t of the upper surface of 
the middle p l a t e was v a r i e d between 0.2 cms and 
0.5 cms above the upper surface o f the s t u d . 
I n a m i l l o f course, t h i s distance would be 
s u b j e c t t o a lower l i m i t determined by the 
thickness o f the r o t o r , t o a l l o w i t t o c l e a r the 
s t a t o r s a t a l l t i m e s . I n a d d i t i o n the capacitance 

of the r o t o r / s t a t o r system i s i n v e r s e l y p r o p o r t i o n ­
a l t o the r o t o r / s t a t o r d i s t a n c e , thus although an 
increased bound charge should be c o l l e c t e d the 



zero output from a m i l l would also increase 
w i t h i t . 

i i ) I f no middle p l a t e and screening hole are used 
then when exposed, t o the A.C. f i e l d a f o r t y f o l d 
increase i n area r e s u l t e d i n a three f o l d 
increase i n c u r r e n t f o r a given f i e l d . During 
t h i s experiment the upper surface o f a l l studs 
were 0.6 cms above- the baseplate g i v i n g the 
curve l a b e l l e d 'no holes' i n f i g u r e 6.6. I f 
f o r a given stud and f i e l d , t h i s h e i g h t were 
v a r i e d however, then the output v a r i e d by a 
f a c t o r o f from three times to f i v e times as i n i . 

i i i ) I f the A.G. f i e l d were Icert a t a constant v o l t a g e 
but i t s frequency v a r i e d by u s i n g a B.F.O, as 
the source, then the c u r r e n t c o l l e c t e d by any 
one stud decreased by about 15$ from. 100 cps t o 
1000 cps. 

i v ) To examine whether or not the close p r o x i m i t y o f 
adjacent holes i n the r o t o r would cause any f u r t h e r 
f i e l d d i s t o r t i o n and loss of ' e f f i c i e n c y ' a p l a t e 
was cons t r u c t e d w i t h a l i n e o f three holes, each 

2 
1,0 cm diameter (0.78cm ) , w i t h 2.0 cms between 
ce n t r e s . This corresponded t o the c o n d i t i o n s o f 
c l o s e s t approach between holes i n the m i l l con­
s t r u c t e d i n Durham. A 1.0 cm diameter stud was 
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placed under the centre hole w i t h a clearance 
between the upper surfaces of the stud and 
middle n l a t e of 0.3 cms. The c u r r e n t c o l l e c t e d 
by t h i s was no d i f f e r e n t from t h a t c o l l e c t e d 
u s i n g a s i n g l e screening hole w i t h the same 
clearance, so i t was assumed t h a t no i n t e r f e r e n c e 
t o the low frequency s i g n a l would r e s u l t from the 
nearby o u t e r set o f studs g i v i n g the h i g h 
frequency s i g n a l , being exposed and screened 
three times d u r i n g the course o f a s i n g l e low 
frequency cycle.. 

The f u l l r e s u l t s o f the v a r i o u s combinations of stud 
and hole s i z e are given i n f i g u r e 6.6. The range of both 
v a r i a b l e s covers' a l l values t h a t are l i k e l y to occur i n 
p r a c t i c e , the hole sizes being i n d i c a t e d on each curve and 
the v a r i o u s stud sizes used in. the c o n s t r u c t i o n of the 
curves i s also i n d i c a t e d . The a c t u a l dimensions t o be used 
were employed since r e s u l t s , cannot be e x t r a p o l a t e d i n 
e i t h e r d i r e c t i o n r e l i a b l y due to what appears t o be the 
e f f e c t of the [edge l e n g t h ; surface area"}ratio ( l / r ) . 
I n the case of the smallest studs t h i s may be v e r y appreciable 
due t o f i e l d augmentation s i m i l a r t o t h a t described by Clark 

2 2 
(1957), and f o r the studs area 0.33 cms and 0.78 cm the 
curves have l i t t l e s i m i l a r i t y w i t h the o t h e r curves obtained. 

The f i e l d a p p l i e d was 25v. peak t o peak w i t h an upper 
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"to middle p l a t e s e p a r a t i o n o f 8 cms, g i v i n g a f r e e space 
a p p l i e d f i e l d of + 125 v/m. This was monitored c o n t i n u o u s l y 
on one beam o f the Cossor C.R.Q, which was used to o b t a i n 
the r e s u l t s shown. 

Upon examining f i g u r e 6.6. i t would seem t h a t f o r any 
stud s i z e there appears t o be an optimum screening holes 
s i z e and since s m a l l s i g n a l s are t o be d e a l t w i t h i t i s 
worth w h i l e c o n s i d e r i n g t h e i r a c t u a l magnitudes as w e l l as 
the d i f f e r e n t i a t i o n due t o the working parameters o f the 
-03. ~L >j» .0 

The f a l l i n g o f f i n c u r r e n t c o l l e c t e d w i t h i n c r e as i n g 
hole s i z e above t h i s optimum value may be due t o the concen­
t r a t i n g e f f e c t of the r i m o f the hole upon the e l e c t r i c f i e l d . 
When the hole i s too small f o r the size o f stud most 
c u r r e n t flows t o the middle, earthed, p l a t e , and when i t 
i s too l a r g e the c u r r e n t f a l l s o f f since the f i e l d i s u n d i s ­
t u r b e d , causing no increase i n f i e l d a t the s t u d . 

As mentioned, w i t h the two smallest studs no t r e n d i s 
d i s c e r n i b l e ; t h i s may be due t o the edge l e n g t h : surface 
area, r a t i o mentioned, and also t o the f a c t t h a t t he 
diameters of the studs are not much g r e a t e r than the 4.B.A. 
rod on which they are mounted, and may tend t o spread out 
the p o t e n t i a l d i s t r i b u t i o n and hence c u r r e n t s c o l l e c t e d 
r a t h e r than l e t t i n g h i g h e r g r a d i e n t s around the edge o f the 
studs c o l l e c t h i g h e r c u r r e n t s . ( I * * dV/dx). 
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I g n o r i n g the two smallest studs the r a t i o o f h o l e : 
s t u d , diameters a t optimum output v a r i e s from 1.05 t o 1.33, 
w i t h a mean a t 1,14 + .04. and t h i s may give a po s s i b l e 
e x p l a n a t i o n of the r e l a t i v e l y poor performance o f the 
Durham m i l l i n which t h i s r a t i o was 2.17 and 2.27 f o r the 
i n n e r and outer s e t s . These dimensions were chosen a t an 
e a r l i e r stage i n the work t o m a i n t a i n the r a t i o set by 
previous c o n s t r u c t o r s of such m i l l s . Also t h e r e i s the 
added f a c t o r t h a t since thee sheet o f A l t o e l i m i n a t e the 
l a r g e zero output ( e q u i v a l e n t t o s e v e r a l thousands of v o l t s 
per meter) had t o be added a f t e r i n i t i a l c o n s t r u c t i o n , the 
upper surfaces of the c o l l e c t i n g studs were f l u s h w i t h the 
upper surface o f t h i s sheet, and was a t a clearance o f about 
0.1 cms a l l round from a l l s t u d s . This may have caused 
lo s s o f f i e l d s t r e n g t h a t the c o l l e c t i n g surfaces and t h i s 
i s supported by the observations concerning the r e l a t i v e 
e l e v a t i o n s of components i n sections 6 , 4 i . and 6 . 4 i i . . 

F u r t h e r losses w i l l have been caused by the f a c t t h a t 
although trie 50/50 open/solid r a t i o i s maintained f o r the 
screening r o t o r dimensions due t o the dimensions given t h i s 
i s n ot a t t a i n e d i n the stud system and t h i s w i l l give an 
i n t e r m i t t e n t output s i g n a l . This showed i t s e l f as an 
asymmetry i n the waveform produced; the decay side o f a 
p o s i t i v e o r negative maximum having a dog-leg near i t s 
maximum ( i n i t i a l ) v a l u e . 
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To sum up, the p o i n t s t o "be considered when designing 
a m i l l f o r use w i t h small s i g n a l where optimum output 
i s d e s i r e d . 

i ) The c o l l e c t o r surfaces should be r a i s e d as h i g h as 
p o s s i b l e above the baseplate. 

i i ) The r o t o r clearance of the studs should be as small 
as p o s s i b l e even though t h i s w i l l increase the 
zero output due t o increased capacitance. 

i i i ) The s e p a r a t i o n of the holes between adjacent s e t s , 
and i n the same s e t , should be as l a r g e as i s 
compatible w i t h o t h e r l i m i t s , and w i t h the o v e r a l l 
s i z e l i m i t on the i n s t r u m e n t . 

i v ) The r a t i o o f the hole and stud diameters should be 
approximately 1.14:1, i n each s e t . 

The above recommendations apply only t o the e f f i c i e n c y 
o f a c o n f i g u r a t i o n w i t h respect t o the c o l l e c t i o n o f 'bound' 
charge induced by a p p l i e d e l e c t r i c f i e l d . I f the charged 
p a r t i c l e s e n s i t i v i t i e s are t o be i n v e s t i g a t e d a knowledge 
o f the range of energies t h a t such a a r t i c l e s are l i k e l y 
t o have would be r e q u i r e d . 



Work done a t A.P.C.R.L. 

July - November 1961 
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Chapter 7. 

The ' f l i g h t model' m i l l , 
and the apparatus f o r i t s c a l i b r a t i o n , 

7.1. I n t r o d u c t i o n . 
The apparatus described i n t h i s chapter comprises; 

the. f i n a l ' f l i g h t model' of the m i l l , as designed w i t h 
the p r e v i o u s l y described work i n mind, the vacuum chamber, 
e l e c t r o n e m i t t i n g f i l a m e n t s and a c c e l e r a t i n g g r i d s placed 
w i t h i n i t f o r the charged p a r t i c l e f l u x p r o d u c t i o n , the 
c i r c u i t r y f o r c o n t r o l l i n g the voltages on these g r i d s 
and f i l a m e n t s , and also the a m p l i f y i n g and c a l i b r a t i o n 
c i r c u i t s connected t o the m i l l . 

7.2. The. M i l l . 
Three i d e n t i c a l m i l l s were constructed by Comstock and 

Westcott I n c . t o the designs given below; two of these 
were f o r f l i g h t i n the Aerobee Hi's mentioned, and the 
t h i r d was t e s t e d and c a l i b r a t e d i n the vacuum chamber a t 
A.F.G.H.I, and which i s described i n s e c t i o n 7.5. 

The dimensions of the m i l l , which i s shown i n s e c t i o n 
by f i g u r e 7.1, and i n plan i n f i g u r e 7.2, were subject t o 
two l i m i t a t i o n s o n l y ; the o v e r a l l diameter could not exceed 
6jr" (15.8 cms.) and the o v e r a l l depth could not exceed 

5". (12.7 cms•) • 
'The outside diameter was f i x e d a t 6" (15.3 cms,) being 
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a convenient value and reducing the r i s k of damage t o the 
m i l l "by i t s t r i k i n g i t s surrounds i n the maximum permissible 
aperture i n the rocket s k i n , d u r i n g the v i b r a t i o n s i n the 
powered p o r t i o n of the f l i g h t . I n order t o u t i l i s e as 
ranch surface area as possible, the guard r i n g o f the Durham 
model was superseded "by making the screening r o t o r a shallow 
'umbrella*, w i t h i t s v e r t i c a l w a l l s extending both i n s i d e 
and below the out e r casing, t o s h i e l d the s t a t o r systems 
from spurious 'side f i e l d s ' . I t would of course be po s s i b l e 
to dispense w i t h the casing e n t i r e l y and make the walls o f 
the umbrella deeper. This would increase the weight t o be 
turned by the motor however, increasing the time t o a t t a i n 
the c o r r e c t running speed, an important f a c t o r i n a f l i g h t 
l a s t i n g about f i f t e e n minutes, and would also increase the 
l i k e l i h o o d of damage t o the motor s h a f t and bearings due t o 
v i b r a t i o n . 

Bearing i n mind the l i m i t i n g diameter, i t was decided 
to r e t a i n the 3 s i frequency r a t i o but t o have only f o u r 
studs i n the i n n e r set and twelve i n the o u t e r . 'The 
e l e c t r o l y t i c tank work would suggest t h a t the holes should 
be l a r g e r (1,14 :1) i n a-ea than the studs which they 
s c re en, so t h a t 5Q:5Q, screened/exposed time d i v i s i o n 
cannot be employed. 

The studs were mounted i n two co n c e n t r i c brass r i n g s 
s-s. shown i n figure 7.1. and they could be screwed up and 
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down i n d i v i d u a l l y , being locked- i n p o s i t i o n by a n y l o n 
rod which p a r t i a l l y protruded i n t o each threaded hole 
i n the r e t a i n i n g r i n g s . Two small holes were d r i l l e d 
i n the upper surface of each stud i n t o which a s p e c i a l 
t o o l f i t t e d t o make these v e r t i c a l adjustments. The brass 
r e t a i n i n g r i n g s were both embedded i n one s o l i d piece o f 
i n s u l a t o r ('Kel P') and t h e i r upper surfaces were 0.2 cms. 
above t h a t of the i n s u l a t o r t o a l l o w the r i n g s t o be h e l d 
t i g h t l y as shown i n f i g u r e 7.7. The whole assembly was 
then s l i p f i t t e d i n t o the o u t e r casing and h e l d i n olace 
by a conducting sheet through which the studs p r o j e c t e d 
but d i d not t o u c h . This p l a t e sandwiched the i n s u l a t o r 
and a t h i n l a y e r o f Nylon which h e l d the r i n g s f i r m l y i n 
place, by f o u r screws which went through c l e a r i n g holes 
i n the Nylon and K e l P, and screwed i n t o the base. A brass 
rod was f i x e d i n each mounting and the output leads were 
soldered t o these below the main body of the m i l l , i n a 
screening can. 

A l l conducting parts were made of brass w i t h the 
exception of the r o t o r and o u t e r casing, which f o r the sake 
of l i g h t n e s s and ease of balancing were both turned from 
s o l i d Magnesium. The rotor was screwed i n t o a sleeve 
which f i t t e d onto the motor s h a f t and i t s h e i g h t could be 
a d j u s t e d by means of three washers each 0.15 cms. t h i c k 
which f i t t e d onto the r o t o r i n s i d e the sleeve. With a l l 
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t h r e e washers i n place the lower surface o f the r o t o r 

was 1.5 cms. above the conducting cover t o the Kel 3? and 

Nylon, and about 0.1 cms. above the upper surface o f the 

studs i n the h i g h e s t p o s i t i o n to which they might he 

r a i s e d and y e t remain secure. 

The dimensions chosen f o r the two c o l l e c t o r systems 

we r e ; 
I n n e r set (4) 

Hole radius 0*99 cms 

Stud " 0.89 cms 

Mounting " 3.0 cms 

I n each case the t o t a l s tud area i s 3.0cm"" (4 x 2,5om'~) 

and 12 x 0.83 cms ) , and f o r the r o t o r the solid/open 

r a t i o on a l i n e through the centres i s i n both cases 42j58. 

The motor was a 24V. B.C. model, which ran f r e e at 

somewhat above 10000 r.p.m, and t h i s speed was not g r e a t l y 

reduced by the load of the r o t o r when running i n vacuum. 

I t was i n i t i a l l y intended t o m a i n t a i n the r o t a t i o n at 

8000 r.p.m. u s i n g a c e n t r i f u g a l switch r e g u l a t o r attached 

t o the motor s h a f t , but t h i s generated so much spurious 

noise i n the m i l l output t h a t i t had t o be discarded. This 

noise could i n f a c t be successively reduced by e a r t h i n g 

both ends of the screening o f the c o a x i a l leads c a r r y i n g 

the m i l l o u t puts, and by p l a c i n g a m i n i a t u r e 100^3? condenser 
i 

across the t e r m i n a l s of the motor, but i t was s t i l l too 
h i g h t o a l l o w measurements t o be made t o the m i l l output 

Outer set ( 1 2 ) . 

0.58 cms 

0.52 cms 

5.65 cms. 
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pro-oer. With the condenser and r e g u l a t o r connected, a 
C.R.O. connected across the m i l l t e r m i n a l s showed 'spikes' o f 
as much as 0.5 v o l t s , a t a few cycles per second and these 
were a m p l i f i e d and displayed on the pen recorder employed. 
The r e g u l a t o r was t h e r e f o r e disconnected and then unless the 
motor was run i n excess o f 8000 r.p.m. no i n t e r f e r e n c e was 
d e t e c t a b l e . This r e s i d u a l noise could probably be elimin­
ated or further reduced by u s i n g output leads w i t h Cu cores 
and s e r e e n i n g j i n f a c t temporary leads of t h i s kind were 
t r i e d and cons i d e r a b l y reduced t h i s n o i s e , i n d i c a t i n g t h a t 
i t was mainly magnetic. 

However i t had previously been found t h a t even w i t h 
the motor without regulation i t s v e l o c i t y of rotation with 

- 1 
the r o t o r remained constant a t pressures below 10 mm, Hg 
and i t was t h e r e f o r e decided t o re g u l a t e the motor speed 
by the voltgage supplied to i t . 

This v o l t a g e was f i n a l l y set at 13.5 v o l t s , which 
i n vacuum turned the rotor at 6250 r.p.m, g i v i n g s i g n a l 
frequencies o f 416.7 c.p.s and 1250 c.p.s. This speed 
reduced the motor noise mentioned above, to a n e g l i g i b l e 
l e v e l , and also lowered the value of (wCR) enabling a 
reasonable frequency d i f f e r e n t i a t i o n t o be obtained 
(Chapter 3 ) . This was the only way of achieving t h i s , 
since the value of 0 was h i g h e r than i n the Durham case. 
This was probably due t o the aiassive brass mounting r i n g s 
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f o r the studs, and the block of 'Kel P« i n s u l a t o r i n 
which they were embedded. Measurement of the changes i n 
capacitance caused by the t o t a l removal of the motor 
confirmed t h i s , making less than 10$ r e d u c t i o n . 
7.3. The a m p l i f i e r s , 

An a m p l i f i e r prototype f o r the a c t u a l f l i g h t s was used 
for the l a b o r a t o r y c a l i b r a t i o n s a t A. I ? . C. R. L. 

I t was c o n s t r u c t e d by Comstock and Westcott I n c . to 
the f o l l o w i n g requirements; 

a) The t e l e m e t r y system o f the v e h i c l e n e c e s s i t a t e s 
a l l i n f o r m a t i o n t o be expressed as 0 - 5v, D.O. 
p o s i t i v e f o r t r a n s m i s s i o n . The a m p l i f i e r should 
t h e r e f o r e have two ranges g i v i n g 5v. d . c . f o r 15mV 
peak t o peak ( h i g h s e n s i t i v i t y ) and 60mY (low 
s e n s i t i v i t y ) . 

b) A reasonably f l a t frequency response between 300 
c»p»s. and 1500 c.p.s. 

This a m p l i f i e r i s shown i n p a r t (low s e n s i t i v i t y s t a g e s ) , 
i n f i g u r e 7.3. I t consisted o f two t r a n s i s t o r i s e d A.P. 
a m p l i f i e r s , run i n s e r i e s t o give a low s e n s i t i v i t y output 
a f t e r one stage, and h i g h s e n s i t i v i t y a f t e r two. In each 
part the gain i s v a r i e d by changing the bias r e s i s t o r of the 
t h i r d e m i t t e r . However i t was found t h a t i n order t o 
reduce a very h i g h zero s i g n a l from e i t h e r 'stage 1 (approx• 
1 v.d.c. from low s e n s i t i v i t y ) the f i r s t t r a n s i s t o r had t o 
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be replaced by a Sylvania 5904 e l e c t r o m e t e r t r i o d e since 
the i n p u t r e s i s t a n c e s needed to comply w i t h (j>(x) were too 

h i g h f o r use w i t h t r a n s i s t o r s . 
The h i g h gain stage, th;?t i s the output from the two 

a m p l i f i e r s working i n s e r i e s , was o r i g i n a l l y i n c l u d e d 
because the t h e o r y o f the m i l l gives estimated f i e l d induced 

-5 
outputs o f the order o f 10 v o l t s p.t.p. Although the 
Durham m i l l had a l a r g e minimum s i g n a l o f s e v e r a l mV, 
even w i t h b i a s s i n g a p p l i e d t o the studs, which obscured 
t h i s s e n s i t i v i t y , i t was hoped t h a t a p r o p e r l y engineered 
example might improve t h i s . 

The s e n s i t i v i t y of t h i s prototype a m p l i f i e r ( f i r s t 
•stage', as used) i s shown i n f i g u r e s 7.4a. and 7. 4b. I n 
these curves, which show the s e n s i t i v i t i e s used i n a l l . 
c a l i b r a t i o n s used here the low s e n s i t i v i t y i s set at 
almost i t s maximum value u s i n g an i n p u t of lOmV peak t o 
peak at 1000 c.p.s. The frequency response a t t h i s s e n s i t i v i t y 
i s shown i n f i g u r e 7.5. and from f i g u r e s 7.4a and 7.4b the 
gains a t 416 c.p.s and 1250 c.p.s, may be deduced as x240 
and x280 r e s p e c t i v e l y . 

This s e t t i n g was chosen a f t e r a p r e l i m i n a r y examination 
of the m i l l output f o r a p p l i e d f i e l d and also having regard 
t o the r i s k s o f overloading the a m p l i f i e r when r e a l i s t i c 
values o f charged p a r t i c l e f l u x ( f i g . 2.5.) were a p p l i e d 
to the m i l l . Since the m i l l turned out t o be less s e n s i t i v e 
t o t h i s f l u x than expected, the a m p l i f i e r remained on what i s 
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e f f e c t i v e l y a l i n e s r s e n s i t i v i t y w i t h c u r r e n t s as h i g h as 
-8 

10 amps, which produced m i l l outputs between 5 and 10mY9 

When the second p o r t i o n of the a m p l i f i e r was used as 
well,- gains as h i g h as 10^ could be obtained but a t the 
expense o f a h i g h zero s i g n a l , and a very l i m i t e d range o f 
i n p u t s . 
7.4. The K e i t h l e y a m p l i f i e r . 

For c u r r e n t s e n s i t i v i t y c a l i b r a t i o n s i t was necessary 
t o know the c u r r e n t f l o w i n g through the c o l l e c t i n g studs, 
the i n p u t r e s i s t o r , and t o e a r t h . I n f i g u r e 6.1. t h i s 
c u r r e n t i s measured by the v o l t a g e that i t develops across 
the h i g h i n p u t r e s i s t a n c e o f a Vi b r o n model 33 v i b r a t i n g 
reed e l e c t r o m e t e r . This, o f course, upsets the values o f 
(WOR) so t h a t i t must be assumed t h a t t he c u r r e n t produced 
by the f i l a m e n t system i s steady, a l l o w i n g the measuring 
r e s i s t a n c e t o be t e m p o r a r i l y switched out of the c i r c u i t , 
r e s t o r i n g the ' t r u e ' value as decreed by (wCR). 

At A.F.C.R.L. however compact D.C. a m p l i f i e r s w i t h 
l o g a r i t h m i c response o f 0 t o 5v. D.G. f o r i n p u t s o f 
10""*"° t o 10""* amps were a v a i l a b l e . These were constructed 
by K e i t h l e y Instruments I n c . t o a c i r c u i t based on t h a t 
given by P r a g l i n and Nichols (1960), These have a very 
h i g h percentage o f feedback across the h i g h r e s i s t a n c e 
r e q u i r e d t o detect such small c u r r e n t s , and have thus a 
low e x t e r n a l impedance. They were placed i n c i r c u i t as 
i n f i g u r e 6.1. w i t h o u t d i s t u r b i n g (wCR), a l l o w i n g continous 
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m o n i t o r i n g o f the i n t e r m i t t e n t B.C. c u r r e n t f l o w i n g from 
the c o l l e c t o r s . Separate a m p l i f i e r s were needed f o r 
p o s i t i v e and negative i n p u t s , a negative a m p l i f i e r "being 
employed i n t h i s case. 

However i t was q u i c k l y discovered t h a t the r e s i s t a n c e 
of t h i s D.G. a m p l i f i e r was v a r y i n g considerably w i t h a p p l i e d 
c u r r e n t , and g r e a t l y d i s t u r b i n g the m i l l output as was 
shown by the drop i n m i l l output when the K e i t h l y a m p l i f i e r 
was disconnected and (wCR) r e s t o r e d . I t was t h e r e f o r e 
necessary t o r e v e r t t o the method employed i n Durham w i t h 
the V.R.E, and disconnect the c u r r e n t measuring element 
w h i l s t the m i l l output was noted, t a k i n g care t h a t the 
lead was e a r t h e d , 
7,5, The t e s t r i g . 

The method of producing a f l u x o f charged p a r t i c l e s , 
i n t h i s case e l e c t r o n s , upon the m i l l i s discussed i n 
Chapter 5. I n the work a t A.F.O.R.L, the tungsten f i l a m e n t s 
of twelve 28 v o l t s a i r c r a f t lamps were run i n p a r a l l e l 
from a v a r i a b l e v o l t a g e , 0 - 28v. 0 - 3 amp, supply. Each 
lamp base f i t t e d i n t o a b a t t e n h o l d e r and twelve such 
holders were mounted on an A l , sheet 15-|rM i u diameter. 

The m i l l i t s e l f was mounted on a 1/8" A l , sheet 16" i n 
diameter by f o u r threaded holes i n the Magnesium base, and 
a second A l , sheet was f i t t e d by screwed rod, t o the f i r s t 
so t h a t i t was f l u s h w i t h the upper surface of the m i l l 
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rotor. This was t o minimise e l e c t r i c f i e l d d i s t o r t i o n due 
t o p r o j e c t i o n s , e t c . 

The e m i t t e r f i l a m e n t h o l d e r baseplate, the three 
accelerating grids and the m i l l mounting assembly were a l l 
mounted i n the vacuum chamber on three -§•" screwed rods 
which f i t threaded holes 120° apart on a 7" r a d i u s i n the 
baseplate o f the vacuum chamber. I n s u l a t i n g mounts f o r 
these three rods were made o f 'Teflon' which screwed 
i n t o the holes i n the base and the rods screwed i n t o them, 
allowing the rods t o be placed a t a potential other than 
e a r t h i f r e q u i r e d . 

She g r i d s and the e m i t t e r base were mounted on Nylon 
bushes supported by 1-|" nuts on the screwed rods, these 
being shown i n f i g u r e 7.6. The g r i d s themselves were made 
of s t e e l mesh of wire 0.08 cms diameter, w i t h a spacing 
of 0,3 cms. g i v i n g an o p t i c a l transparency o f approx. 70$. 
Each was held taut by being clamped'between two 1/16* A l . 
r i n g s wide, around t h e i r edges, these r i n g s f i t t i n g 
over the screwed rods and being supported as described. 

The whole assembly i s shown i n f i g u r e 7.8, with the 
lowest g r i d r a i s e d somewhat. I n t h i s , the vacuum chamber 
i s r a i s e d t o a l l o w access t o the apparatus i n s i d e . The 
screwed rods were 3 0 M h i g h and the upper surface o f the m i l l 
assembly was about 5" above the chamber baseplate, 

For vacuum working the chamber ( s t e e l b e l l . j a r ) , was 
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lowered onto the "base, the s e a l being made by a Neoprene 
'0* r i n g which needed only to be cleaned with A l c o h o l 
before each use. A pneumatically operated s l i d i n g valve 
separated the chamber from the d i f f u s i o n pump, and enabled 
the pumping system t o be h e l d a t low pressures w h i l s t 
adjustments were made i n the open chamber. A large 
r o t a r y pump was used both as a backing pump f o r the o i l 
d i f f u s i o n pump and also t o reduce the system to a low 
pressure (approx. 10""̂ mm. Eg) t o enable the d i f f u s i o n pump 
t o be used, t h i s i t d i d i n under five minutes a l l o w i n g 
adjustments and m o d i f i c a t i o n s to be c a r r i e d out w i t h o u t 
g r e a t l y i n t e r r u p t i n g work. This may be compared w i t h a 
break o f a t l e a s t one hour i n v o l v e d i n a s i m i l a r adjustment 
w i t h the vacuum apparatus i n Durham. 

The chamber i t s e l f was 33" h i g h , had an i n t e r n a l 
diameter of 20" and was.-raised and lowered on a hand winch 
to a maximum h e i g h t of 36" above the base. On t h i s 
baseplate, w i t h i n the i n s i d e diameter o f the chamber, 
the r e were three vacuum sealed sub-miniature c o a x i a l plugs, 
two of" which were used for the m i l l output s i g n a l s . There 
were also e i g h t vacuum sealed e l e c t r o d e leads (unshielded) 
and these were used f o r motor power, f i l a m e n t power, and 
the leads t o the g r i d s and e m i t t i n g f i l a m e n t baseplate. 
A l l except the motor power leads, which were below the 
earthed m i l l mounting assembly, were covered i n screening 
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mesh which was earthed t o a v o i d charge b u i l d i n g up on the 
i n s u l a t i n g sleeves of the leads. 

I t may be argued that the presence of earthed 
conductors would d i s t o r t the f i e l d , but t h i s would be more 
c o n s i s t e n t than v a r y i n g amounts of charge on i n s u l a t i n g 
s l e e v i n g . I n any esse these screens a.re close (approx. •§-") 
t o the w a i l s of the chamber which, u n l i k e the i s o l a t e d 
w a l l s o f the Durham chamber could not be v a r i e d from e a r t h 
p o t e n t i a l , 

7 . 6 . T h e c o n t r o l panel and c i r c u i t , 
Figure 7.io. shows the c i r c u i t f o r the c o n t r o l o f the 

voltages applied t o the three g r i d s , G-l, G-2, and G3 and t o 
the e m i t t e r baseplate, and f i g u r e 7.9 shows the f r o n t panel 
of the chassis c o n t a i n i n g the switches, potentiometers, and 
b a t t e r i e s as needed. 

I t was i n f a c t a more compact v e r s i o n of the c i r c u i t 
employed i n Durham, w i t h the a d d i t i o n a l f a c i l i t y of being 
able t o place the baseplate and the grids i n s e r i e s or 
independently, t o e a r t h . 

Four 0 - 225v. dry b a t t e r i e s were connected, one across 
each 1 megohm potentiometer, and these r e s t i n the t r a y 
formed by the base of the chassis, being connected t o the 
potentiometers through the plugs along the bottom of the 
panel which are permanently connected t o the potentiometers. 
The plug ?H was earthed, VM- being connected t o the output o 
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the wafer switch shown i n f i g u r e 7.8. The most negative 
p o i n t on the panel i s j?-, which i s connected t o the 
negative t e r m i n a l o f the power source of the e m i t t i n g 
f i l a m e n t s . The extreme l e f t hand switch i n f i g u r e 7.9. 
a p p l i e s a negative or p o s i t i v e f i e l d t o the m i l l by 
e a r t h i n g one pole or the o t h e r o f the dry b a t t e r y t o which 
&3 i s connected. 

T y p i c a l values o f the v o l t a g e s a p p l i e d t o the 
a c c e l e r a t i n g g r i d s were (Run I October 10th 1961 ) \ 

-200v 

Gl - 80v 
Y Q2 - 75v 

0 (no a p p l i e d f i e l d ) . 
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i Chapter 8. 
The c a l i b r a t i o n and performance of the f l i g h t model. 

8.1. The estimated m i l l outputs. 
I f the same values o f ^ ( x ) as i n Chapter 3 are t o be 

r e t a i n e d , then the values o f 0 must be known before 1 may be 
determined. 

The c a p a c i t y o f each set of studs was measured with a 
U n i v e r s a l impedence bridge (General Radio model 1650-A) 
and when connected d i r e c t l y t o the output plugs on the m i l l 
body, and the m i l l r e s t i n g upon i n s u l a t i n g m a t e r i a l , these 
were measured t o be 136 + 2pF, f o r the i n n e r s e t , and 
229 +• lpF, f o r the o u t e r s e t . Removal of the r o t o r 
reduced both of these values by less than lOpP. 

The capacitance of the leads from the m i l l t o the 
i n p u t o f the a m p l i f y i n g system, i n c l u d i n g the vacuum sealed 
electrodes, was measured i n each case and found a t f i r s t 
t o be approximately 190 p3? i n both cases. The lead from 
the vacuum system output panel t o the a m p l i f y i n g system 
was t h e r e f o r e lengthened t o r a i s e i t s capacity by about 
40pF, so that f o r each channel the t o t a l i n p u t capacitance 
was approximately 400pF. 

Thus i f x-j_ =s 0.75, 4> (x^) = 0 . 8 l , and since 
f 1 =• 1250cps, w1 ass 2500TT , thus x =z wCR g i v e s ; 

7.5 x 1 0 _ 1 « 2500TT x 4 x 10" 1 0R. ... 8.1. 
R = 2.38 x 10 5 ohms. 

From eq.ua.tion 3.7. t h i s would give a f i e l d s i g n a l when 

http://eq.ua.tion
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_ 7 2 A = 10 meter" of; 

^ E l ~ ^ *^ x 1 0 ~ ^ volts/v/m. ... 8,2a 
and for the lower frequency s i g n a l , using the same value 
of R, (j> ( x 2 ) =0.97, f = 416eps, w = 833 TV g i v i n g 

Y •= 2.65 x 10" v o l t s / v / m . ... 8. 2b. 
J i t 

S i m i l a r l y upon s u b s t i t u t i n g i n equation 3.9. the 
5 2 

s i g n a l due to c u r r e n t f o r a c u r r e n t of 10 amps/meter 
~9 2 (10 amps/cm ) w i l l be; 
? G 1 = 9.65 x 10"^ v o l t s ... 8.3a 

~ 1.13 x 10" 3 v o l t s ... 8.3"b. 
I n the case of the f i e l d signals these are very s m a l l 

t o handle, e s p e c i a l l y when the l i k e l i h o o d of a minimum 
'noise* s i g n a l from the m i l l .of as much as ImV (as i n 
Durham m i l l ) i s considered. I t was therefore decided to 

6 

use a r e s i s t o r o f 10 ohms. Without reducing tne values of 

w and 0, t h i s gave; 
W 1 ° 1 S 1 = 3.14, t h e r e f o r e (x±) -0.30 ... 8.4a 
WgOgRg =1.05? t h e r e f o r e <J> (xg) = 0.68 ... 8.4b 
Giving = 1.04 x 10"""' volts/v/m, ... 8.5a 

V F 2 ~ ^ '^ x 1 0 ~ ^ volts / v / m . ... 8,5b 
V C 1 = 5.57 x 10" 3 v o l t s ... 8.5c 
V r= 3.32 x 1 0 ~ 3 v o l t s ... 8.5d 

g i v i n g v g x s V E 2 = 1 , 3 3 > and ^c"ls^G2 ~ •'* ^.5e 
Thus the o v e r a l l values of the f i e l d s e n s i t i v i t i e s have 

been considerably increased, at the expense of the d i f f e r e n ­

t i a t i o n between them. The current signals ap-pesr to have 
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been equally a f f e c t e d , but i t w i l l be shown t h a t the 
c u r r e n t responses i n p r a c t i c e bear l i t t l e r e l a t i o n to those 
d e r i v e d i n Chapter 3, and above. 
6.2. The c a l i b r a t i o n c i r c u i t , and procedure. 

Accelerating voltages were applied to the v a r i o u s grids 
i n the vacuum chamber by the c i r c u i t shown i n f i g u r e 7.10. 
The connections between the m i l l i t s e l f were s i m i l a r to 
those made i n the laboratory i n Durham and shown i n figure 
6,1. The c o a x i a l leads from the m i l l were connected to 
screw on, sub miniature c o a x i a l plugs on the base of the 
vacuum chamber, and from the lower side of t h i s base c o a x i a l 
leads went to the back of a panel fixed to the framework 
s u p p o r t i n g the vacuum chamber. This panel also had 
connections f o r the leads t o the f i l a m e n t s and the g r i d s , 
and a l l connections to the b a t t e r i e s , to the amplifiers 
were made through i t . 

Two d i f f e r e n c e s i n the c i r c u i t used were that the m i l l 
a m p l i f i e r gave a D.O. output which was connected t o a Sanborn 
two channel pen recorder i n s t e a d of an A.G. s i g n a l d i splayed 
on an o s c i l l o s c o p e , and also t h a t the 10 r e s i s t o r o f the 
V.R.E was replaced by the K e i t h l e y 13.0, a m p l i f i e r , the 
output of t h i s being fed t o the other channel o f the pen 
r e c o r d e r . This pen recorder had a b u i l t i n c a l i b r a t i o n and 
a range of s e n s i t i v i t i e s of 0.1, 0,4, 2.0, and 10.0, v o l t s 
per cm. d e f l e c t i o n , a l l w i t h an accuracy of 1ft o f f u l l scale 
d e f l e c t i o n . 
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The c a l i b r a t i o n s may be d i v i d e d i n t o two p a r t s . 
6.31. F i e l d s e n s i t i v i t i e s . 

The f i e l d s e n s i t i v i t i e s were determined f o r "both sets 
of studs 'by d i s c o n n e c t i n g a i l g r i d s except the lowest 
(G^)? said by p l a c i n g t h i s 10 cms above the upper surfa.ce 
of the m i l l r o t o r and i t s mounting. 'The a p p l i c a t i o n o f 
vol t a g e s between +• 30 v o l t s D.C. t h e r e f o r e , a p p l i e d 
e l e c t r i c f i e l d s between hP 300 v/m and these voltages were 
monitored c o n t i n u o u s l y on a valve v o l t m e t e r connected t o 
the wafer s w i t c h i n p o s i t i o n 1 d 1 ( f i g u r e 7.10) ( p o s i t i o n 
Vy i n f i g u r e 7 . 9 . ) . 

Ho b i a s s i n g was a p p l i e d t o the c o l l e c t o r studs due t o 
the u p s e t t i n g e f f e c t t h a t t h i s would have on the c u r r e n t s 
c o l l e c t e d , and as expected both zero outputs and both f i e l d 
s e n s i t i v i t i e s were ve r y s e n s i t i v e t o the r o t o r - s t a t o r c l e a r ­
ance. The a c t u a l value o f t h i s clearance was made so t h a t 
the o u t e r set o f ( s m a l l e r ) studs were close under the r o t o r 
so as t o give as great an output as po s s i b l e since the 
sma l l e r studs were found to be r e l a t i v e l y l e s s e f f i c i e n t 
(Chapter 6)*. The i n n e r , l a r g e r studs were then f i x e d so 
t h a t the angle "between the upper edge of the r o t o r hole and 
the upper edge of the studs was the same i n both sets o f 
studs « 

A number of records were then obtained a p p l y i n g 50 v/m 
steps t o the m i l l over the +300 v/m range and one ' t y p i c a l ' 

http://surfa.ce
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record i s shown i n figure 6,1. The ga i n of the am p l i f i e r 
was t h a t as shown i n figure 7.4. which was determined a f t e r 
a few preliminary applications of charged p a r t i c l e current• 

The m i l l outputs are p l o t t e d here i n terms of mV A.C. 
from the m i l l rather than D.C. output from the ampl i f i e r to 
enable the am p l i f i e r g a i n to be changed i f necessary l a t e r . 
The output a t zero v/m i s the zero output of t h a t p a r t i c u l a r 
set o f studs since no b i a s s i n g i s a p p l i e d , and i t i s t h i s 
constant which appears i n the expression f o r t o t a l output 
f o r f i e l d ana c u r r e n t s e n s i t i v i t y given l a t e r . 

I t may be seen that the s e n s i t i v i t i e s t h a t may be 
der i v e d from the curves i n f i g u r e 8.1. agree q u i t e w e l l 
with those calculated i n equations 8.5. When the departure 
from the 50:50 solid/open r a t i o f o r the studs compared t o 
the r o t o r i s considered (42/50 = 0,725, i n t h i s case) then 
the agreement becomes even b e t t e r . The D.O. Voltage from 
which the m i l l outputs are d e r i v e d v i a f i g u r e 7.4. i s 
smoothed thus concealing the periods where dA/dt i s zero. 
The mean values of s e n s i t i v i t i e s f o r s i x runs of each set 
of studs, a r e ; 

The d i f f e r e n t apparent s e n s i t i v i t i e s for positive and 
negative f i e l d s may be due t o contact p o t e n t i a l s i n the 

415 cps. 1250 cps. 

+ ve . 8.48 +1.8 v o i t s / v / m . 
- v e 6.49 + 0.29 v o l t s / v / m . 

-+ ve 9.26 + 0.68 v o l t s / v / m , 

- ve 7.23 1 0.57 v o l t s / v / m . 



s w i t c h and b a t t e r y connections t o G3, which enable the 
p o l a r i t y of the a p p l i e d f i e l d t o be reversed. No 
d i s c o n t i n u i t y was n o t i c e a b l e i n one or two records obtained 
when a Massing f i e l d was applied t o G-3 to offset the m i l l 
aero o u t p u t . This meant t h a t f i e l d s were then a p p l i e d 
t a k i n g t h i s voltage of G3 as zero then minimum output 
occurs at 'zero a p p l i e d f i e l d * and no s i g n d i s c r i m i n a t i o n 
i s p o s s i b l e . Also, the a m p l i f i e r s e n s i t i v i t y i s lower w i t h 
these s m a l l e r i n p u t s i g n a l s r e s u l t i n g i n a f i e l d s e n s i t i v i t y 
curve which i s ver y f l a t and hence innaccurate f o r low values 
o f f i e l d . 

I t i s apparent from f i g . 8.1. that i f these zero 
outputs remain constant (1.7mV a t 416 cps, and 3.8m? a t 1250 
ops), then they provide a means f o r determining the 
p o l a r i t y o f the a p p l i e d f i e l d . This holds, i n the present 
case over a range of 7 250v/m, but i n the 1250 cps. case 
i t may be seen t h a t a t around -250v/m the d i r e c t i o n of the 
output i s reversed. This i s , a f i e l d somewhat greater than 
+ 250v/ra i s being cancelled out by the external f i e l d being 
a p p l i e d . 

8. 3 i i »__ Current s en s i t i v i t i e s . 
I n t h i s s e c t i o n the output from the m i l l a m p l i f i e r 

i s given when the K e i t h l e y Amplifier (K.A.) i s at a l l 
times i n ~ c i r c u . i t (Figure 6.1.). This procedure had t o be 
adopted despite the v a r i a b l e external resistance of the 
K.A. f o r the same reason the m i l l a m p l i f i e r output i s 

http://in~circu.it
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g i v e n since true m i l l output must be obtained by means of 
Figure 7.4, which would not apply under v a r y i n g i n p u t 
impedance. 

I d e a l l y , i f two current measuring devices (K.A's) had 
been a v a i l a b l e the c u r r e n t f l o w i n g simultaneously through 
both sets o f studs f o r given g r i d and f i l a m e n t voltages 
could be noted; knowledge of e i t h e r o f these would a l l o w 
the o t h e r t o be determined even w i t h t h a t K.A. out o f 
c i r c u i t . This would give a means of applying a known 
current density without disturbing the input resistance 
and capacitance. 

Only one K.A. was i n f a c t a v a i l a b l e and the procedure 
adopted i s described l a t e r . A sensitive, battery operated 
V.R.I was a v a i l a b l e however, and t h i s was connected to 
one set of studs with the K.A. i n s e r i e s with the other s e t . 
This enabled an estimate of the currents flowing to be 
obtained but the V.H.E would not operate the pen recorder, 
making accurate c a l i b r a t i o n s impossible. 

With t h i s arrangement i t was possible to show that, 
with the outer casing of the chamber earthed o f necessity, 
then the current to the outer set of studs could not be made 
more than 40$ o f that to the inner s e t . This held whether 
the rotor was t u r n i n g at i t s o p e r a t i n g speed, or whether i t 
was stationary w i t h a l l studs f u l l y exposed. 

Some experiments were also performed where the 
1 Megohm r e s i s t o r of the T.A.E (10 v o l t s , f u l l scale 
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d e f l e c t i o n ) was taken as the input r e s i s t o r of the m i l l and 
a m p l i f y i n g system. Although the B.C. voltage, hence 
current, could only be monitored v i s u a l l y , an o v e r a l l 
impression o f c u r r e n t s e n s i t i v i t y could he gained. I t 
seemed t h a t , as noted i n Durham (Chapter 6), the output 
w&s re If- t e d t o the one t h i r d A o f the c u r r e n t a p p l i e d . 

To t r y and ga i n some idea of the e f f e c t of the 
v a r y i n g K.A. impedance some records were taken where, for 
constant charged p a r t i c l e f l u x , the K.A. was disconnected 
f o r a sho r t time and the studs connected s t r a i g h t t o the 
i n p u t r e s i s t o r of the a m p l i f i e r . These records showed t h a t , 
for both sets of studs, the K.A. seemed to have l i t t l e 
d i s t u r b i n g e f f e c t when the t o t a l current f l o w i n g through 
i t was g r e a t e r than about 10~^anips (10**^ amps/cm^) but 
t h a t below t h i s , the value recorded when the K.A. was i n 
c i r c u i t was g r e a t e r than w i t h o u t i t , i n d i c a t i n g t h a t the 
res i s t a n c e o f the K.A. was i n v e r s e l y r e l a t e d t o the c u r r e n t 
f l o w i n g through. :rhis may be seen i n the lower p o r t i o n s 
of both curves i n f i g u r e 8,2, 

From these observations i t was decided to assume that 
a c a l i b r a t i o n obtained w i t h the K.A. i n c i r c u i t would, f o r 
cu r r e n t s g r e a t e r than 10 amps a t l e a s t , give an accurate 
i n d i c a t i o n of the form of the m i l l c u r r e n t s e n s i t i v i t y , i f 
not o f the numerical constants i n v o l v e d , 

A number of records were t h e r e f o r e obtained where no 
f i e l d was a p o l i e d t o the m i l l (¥ p,= 0 ) , where V r ? — -30v, 
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VG1= ~ l 8 0 v and V f — -225v. I n each 'run' the v o l t a g e 
s u p p l i e d t o the f i l a m e n t s was increased over a p e r i o d 
o f about f i v e seconds from zero to about 18 v o l t s , 4.3 amps. 
Since the f i l a m e n t s had a measured r e s i s t a n c e a t room 
temperature (23°C) o f 0.4 ohms, the increase a t maximum 
power t o 11 ~ 4.25 ohms i n d i c a t e s from f i g u r e 5.3. a 
tem-nersture of approximately 2050°C. 

At such, a oower i n p u t the c u r r e n t t o the m i l l , when 
_*7 

r o t a t i n g , was. measured as about 10 ' amps at which the 
m i l l output was almost f . s . d . when on the 2.0 volts/cm 
range of the pen recorder. The pen recorder was run at 
2 cms /sec. and one of these 'runs 1 i s shown i n figure 8.3* 
Only the r i s i n g c u r r e n t p o r t i o n of the curve was used i n 
p l o t t i n g output c u r r e n t curves i n an attempt to minimise 
the r e s i d u a l space charge e f f e c t s , and surface contamination 
e f f e c t s mentioned i n Chapter 6. After each 'run' of l i t t l e 
more than 5 to 10 seconds including reduction of power to 
zero, the m i l l was l e f t running for about a minute to allow 
the zero to r e t u r n i t s o r i g i n a l value. The K.A. returned 
r a p i d l y t o an output i n d i c a t i n g l e s s than 1 0 ~ 1 0 amps t o t a l 
c u r r e n t which then s l o w l y r e t u r n e d t o i t s o r i g i n a l zero, 
g i v i n g f u r t h e r proof to the idea of a slow leakage of f r e e 
e l e c t r o n s t o e a r t h w i t h i n the volume o f the v e s s e l . 

Figure 8.2. shows another one of these 'runs' p l o t t e d 
i n terms of current and m i l l a m p l i f i e r output v o l t a g e , 
on l o g . l o g . axes. The s t r a i g h t l i n e s indicate t h a t the 



m i l l a m p l i f i e r output may "be expressed as 

(y,„s - a) = ( 1 0 1 0 I ) D ... 8.6. 

where a i s the a m p l i f i e r output (extended back by 
dotted l i n e ) when I < 10~"^ amps the l i m i t of K.A. 
s e n s i t i v i t y , below which no change i n m i l l a m p l i f i e r 
output could he detected e i t h e r , e f f e c t i v e l y making 
a = Y ? and "b i s the slope o f the l o g . l o g . graph. 

o t~ 
Equation 8.6. i t should he noted holds o n l y over the 
s t r a i g h t l i n e p o r t i o n of f i g u r e 8.2, t h a t i s where 1 
•_q -

10 -'amps, i\hus i n s o l v i n g the equations f o r e l e c t r i c 
f i e l d , o c casional s o l u t i o n f o r c u r r e n t should be made 
to cheei t h a t t h i s minimum value o f I i s being exceeded. 
The r e c t i f i e d m i l l a m p l i f e r output i s use" since the 
a a r o l i f i e r c a l i b r a t i o n curves i n f i g u r e s 7.4. were obtained 
w i t h o u t the K.A, i n c i r c u i t . . 

I n a l l seventeen s a t i s f a c t o r y 'runs' a t 1250 cps, 
and seven at 416 cps. were obtained, and gave values f o r 

f~\ -••J ~<~ ^ h-, and i 

416 cps. 

\ = 0 . 3 U 

V 
ill — 1 = 1 

.008 

-f ( 1 0 1 0 I ) ' 3 1 1 

1250 cps. 

b Q = 0.223 + .004 

Y,,9 = a + ( l C T ^ I ) 1 0 T s . 2 2 3 

The values o f a^ and ag must "be obtained f o r each 
c a l i b r a t i o n i n d i v i d u a l l y . 
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I f o n l y a l i m i t e d range of c u r r e n t s are r e q u i r e d the 
s t r a i g h t l i n e portions of the curves i n figure 8,2. give 

/ 9 \b 
and d i r e c t l y , and the bracket term becomes (1.0'" I ) . 

In f a c t only t h a t p o r t i o n of the curve such t h a t the output 
-10 

V i s g r e a t e r than the value of V at I •=• 10 amps may be 
used in any case, though t h i s i s l i m i t e d more by the K.A. 
than by m i l l c h a r a c t e r i s t i c s . 
6.4.The, combination of f i e l d and c u r r e n t s e n s i t i v i t i e s . 

I t was then necessary to determine the way i n which 
the m i l l output would behave when subjected t o a p p l i e d 
e l e c t r i c f i e l d s and charged p a r t i c l e fluxes simultaneously. 
In Chapter 3 i t has been shown that a t a given frequency, 
and w i t h l i n e a r s e n s i t i v i t i e s f o r both c u r r e n t and f i e l d , 
then i f the i n i t i a l screening cycle i s sinusoidal, the 
output w i l l also be s i n u s o i d a l . I f two f i e l d m i l l s are 
considered, as i n the present case, two simultaneous 
equations w i l l r e s u l t , which may be- solved f o r applied 
current or f o r a p p l i e d f i e l d . 

I n the present chapter however, i t has been shown that 
the c u r r e n t s i g n a l i s a s i n u s o i d a l s i g n a l contained w i t h i n 
a, power curve envelope. Thus f o r each h a l f of the 'two 
frequency m i l l * ; 

(V™ - a) ~c K-,E Cos. wt. .... 8.7a. 
( V G - a) oc I k 2 Cos. (wt-+d). .... 8.7b. 

•where, E i s a p p l i e d f i e l d i n v/aw 
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I i s a p p l i e d c u r r e n t i n u n i t s o f (1Q"~ amps) 
see equation 8.6. 

V™ and are a m p l i f i e r out-puts f o r f i e l d and 
JBi 'J 

c u r r e n t s before r e c t i f i c a t i o n * 
a i s the zero output ( I < 1 0 " amps, see f i g 8 . 2 . ) 

also before r e c t i f i c a t i o n . 
and are constants denoting ' f i e l d o n l y 1 , 
and 'current o n l y ' s e n s i t i v i t i e s . 

I t should be noted t h a t V_, V n and a. are i n terms o f 
a m p l i f i e r o utput, and must be assumed t o bear a l i n e a r 
r e l a t i o n s h i p t o the m i l l A.G. output, t o a l l o w the Cosine 
terms t o be employed i n equations 8.7» 

from equations 4 . 1 2 i t may be seen t h a t Cos 8 = 0 

( 6 = 9 0 ° ) , the modulus of the t o t a l s i g n a l f o r er ch ' h a l f 
of the m i l l i s o f the form; 

(Vfj, - a) = ( K 2 E 2 4- I 2 1 1 * ) * ... 8 . 8 . 

where the dashed terms i n d i c a t e m i l l A.0. outputs, 
and are r e l a t e d to the a m p l i f i e r outputs by equations of 
the form; 

( ? p 2 = p 2 ( V f j ? ) 2 . . . 8.9. 

The constant p, as i n equations 4 . 1 3 , being the slope 
of the a m p l i f i e r c a l i b r a t i o n curves. 

Considering both halves o f the m i l l and remembering 
t h a t the f i e l d s e n s i t i v i t i e s are l i k e l y t o be d i f f e r e n t f o r 
p o s i t i v e and negative f i e l d s . 
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( V ^ - a x ) 2 ^ K 2 B 2 -i- I 2 1 1 * 8 . 1 0 a . 

(V,p2 - a x ) 2 =. G 2 E 2 + 1 2 0 : 1 

where 0-̂  and 0g are the f i e l d and c u r r e n t s e n s i t i v i t i e s 
f o r the second set of studs. Also the values of and 
i n s e r t e d depend upon whether a p o s i t i v e or negative f i e l d 
i s a p p l i e d , which c o n d i t i o n may he expressed as; 

I f (V T - a ) " > ] L ^ then f i e l d i s p o s i t i v e , 
negative i f i t i s less than I . 2

f where the value o f I 
has be en obtained by s o l v i n g equations 8 . 1 0 w i t h an average 
value o f or 0 ^ . 

Thus i f a f i e l d i s a p p l i e d t o the m i l l w h i l s t a 
constant c u r r e n t i s impinging upon i t , then the t o t a l 
output from each channel w i l l change by amounts K-^E1 or C^E* 
where E' i s the change i n f i e l d . S i m i l a r l y with a steady 
f i e l d and varying c u r r e n t , the t o t a l outputs w i l l change 
By ( I ' o r (I')^2» where I ' i s the change i n c u r r e n t . 
Figures 8 . 3 , end 8 . 4 . , are reproductions of -oen recordings 
showing the m i l l a m p l i f i e r output and K.A. output (d.c. 
c u r r e n t measurement). I n f i g u r e 8 . 3 . no f i e l d at a l l i s 
a p p l i e d and the c u r r e n t i s slowly increased, and i n f i g u r e 
8 , 4 . a f i e l d i s a p p l i e d , then a current and the -straight­
forward s u p e r p o s i t i o n f o r e c a s t by equations 8 . 1 0 . may be 
c l e a r l y seen. 

The reverse procedure of applying a c u r r e n t and then a 
f i e l d could not be employed i n the t e s t i n g apparatus since 
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the v a r i a t i o n o f the voltage on the lowest accelerating 
g r i d G3, r e q u i r e d t o vary the f i e l d g r e a t l y d i s t u r b e d any 
c u r r e n t flowing; t o the m i l l , 

The above procedures work only i f one component or the., 
o t h e r o f each t o t a l s i g n a l changes a t any time, but i f both 
are c o n t i n u o u s l y v a r y i n g , t h i s may be overcome by equalising 
e i t h e r the f i e l d term or the c u r r e n t term from both t o t a l 
s i g n a l s . Thus i f Kg and Og are known, then the current 
components may be equalised and eliminated to give a 
q u a n t i t y d i r e c t l y r e l a t e d t o a p p l i e d f i e l d 

Q(E) = ( V ^ - a 1 ) 2 x - ( V £ 2 - a 2 ) 2 / x . . . 8.11, 

Q(E), i s a measure o f f i e l d where x-=G0/K0» 
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Chapter 9» 

Conclusions and suggested f u r t h e r work 

9 * 1 . Conelusi ons. 
'The power curve form o f the m i l l c u r r e n t s e n s i t i v i t y 

at a given o p e r a t i n g frequency does not seem to' have been 
noted toy previous workers w i t h electro-mechanical devices i n 
e i t h e r Lower, or the Upper Atmosphere. Some possible 
disturbing influences on m i l l output i n the presence of 
space charge are considered below, but i t i s shown t h a t 
a t the c u r r e n t and charge d e n s i t i e s used, they could n o t 
have e ver y l a r g e e f f e c t upon the f o r e c a s t performance. 

I t has been suggested (Imyanitov 1957) that charge 
trapped between the r o t o r and s t a t o r o f a f i e l d m i l l i n h i b i t s 
the modulation of the s t a t o r potential, there being i n ­
s u f f i c i e n t time f o r i t to l e a k away to earth. 'This charge 
has two p o r t i o n s , t h a t which i s 'bound' to the surface o f 
the c o l l e c t o r s a t the time of screening, and t h a t which i s 
i n the space between the s t a t o r and rotor, which must f i r s t 
diffuse to the s t a t o r surface. 

I n the f i r s t case, with o p e r a t i n g frequencies of 416 
cps and 1250 cps, the screening cycle times are approximately 
2.4 x 10~^ sees, and 8 x 10""^ sees, and a time constant E.G. 
of the m i l l , i t s leads, and a m p l i f i e r f i r s t stage of 
R = l Meg. and C = 4 z 10~"10p]?, R.C. = 4 x 10 * sees, 
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t h e r e f o r e any charge already attached t o the c o l l e c t o r 
surface w i l l leak away i n l e s s than one h a l f or one s i x t h 
of the screening c y c l e . This means t h a t the p o t e n t i a l 
of the c o l l e c t o r ( m i l l o u t p u t ) w i l l drop t o a t l e a s t 
2/3 of i t s maximum value during h a l f of the cycle t h a t i t 
i s being screened. I n any case such an e f f e c t h?s no 
dependence upon the c u r r e n t causing t h i s p o t e n t i a l , i t i s a 
p r o p e r t y only o f the time constant o f the system and the 
screening cycle frequency and thus w i l l not cause the output 
curve shown i n Figure 8.2. though i t would reduce the 
s e n s i t i v i t y by a constant f a c t o r through the input range. 

I n the case of those e l e c t r o n s o r p o s i t i v e ions which 
must f i r s t d r i f t t o the s t a t o r l e t us assume a r o t o r - s t a t o r 
aap of 0.1 cms, and e l e c t r o n and p o s i t i v e i o n ( r a r e ) 
temperatures both of 1000°K, which are low both for t h i s 
experimental set up and for observed Ionospheric values. 
The v e l o c i t i e s corresponding to t h i s temperature are 2.3x10 
cms/sec. and 7 x 10^cias/sec. (equation 5.8.), thus the times 
f o r them t o reach the s t a t o r are negligible i n both cases, 
when compared w i t h E.G. 

Another p o s s i b l e cause of innaccuracy would be the 
space charge f i e l d s caused a t the surface o f the m i l l , by 
the e l e c t r o n s i n t r a n s i t towards i t . Since the m i l l r o t o r 
i s mounted f l u s h w i t h an extensive conducting surface which 
i s earthed, I t i s reasonable to assume t h a t since a steady 
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c u r r e n t reaches the m i l l and t h i s plane, then no quasi-
s t a t i c space charge e x i s t s "between G3 and the plane o f the 
m i l l beyond t h a t s u p p l y i n g the observed c u r r e n t t o the m i l l 
and mounting plane, and also t o the conducting w a l l s o f the 
chamber, which are earthed. The Maximum t o t a l current which 
reaches the plane of the m i l l (~1000cm ) and i s measured 
by t h a t c u r r e n t passing through the c o l l e c t o r studs o f the 

—5 —o / 2 m i l l , i s o f the order o f 10' amps (10 'amps/cm ) . This i s 
a t l e a s t two orders o f magnitude less than the currents 
observed f l o w i n g to the a c c e l e r a t i n g grids which both a t 
Durham (Chapter 5 ) and c t A.J?.C.R.I, were measured t o be a 
few m A ' s . ( l G ^ > 1^ } Iq.^) . This w i l l be r e f e r r e d to again 
l a t e r , but f o r the moment vie w i l l consider the charge 

d e n s i t i t e s t h r t would give r i s e to such currents at the m i l l . 
Before these charge d e n s i t i e s may be determined the 

energies of the electrons impinging upon the m i l l must "be 
considered. I t has been stated. (Chapter 6 ) , t h s t the 
current flowing to the c o l l e c t i n g studs of the Durham m i l l 
was u n a f f e c t e d by the a p p l i c a t i o n of a v o l t a g e t o these 
studs, u n t i l a value of approximately —1.0 v o l t s was 
reached. N a t u r a l l y the output s i g n a l from the m i l l increased 
since w i t h a r o t o r s t a t o r gap o f O.lcms, t h i s corresponded 
t o an a p p l i e d f i e l d o f +lOOOv/m, but the B.C. c u r r e n t 
r e g i s t e r e d by the V.E.E soon returned t o the p r e - e x i s t i n g 
value a f t e r the disturbance caused by the displacement 
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c u r r e n t as the hound charge on the studs i s a l t e r e d , 

d l = C 2 dV/t. ... 9.1. 
Where d l i s the displacement c u r r e n t 

0 i s the capacitance of the c o l l e c t o r system 
t i s the time t o charge the v o l t a g e on c o l l e c t o r s . 
d? i s the v o l t a g e change i n v o l v e d . 

when observing the c u r r e n t i n such a way the c o l l e c t o r s 
are being used as a cru.de e l e c t r o s t a t i c probe, and i n f a c t 
when the c u r r e n t s t o the ' f l i g h t model 1 o f the m i l l were 
measured (at A.F.G.R.L) with a V.E.I then i t was p o s s i b l e to 
measure diminished c u r r e n t s with c o l l e c t o r p o t e n t i a l s as 
h i g h as -100 v o l t s , i n d i c a t i n g t h a t at l e a s t some of the 
i n c i d e n t e l e c t r o n s had energies o f lOOeV, once again these 
p o t e n t i a l s r e s u l t e d i n ve r y h i g h A.0. outputs from the m i l l , 
equivalent t o 10 v / i . 

Nevertheless the problem remains t h a t since the baseplate 
c o n t a i n i n g the e m i t t e r filaments i s put a t ^ - 2 0 0 v o l t s 
then a l l i n c i d e n t e l e c t r o n s a t the m i l l , which i s earthed, 
should have an energy of 200 e? upon which i s superimposed 
t h e i r thermal (Maxweilian) energy d i s t r i b u t i o n of emission*. 

How from examining the power r e q u i r e d f o r the e m i t t i n g 
f i l a m e n t s t o produce c u r r e n t d e n s i t i e s between 1 0 " amps/cm 

Q p 
and 10"* amps/cm , .-correspond to; filament temperatures.,^ ** *«*<•/ 
between 700°K and 2050°K. ( f i g u r e 5.3.). From f i g u r e 2.1, 

— 2 —1 
these correspond t o energies of 9 x 10 e¥ and 3 x 10 eV 

http://cru.de
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7 r e s p e c t i v e l y , (average v e l o c i t i e s o f 1_«8. x 10 cms/sec and 
7 

3*1 x 10 cms/sec). Thus these are the minimum values of 
e l e c t r o n energy and average v e l o c i t y and the small e f f e c t 
of a -1 v o l t p o t e n t i a l applied t o the c o l l e c t o r s would 
suggest that they are exceeded i n p r a c t i c e . Nevertheless i f 
we c a l c u l a t e the values o f the f i e l d s t h a t these w i l l cause 
at the m i l l , they w i l l he seen t o "be n e g l i g i b l e . 

To o b t a i n the greatest charge density; 
a t 2050°K, w i s 3.1. x 10 7cms/sec, and j the c u r r e n t d e n s i t y 

Q p 

i s 10" amps/cm then the charge d e n s i t y 
n — j/e.w. ... 9 . 2 a . 

g i v i n g n 
max 

= 10" 8/1.6 x 1 0 ~ 1 9 x 3.1 x 1 0 7 

= 2.05 x 10 e l e c t r o n s / c .c. ... 9.2b, 
o — 7 

The lowest charge d e n s i t y i s given by 700 , w i s 1.8 x 10 
/ -11 / 2 cms/sec, and j i s 10 ' amps/cm g i v i n g 

n . 
mm 

10~13-/1.6 x 1 0 " l 9 x 1.8 x 1 0 7 

=3.5 x l O - 1 e l e c t r o n s / c . c . ... 9.2c. 
I f these charge d e n s i t i e s are assumed t o e x i s t between 

the lowest g r i d , and the plane c o n t a i n i n g the r o t o r , which 
are separated by approximately lOcms, then the f i e l d , dY/dx 
at the surface o f the m i l l , provided the g r i d and m i l l are 
at the same p o t e n t i a l , w i l l be, (Yonnegut and Moore 1958) 

dV ~ - /° x ... 9 . 3 a . 
dx 2.£Q 
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where £ i s the p e r m i t t i v i t y of f r e e space, o 
p i s the charge d e n s i t y (per meter"3) 
x i s the r o t o r - m i 1 1 s e p a r a t i o n . 

S u b s t i t a t i n g 9.2b i n 9.3. t h i s g i v e s ; 
d? = - 1.6 x 10" 1 9x 2.05 x 10 9x 1 0 _ 1 = 1.85v/m. 
___ _ _ _ _ _ _ _ _ • _-. p 
dx 2 x 8.86 x 10 ^ Q ~ 
Since t h i s i s a maximum value i t i s u n l i k e l y t h a t the 

space charge f i e l d s are a cause o f the anomalous c u r r e n t 
response o f the i n s t r u m e n t . 

I n a c t u a l p r a c t i c e f o r much o f the time that a t o t a l 
c u r r e n t i s being c o l l e c t e d ( f i g u r e 2.5, see also Bourdeau, 
Serbu, et a l . 1961) t h a t c u r r e n t i s p o s i t i v e and although 
much o f t h i s i s composed of p h o t o e l e c t r i c emission, t h e r e 
w i l l a lso be environmental p o s i t i v e i o n s . Since i n Chapter 
Two, v e h i c l e p o t e n t i a l s o f the order -1 t o -10 v o l t s have 
been f o r e c a s t a f t e r t a k i n g i n t o c o n s i d e r a t i o n observed 
Upper Atmosphere i o n and e l e c t r o n temperatures, then from 
f i g u r e 2.1. i f these ions reach the c o l l e c t o r o f the v e h i c l e 
having been a c c e l e r a t e d through a sheath p o t e n t i a l o f 1 v o l t 
t h e i r v e l o c i t y w i l l "be a t l e a s t 2,5 x 10 cms/see. This w i l l 
not cause any i n t e r f e r e n c e i n the t h e o r e t i c a l c u r r e n t 
s e n s i t i v i t y due t o charge trapped i n the r o t o r - s t a t o r space, 
and since i n ' f l i g h t ' a t r u e p o s i t i v e i o n sheath i s obtained 
then the f i e l d t h a t t h i s causes w i t h a sheath v o l t a g e o f 
1 v o l t i s very small since sheath thickness S i n cms i s , 



(Guthrie and Wakerling 1949c) 

S = 3 x A x 10 c xJT; cms. ...9.4. 

where A i s a constant such that 1.0 < A <Cl.36 
V i s the sheath v o l t a g e drop i n u n i t s o f 100 v o l t s , 

/ 2 
j i s the +ve i o n c u r r e n t d e n s i t y i n amps/cm 

O Pi ? 

Taking V as 10 ( 1 . v o l t ) j as 1 0 " amps/cm , and A as 

1.0, t h e n | 

S ----3 x 1 0 " 2x 1 0 " 3 / / 2 / H T 4 — 30 cms. ... 9.5. 

Thus from equation 2 . 3 0 , when the c u r r e n t c a r r y i n g 

charges are p o s i t i v e , the f i e l d I , a t the charge r e c e i v i n g 

e l e c t r o d e ( m i l l ) 
E - 4 x V = 4 x 100 = 4.35v/m. ... 9.6. 

3 S 3 30 

Therefore even w i t h space charge c o n t r o l l e d c u r r e n t s o f 

moderate values the d i s t u r b i n g f i e l d s are c a l c u l a b l e . 

I t i s worthwhile n o t i n g here t h a t under the c o n d i t i o n s 

o f c a l i b r a t i o n , w i t h charge d e n s i t i e s as great as 10̂ " 

e l e c t r o n s / c.c, the f i e l d i n t e n t i o n a l l y a p p l i e d t o the 

m i l l by V„- i s ver y l i t t l e screened by the i n t e r v e n i n g 

space charge. The concept o f Bebye screening l e n g t h may be 

used i n e l e c t r o n volume charges (Pines and Bohm 1952) and 

f o r an i o n or e l e c t r o n temperature of 1000°K a t a d e n s i t y 

o f 10^/c.c. 
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B L — Y ~ 
4TT e n 

1.36 x 10"* 2 3x 1 0 3 

4 i r x 1.6 2x 1 0 " 3 b x l 0 1 0 

- 2.1 x 1 0 3 meters, ... 9.7. 
9.2. I n t e r p r e t a t i o n o f r e s u l t s . 

The value o f the f i e l d E, a t the surface of the v e h i c l e 
i s d e r i v e d "by means o f Q(E) i n equation 8.11. and i s also 
the q u a n t i t y E i n 'Cha-oter 2 from equation 2.29 onwards. 

p 
The p a r t of the t h e o r y most open t o doubt i s t h a t i n Chapter 
2 concerned w i t h the assumption o f a x i a l symmetry of the 
io n sheath surrounding a c y l i n d r i c a l v e h i c l e . There would 
be l i t t l e doubt about t h i s assumption i f , 

(a) There were no ambient e l e c t r i c or magnetic f i e l d s . 
(b) The v e h i c l e were s t a t i o n a r y . 
(c) The v e h i c l e were not exposed t o s o l a r UV and X-rays. 

I f we have an a x i a i l y symmetrical v e h i c l e r o t a t i n g 
once every few seconds as i s the case i n some s a t e l l i t e s 
( E x p l o r e r V I I I , Bourdeau, Serbia et a l . 1961) i t w i l l r o t a t e 
w i t h i n a sheath system t h a t i s s t a b l y o r i e n t e d i n space, 
since the sheath surrounding an i s o l a t e d symmetrical shape 
w i l l change only due t o e x t e r n a l i n f l u e n c e s . I f the f i e l d 
s e n s i t i v e device i s placed so t h a t the normal t o i t s 
s e n s i t i v e surface r o t a t e s p e r p e n d i c u l a r l y t o the a x i s both 
of symmetry and motion then the complications due t o space 
charge b u i l d UT> w i l l be avoided, and we can consider the 



v a r i a t i o n of the f i e l d a t the surface o f the v e h i c l e as i t 
r o t a t e s , n e g l e c t i n g magnetic f i e l d s . 

I f the f i e l d I*', ( o r E ) i s considered a c t i n g along 
the normal t o the m i l l i n the f i r s t i n s t a n c e , the diameter 
of the v e h i c l e being '2n. meters then i f the v e h i c l e surface 
i s taken as an e q u i p o t e n t i a l the p o t e n t i a l d i f f e r e n c e which 
the sheath w i l l c o n t a i n w i l l v ary between (Y + nP), where 
¥ i s the v e h i c l e - p o t e n t i a l i n the absence o f any ambient 
o 

e l e c t r i c f i e l d . I t i s reasonable t o assume t h a t d u r i n g the 
course o f one v e h i c l e r o t a t i o n , the ambient i o n e l e c t r o n , 
and n e u t r a l p a r t i c l e temperatures and d e n s i t i e s do not 
change* The sheath thickness and hence the f i e l d and the 
v e h i c l e surface w i l l v ary due t o t h i s p o t e n t i a l d i f f e r e n c e 
o f , 2nE v o l t s . 

Now according t o equation , the sheath th i c k n e s s S, 
i n a space charge c o n t r o l l e d c u r r e n t , i s p r o p o r t i o n a l t o 
¥'r, where V i s the p o t e n t i a l d i f f e r e n c e across the space 
charge r e g i o n . Since from equation , the f i e l d E, a t the 
surface o f a v e h i c l e i s d i r e c t l y p r o p o r t i o n a l t o Y, and 
i n v e r s e l y p r o p o r t i o n a l t o S, (when the c u r r e n t c a r r y i n g 
charges are p o s i t i v e , and the v e h i c l e i s negative w i t h 
respect t o i t s surroundings) then; 

E oc I T 1 / 3 . ... 9.9. 
Thus'when ¥ changes i n the course of one h a l f r o t a t i o n 

from V 1 -=r (¥ 0 +n'F) t o ¥,. = (¥ Q- nF) then E--L and Eg the 



- 140 -

corresponding f i e l d s a t the v e h i c l e surface have the r e l a t i o n ; 
* • 

• •• 3 *10« 

But from equation 8.11. 

E x Q(E) 1 

J&2 *5( '25™ 2 •«• 9 • H < 

Therefore; 
Q ( l ) 1 - Q(E) 2 = f ( P ) ... 9.12a. 

2n 

o r ; 
^ 1 J 2 = ... 9.12b. 

2n 
since Q(E) may he r e l a t e d t o E, (Chapter 8)» 

9.3. F a r t h e r work. 
I f f u r t h e r models of the two frequency m i l l are t o he 

con s t r u c t e d and f l o w n , more a t t e n t i o n should be pa i d t o 
the accurate c a l i b r a t i o n of the f l i g h t models and t h e i r 
a m p l i f y i n g systems, i n t h e i r ' i n f l i g h t 1 s t a t e . The 
a m p l i f y i n g system should be c a l i b r a t e d s e p a r a t e l y so t h a t 
i t would be po s s i b l e t o determine the a c t u a l m i l l output 
as w e l l as the whole system o u t p u t . 

The dimensions o f the present model were d e r i v e d 
c o n s i d e r i n g a th e o r y o f c u r r e n t s e n s i t i v i t y which was not 
upheld i n p r a c t i c e and which need n o t , t h e r e f o r e determine 
the c o n f i g u r a t i o n o f f u r t h e r models. The t o t a l areas o f two 
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sets o f charge c o l l e c t i n g studs need not be e x a c t l y equal 
and could be a d j u s t e d t o g i v e absolute t o t a l s i g n a l s by 
u s i n g as great a c o l l e c t i n g area as was compatible w i t h 
g i v i n g reasonable f i e l d s i g n a l d i f f e r e n t i a t i o n . 

The f i e l d s e n s i t i v i t i e s r e p o r t e d i n Chapter 8 would 
i n d i c a t e , t h a t despite the r e s u l t s obtained w i t h the 
e l e c t r o l y t i c tank, the f i e l d s e n s i t i v i t y i s l i m i t e d by the 
solid/open r a t i o - of the r o t o r , 

As f a r as the c a l i b r a t i o n i s concerned, w i t h two 
c u r r e n t measuring devices, the a p p l i e d c u r r e n t a t any time 
could be known by cross c a l i b r a t i o n between the two channels 
w i t h no a p p l i e d f i e l d s , i n the f i r s t i n s t a n c e . The c u r r e n t 
measuring device (V.H.E?) could then be removed from the 
set of studs under i n v e s t i g a t i o n and the c u r r e n t passing 
through i t a t any time i n f e r r e d from t h a t s t i l l being 
measured through the o t h e r set of studs. The i n p u t 
r e s i s t a n c e of these c u r r e n t measuring devices should not 
exceed say 10 ohms, t h i s would avoid r a i s i n g the stud 
p o t e n t i a l t o a value where the e l e c t r o n s were r e p e l l e d t o 
any e x t e n t . 

The l i m i t o f s e n s i t i v i t y o f V.R.E's. (few x mY's) gives 
f u r t h e r reasons f o r improving the e l e c t r o n emission system. 
I f the idea of a mono-poler charged p a r t i c l e stream i s 

r e t a i n e d then i f h i g h e r a c c e l e r a t i n g voltages could be 
c o n v e n i e n t l y employed the e l e c t r o n s impacting upon the m i l l 
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would have a h i g h e r energy diie t o the lower d e n s i t y o f 
space charge accumulating i n the regions o f the vacuum chamber 

close t o the e m i t t i n g f i l a m e n t s , 
The o n l y remaining source of innaccuracy seems t o be 

t h a t the c u r r e n t r e g i s t e r e d by the V.R.E's or K.A's i s not 
a t r u e i n d i c a t i o n o f the c u r r e n t d e n s i t y a t the plane 
c o n t a i n i n g the m i l l . This could be due t o the measuring 
device i t s e l f o r due t o diminished c u r r e n t d e n s i t y of the 
c o l l e c t i n g studs due t o f i e l d r e d u c t i o n . The l a t t e r 
e x p l a n a t i o n seems more l i k e l y since the c u r r e n t s were 
measured w i t h both s o r t s o f i n s t r u m ents, and i n both cases 
w i t h the m i l l r o t a t i n g and also w i t h the r o t o r s t a t i o n a r y 
and a l l studs f u l l y exposed, t o avoid any innaccuracy due t o 
a change i n V.R.I o r K.A. p r o p e r t i e s when o p e r a t i n g w i t h an 
i n t e r m i t t e n t D.G. c u r r e n t of a few hundred cps. I n a l l cases 
the i n t e r m i t t e n t c u r r e n t was approximately one t h i r d of the 
c u r r e n t reaching the studs when c o n t i n u o u s l y f u l l y exposed. 

Since the c u r r e n t reaching the lowest g r i d (Chapter 5} 
was found t o be a few rnA's, i t i s reasonable t o assume t h a t 
the c u r r e n t reaching the plane o f the m i l l (10 cm ) i s 
somewhat l e s s , say 1mA, g i v i n g a c u r r e n t d e n s i t y o f 10~° 
amps/cm .. This I s two orders o f magnitude g r e a t e r than 
those assumed e a r l i e r , and w i l l t h e r e f o r e r e s u l t i n space 
charge f i e l d s p r o p o r t i o n a l l y l a r g e r , thus from equation 
9.3b. 
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dV ^ 200v/m. Q o 
M **• y'°* 

Although l a r g e t h i s i s a maximum c o n d i t i o n which 
would he associated w i t h a l a r g e c u r r e n t s i g n a l , and i f 
there were f i e l d d i s t o r t i o n causing anomalously low 
c u r r e n t readings, t h i s would also act as a reducing, 
exposure f a c t o r f o r 'bound charge' induced by the f i e l d 
g iven i n equation 9 . 8 . 
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