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CHAPTER I 

INTRODUCTION TO. AND SCOPE OF, THIS THESIS 

1.1. Introduction 

The nature of e l e c t r i c a l conduction i n l i q u i d s i s of 

fundamental importance i n physics and engineering. Unlike 

conduction i n gases and solids, which are well understood 

experimentally and t h e o r e t i c a l l y , no r e a l l y satisfactory 

explanation has yet emerged f o r the corresponding processes i n 

pure l i q u i d s . The lack of progress i s reflected by two main 

d i f f i c u l t i e s , involving; (a) the production of r e l i a b l e experimental 

evidence without s i g n i f i c a n t l y changing the l i q u i d , (b) the 

i n t r a c t i b i l i t y of the theory of the l i q u i d phase. Nevertheless, 

non-ionic l i q u i d s have extensive engineering applications, 

including t h e i r use as e l e c t r i c a l insulators and as the ionisable 

media i n nuclear p a r t i c l e detectors. Whilst i t i s generally 

accepted that the conduction i n the ' d i e l e c t r i c l i q u i d s ' i s often 

due to traces of ionic impurities, there are indications that the 

' i n t r i n s i c conduction' may be electronic i n nature. I t i s , thereforei 

of considerable interest to f i n d out more about the charge carriers 

which exi s t i n very pure l i q u i d s . 

The saturated hydrocarbons, l i q u e f i e d i n e r t gases, and some 

aromatic compounds are r e l a t i v e l y stable chemically, can be 

prepared w i t h a high degree of p u r i t y and have good insulating 

4$' 

if LIB 
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properties. Paraffins have the simplest structure of the hydrocarbons 

and, being the least polar, are least susceptible to ionic 

contamination. Hexane i s l i q u i d at room temperature and has thus 

received the greatest a t t e n t i o n . Accordingly, t h i s thesis i s 

concerned with the e l e c t r i c a l conduction i n l i q u i d hexane. 

When a s u f f i c i e n t l y high f i e l d (of the order of 1.0 MV cm"1) 

i s applied to l i q u i d hexane a f a s t , probably electronic, process 

known as ' i n t r i n s i c ' or 'spark' breakdown occurs. There i s reason 

to suppose that the pre-breakdown currents control the breakdown 

process to some extent, and that these currents may also be 

electronic i n nature. Since the currents are small, and except 

when breakdown i s imminent d i f f i c u l t to observe, some e f f o r t has 

been made to increase the conduction at lower f i e l d s by ' a r t i f i c i a l ' 

means i n the hope of obtaining d e f i n i t e evidence of the nature of 

the charge c a r r i e r s . Such conduction may be induced by i r r a d i a t i n g 

the l i q u i d with nuclear p a r t i c l e s or X-rays, but since the l i q u i d i s 

then ionised the current i s un l i k e l y to be purely electronic. The 

l a t t e r methods have the additional disadvantage of chemically 

degrading the l i q u i d . A less disruptive way of inducing conduction 

i s to i r r a d i a t e the electrodes or the l i q u i d with u l t r a v i o l e t l i g h t . 

Early work showed that u l t r a v i o l e t i r r a d i a t i o n stimulated very 
-12 

small currents, ~ 10 A., but only i f dissolved a i r had been removed, 
from the l i q u i d . Nevertheless, the method was used (by pulsing 
the l i g h t ) to determine the m o b i l i t y of the generated charges. 
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The generally accepted model was that the currents were i n i t i a t e d 

by the photoelectric emission of electrons from the cathode, and 

that t h e i r low magnitude was due to some sort of space charge 

l i m i t a t i o n . M o b i l i t i e s were found which were similar to those of 

ions known to be generated i n the l i q u i d , e.g. by X-rays. This 

cast doubts on the v a l i d i t y of the assumption that the charges 

originated by photoemission from the cathode; the photocurrents 

could have been generated i n the l i q u i d , f o r the following reasons; 

( i ) I n most cases the cathode was illuminated through the l i q u i d , 

photostimulation of the hexane was, therefore, not necessarily 

precluded. 

( i i ) Commercially available hexane usually absorbs u l t r a v i o l e t 

l i g h t because of trace quantities of dissolved (organic) 

impurities. Most of the l i g h t would be absorbed before 

reaching an immersed electrode surface. 

( i i i ) The currents were much smaller than would be expected from a 

space charge l i m i t e d process and, anyway, did not exhibit the 

usual SCL voltage dependence. 

( i v ) Photoconduction associated with the stimulation of the bulk 

l i q u i d , even when spectroscopically pure, has been reported. 

1.2. Scope of t h i s thesis 

I n the circumstances, photostimulated currents i n the l i q u i d 

required f u r t h e r investigation. The scope of t h i s thesis i s , 

therefore, to distinguish the nature of the photoconduction processes. 



- 4 -

Some advances have been made on four experimental f r o n t s ; 
( i ) The p u r i f i c a t i o n of l i q u i d hexane, i n order to remove the 

o p t i c a l l y absorbing impurities. 

( i i ) The d i s t i n c t i o n of photoconduction i n the l i q u i d from 
photoinjaction by the cathode, and the conditions f o r each 
process. 

( i i i ) The preparation of active photocathodes' (by vacuum evaporation) 

and t h e i r use to photoinject charges in t o highly degassed 

n-hexane with low applied f i e l d s . 

( i v ) The detection of photochemical reactions i n a i r saturated 

n-hexane. 

I n p a r t i c u l a r , the factors leading to the apparent d i s p a r i t i e s 

between some of the previously published results have been 

distinguished, and that, with certain precautions, the measurement of 

the m o b i l i t y of the photoinjected charge carriers becomes meaningful 

and precise. 

The results indicate that the i n j e c t i o n of electrons from a 

photocathode does occur, provided that some crucial requirements are 

f u l f i l l e d . F i n a l l y , a semi-quantitative analysis of the photo-

conduction processes i n l i q u i d d i e l e c t r i c s i s presented. 



CHAPTER I I 

REVIEW OF THE LITERATURE ON 'NATURAL' AND 'INDUCED' CONDUCTION 

IN LIQUID HEXANE 

2.1. 'Natural' conduction i n l i q u i d hexane 

Liquid hexane i s reported to have a r e s i s t i v i t y of greater than 

lO 1^ ohm cm. f o r low applied f i e l d s ( < 10 KV. cm - 1). The 'natural' 

conduction i s thought to be mainly due to ions produced by cosmic rays 

and radioactive contamination 1. The conduction, i n general, i s very 

sensitive to the effects of minute traces of impurities and spurious 
2 

ions . Only part of the current-voltage characteristic i s ohmic; 
a space charge l i m i t e d region i s encountered at higher f i e l d s , leading 

2 3 to a regime of in c i p i e n t breakdown . F i n a l l y , spark breakdown occurs 

at f i e l d s of between 0.5 and 1.2 MV cm""1. The co l l e c t i o n and 

evaluation of the data has been undertaken i n the reviews^ ,^ ,^'^'^. 

Some features have emerged which are of paramount importance 

experimentally but there i s not, as yet, a r e a l l y satisfactory account 

of the charged species which carries the current i n the bulk of the 

l i q u i d . 

Observations and experimental techniques seem to f a l l i n t o three 

groups, according to the magnitude of the applied f i e l d . The usual 

nomenclature i s 'high f i e l d ' ( > 100 KV. cm - 1), 'intermediate f i e l d 1 

(between 10 KV. cm - 1 and 100 KV. cm - 1), and 'low f i e l d ' . Owing to 

the d i f f i c u l t i e s involved i n measuring the current i n the low f i e l d 
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region, the processes occurring at intermediate and high f i e l d 

strengths are best known. Probably the most s i g n i f i c a n t outcome 

of the work at high f i e l d s ( f o r the purposes of t h i s thesis, which 

i s concerned with f i e l d strengths of<' 3 KV. cm"*) i s the emergence 

of dissolved oxygen as an active contaminant i n c o n t r o l l i n g the 

natural conduc t i on^'^'^. 

A. t y p i c a l set of measurements, at high f i e l d s , i s shown i n 

Fig 2.1 Curve (a) gives the current (measured by House*''") a f t e r 

'conditioning 1 the electrodes i n degassed hexane. Measurements 

(b) and (c) were f o r p u r i f i e d and commercial hexane respectively, 
Q 

both being saturated with a i r ( a f t e r Sletten ) . The 'conditioning' 
11 12 13 

process ' ' was necessary to reduce fluctuations i n the current 

for f i e l d s above 100 KV. cm"1 i n the degassed l i q u i d . S l e t t e n ^ ' 1 0 , 

by comparing the effects of 02» N2» and COg was able to deduce 

that the oxygen i s the most active constituent of the dissolved a i r 

i n hexane, and that i t s presence reduces the fluctuations to make 

conditioning unnecessary f o r a i r saturated l i q u i d . The actual 

magnitude of the current i s determined by both the electrode material 

(and the nature of i t s surface) and the l i q u i d sample 2' 1^. The 

a c t i v i t y of the oxygen i s not f u l l y understood, but i t s presence 
3 15 

i n h i b i t s some processes^' , and a specification of the a i r content 
(as well as the chemical p u r i t y of the l i q u i d ) i s now usually 
included with the r e s u l t s . 
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2.2. The charge carriers 

Various suggestions have been made as to the nature of the 

charge carriers i n hexane. Three d i s t i n c t p o s s i b i l i t i e s have been 

proposed so far'', namely that the carriers are ( i ) hexane ions, 

( i i ) impurity ions (or such molecules with attached charges), or 

( i i i ) trapped electrons or holes. 

A test f o r conduction by ions i n a l i q u i d i s to measure the 

mobility over a range of temperature and, from a knowledge of the 
vis c o s i t y , to see i f Walden's r u l e ^ i s operative. I f alternative 

17 
forms of conduction are available the effective radius of the ion 

w i l l be reduced and the mobi l i t y increased, according to the 

activation energy 'E' of the charge transfer mechanism. 
8 18 19 

Measured values of the mobi l i t y ' ' were found to be rather 

too high f o r simple ionic transport, but not high enough f o r 'free' 

electrons or holes. In addition, the product of the mo b i l i t y and 

visc o s i t y was found to be temperature dependent, and thus at variance 

with Walden's r u l e . I t has been pointed out, however, that when the 

current i s unipolar (which i s generally the case f o r mobility 

measurements) the momentum exchange during c o l l i s i o n s between the 
charge carriers and the neutral molecules w i l l cause the l i q u i d to 

20 21 
move as a whole » . i n these circumstances the observed m o b i l i t i e s 

w i l l be larger than the actual m o b i l i t y of the charges i n the l i q u i d 

at r e s t . By taking l i q u i d motion i n t o account the mobi l i t y of 

negative charges injected i n t o l i q u i d hexane by X-rays 1^ and 
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f i e l d emission^ has been shown to be ~> 5 x 10 cm^.V^sec"^. 
The l a t t e r value indicates that ions were the charge c a r r i e r s , these 
might have been formed by the method of i n j e c t i o n or by the attach­
ment of electrons to hexane or dissolved oxygen molecules. 

The alternative p o s s i b i l i t y that an electron or hole becomes 

trapped i n i t s own polarisation f i e l d to form a 'polaron' has been 

proposed"^ to explain the role of an activation energy (higher than 

that due to viscous effects) i n c o n t r o l l i n g the conduction.. This i s 

the nearest approximation to ' i n t r i n s i c 1 conduction and i s based on 

s o l i d state concepts. 

2.J. The application of solid-state theories to the 'natural' 

conduction i n l i q u i d d i e l e c t r i c s 

The t r a n s i t i o n from a s o l i d to a l i q u i d i s characterised by 

the loss of any long range order. The only type of order l e f t i n 

a l i q u i d ( a t least above the immediate v i c i n i t y of the melting point) 

i s short range and i s best described by a r a d i a l d i s t r i b u t i o n 
22 

function . I n many organic molecular solids, however, the change 
from s o l i d to l i q u i d i s a less drastic event than f o r , say, a 

2 3 
covalent s o l i d i n which the order extending over 10 - 10 interatomic 
spacings i s l o s t ' .. I t has been suggested, moreover, that the lorg 

25-27 
range order i s not the only source of a band structure 1. Energy 

bands have been proposed to arise from certain features of the short 

range order e x i s t i n g w i t h i n an amorphous s o l i d or even a l i q u i d . 
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The mechanism of charge transfer i n solids (where the carriers t r a v e l 

as waves, with r e l a t i v e l y high mo b i l i t y and inte r a c t i n g infrequently 

with the l a t t i c e ) i s supposed to exist w i t h i n the short range order 

of a l i q u i d , the carriers moving i n an essentially random manner from 
28 

molecule to molecule . This i s frequently referred to as 'hopping 1. 

In l i q u i d s the mean free path of the carriers would be very short, 

and the mobility low. I t may well be that the ca r r i e r moves as an 

ion i n the applied f i e l d , and also by an activated hopping process 
15 

from one molecule to the next . 
16 C 

Le Blanc notes that the fusion of a c r y s t a l , by causing the 

mean free path of a charge c a r r i e r to be reduced to molecular 

dimensions, makes the average time that a charge spends i n the 

v i c i n i t y of any one molecule comparable to the period of an i n t e r -

molecular v i b r a t i o n . The c a r r i e r might then cause polarisation of 

the molecules i n the immediate neighbourhood, and become trapped i n 

i t s own polarisation f i e l d . The transfer of the ca r r i e r by hopping 

to an adjacent s i t e would thus require an activation energy 'E' 

supplied by a strong phonon i n t e r a c t i o n , which i s necessarily a low 

prob a b i l i t y event. I n t h i s case the mobility u. would vary with 

temperature according to the equation 
E/ 

u = u Q exp - /jpp 
where E i s an energy, and u need not be much larger than f o r an ion. 

I f the charge transport involves two p a r a l l e l and simultaneous 

mechanisms, the process can be considered as a kind of electrochemical 
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reaction and i s governed by the theory of reaction rates. Forster , 

fo r example, has proposed that the conductivity of at least some 

hydrocarbons i s due to both a thermally activated hopping process 

and charge transport of electrons v i a an excited state. The conduction 

would then be proportional to a reaction constant 'K' given by 

where K i s the transmission c o e f f i c i e n t and E the activation energy n n 0 , 7 

of the nth p a r t i a l reaction. For the two processes considered by 

Forster the conductivity i s given by 

The c a r r i e r generation process i s assumed to take place w i t h i n the 

l i q u i d and i s independent of any charge i n j e c t i o n from the electrodes. 

than f o r the paraffins, and has ascribed E^ i n benzene to the energy 

of the t r i p l e t state. The ins u l a t i n g properties of the paraffins 

could be due to the absence of a similar energy l e v e l . Similarly, 

Eg i s supposed to be lower f o r the charge transfer between molecules 
3 

i n the excited state. Thus benzene, which has a conductivity 10 
23 

times higher • than n-hexane, may reasonably be considered an organic 
semiconductor. 

Since the excited state of the molecule has been invoked to 

explain the conduction, despite the fact that i t i s u n l i k e l y to be 

K K (KT/N )exp(-E /KT) 
n n n n 

cr = A. exp(-E^/KT) + B exp(-E 2/KT). 

Forster notes KM that/conduc t i v i t y ^ l i q u i d aromatics i s much greater 
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thermally activated, i t has been suggested that excitation may 

re s u l t from the application of an e l e c t r i c f i e l d ' 5 0 . Although 

t h i s would seem to be possible f o r very high f i e l d s (near break­

down) i t i s d i f f i c u l t to reconcile with the conduction at very 

low f i e l d s . 

The equilibrium 'contact' p o t e n t i a l between an electrode and 

the l i q u i d i s important when considering the i n j e c t i o n of charges. 

Morant^ 2 has applied the theory of metal/semi-conductor c o n t a c t s ^ 

to the metal/liquid case, and has measured a small change i n 

potential of a stainless steel electrode on immersion i n a i r -

saturated hexane. His results showed that the i n t e r f a c i a l double 

layer always had the negative side towards the l i q u i d , as required 

f o r an electron space charge. His assumption that t h i s voltage 

corresponded to the d i f f u s i o n potential of free electrons i n the 
44 

l i q u i d has, however, been questioned . 

I t i s seen (from Sections 2.1 - 2.3) that the nature of the 

conduction i n hexane i s s t i l l largely unknown. The low 'natural' 

conductivity makes the experimental investigation of the charge 

carriers d i f f i c u l t , i f not impossible. An alternative approach 

i s to induce currents, i n some way, and to observe the behaviour 

of the injected charges. The rest of t h i s Chapter i s concerned 

with the various methods of introducing charges (not necessarily 

electrons) i n t o the l i q u i d with low applied f i e l d s . 
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2.4. Currents induced i n l i q u i d hexane by nuclear radiation and X-rays. 

An abbreviated account of the currents induced by ioni s i n g 

r a d i a t i o n (X- and# -rays,©*1- and£- part i c l e s etc.) w i l l be i n ­

cluded i n t h i s Section. A comprehensive survey of the (extensive)) 
Q 

l i t e r a t u r e on t h i s subject has recently been published by Adamczewski , 

to which the reader i s r e f e r r ed f o r greater d e t a i l . Some aspects 

of the theory of t h i s type of induced conduction are dealt w i t h more 

f u l l y i n Section 3.1. 

When high energy radiation (e.g.cy - pa r t i c l e s ) i s passed into a 

hexane-filled ionisation chamber, a current, t y p i c a l l y of the order 
- 9 -1 

of 10 ̂ A, flows for applied f i e l d s of a few KV.cm . The induced 

current, which i s several orders of magnitude greater than the 'dark' 

current, decreases very rapidly (at a rate which depends on the 

t r a n s i t time of the ions between the electrodes) when the radiation 
i s stopped. The form of current-voltage or current-stress charac-

31 

t e r i s t i c , as shown i n Fig. 2.2, is exhibited by the conduction 

induced by a wide range of type (and energy) of rad i a t i o n . I t ds 

seen that the current ' I 1 f o r a given f i e l d 'E' can be expressed as 

1(E) - I ^ E ) + I 2 ( E ) 
— 1 

so that above a certain f i e l d 'E ' (generally 2-10 KV.cm" ) the f i r s t 
s 

term assumes a constant value l I Q
l , a n d the second component • IgE' 

i s a li n e a r function of the applied f i e l d . Thus, the t o t a l current 

f o r E » E can be wr i t t e n i n the form 
8 1 = 1 + CE s o 

where 1C"1 i s a constant depending on the type of incident r a d i a t i o n , 
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and which increased l i n e a r l y w i t h the r a d i a t i o n i n t e n s i t y ^ T h e 

s t r a i g h t p a r t o f the c u r r e n t - v o l t a g e c h a r a c t e r i s t i c has been shown to 
32 -1 continue t o very h i g h stresses ( ~ 300 KV.cm ) . 

A considerable amount o f data on the e f f e c t of molecular s t r u c ­

t u r e , temperature, and e l e c t r i c f i e l d on the m o b i l i t y of the ions 
Q 

produced i n the l i q u i d has been amassed , g e n e r a l l y u s i n g pulsed X-ray 
33 3d 

i r r a d i a t i o n and 'time of f l i g h t ' measurements There are i n d i ­

cations t h a t high, energy i r r a d i a t i o n produces several types of p o s i t i v e 

i o n ^ but only one k i n d of negative c a r r i e r ; the l a t t e r most probably 
being an e l e c t r o n which i s trapped, or attached t o hexane or i m p u r i t y 

32 

molecules . Measured values of the i o n m o b i l i t i e s i n hexane range 

from 10 ̂  t o 10 ̂ "cm.̂ V "*"sec. ̂ ; the negative c a r r i e r s u s u a l l y 

e x h i b i t i n g a s l i g h t , but c o n s i s t e n t , high m o b i l i t y compared t o the 
Q 

p o s i t i v e ions . A s i m i l a r t r e n d i s found f o r the a c t i v a t i o n energies 

(~0.1eV), the value f o r the negative ions being lower than the 

p o s i t i v e i o n s , so t h a t 

( b e i n g the v i s c o s i t y ^ , and 1 ^ and 1 being, r e s p e c t i v e l y , 

the p o s i t i v e and negative i o n m o b i l i t i e s ) . 

I t i s not known f o r sure, a t present, how important the neglect 
19 20 

of l i q u i d movement i n e a r l i e r measurements has been . I n addi­

t i o n , traces o f some i m p u r i t i e s i n the l i q u i d ^ 8 ( n o t a b l y o x y g e n ^ ' ^ , 

e t h y l a l c o h o l ^ 2 c a r b o n t e t r a c h l o r i d e ^ and t e t r a h y d r o f u r a n ^ ) 
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have been shown t o reduce the i o n m o b i l i t i e s . I n general, r e l a t i v e l y 
l i t t l e a t t e n t i o n has been paid t o p u r i f y i n g the l i q u i d samples, or 

41 to the accumulation of i m p u r i t i e s which are produced by the r a d i a t i o n . 

2 . 5 . Currents induced i n l i q u i d hexane by u l t r a v i o l e t i r r a d i a t i o n 

The conduction of hexane i s increased by u l t r a v i o l e t i r r a d i a t i o n 

of the l i q u i d or an immersed e l e c t r o d e . The nature of the conduction 

i s now b e t t e r known, and so the l i t e r a t u r e w i l l be re-assessed i n 

Chapter V I I w i t h regard t o the present r e s u l t s . Pulsed photoconduction 

has been used as a method o f measuring the m o b i l i t y o f the charge 

c a r r i e r s i n the l i q u i d , and i s described i n Section 2.6.. 

The f a c t t h a t saturated s o l u t i o n s of anthracene i n hexane are 

photoconducting was reported as long ago as 1 9 1 0 ^ . Volmer^found 
o 

t h a t r a d i a t i o n of wavelengths s h o r t e r than about 4OOOA were e f f e c ­

t i v e i n t h i s system, but f o r d i l u t e s o l u t i o n s the t h r e s h o l d s h i f t e d 

t o about 2250X. I n the l a t t e r case, the s l i g h t e s t t r a c e of anthra­

cene i n the hexane produced a 100 t o 500 f o l d increase i n c u r r e n t . 

The maximum e f f e c t o f the anthracene was found f o r 2 x 10"^N. s o l u t i o n s ; 

greater concentrations absorbed the l i g h t i n a l a y e r close to the 

window of the c e l l and away from the e l e c t r o d e s . The c u r r e n t tended 

towards a s a t u r a t i o n value when the a p p l i e d f i e l d was increased above 

300-700 V.cm."1. Wavelengths o f l i g h t between 4000 and 300o2 caused 

the d i l u t e s o l u t i o n to f l u o r e s c e , but not to photoconduct. 

E l l e r ^ associated the photoconduction of 'pure' p a r a f f i n s 
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w i t h the u l t r a v i o l e t absorption edge. His measurements i n d i c a t e d 
t h a t both the u.v. absorption and the t h r e s h o l d f o r photoconduction 
s h i f t e d to longer wavelengths w i t h increase i n chain l e n g t h o f the 
molecules, fce also found t h a t benzene d i d not photoconduct, i n 
s p i t e of i t s s t r o n g absorption i n the u.v.) 

AO 

J a f f e , i n 1913» observed photoconduction i n p u r i f i e d hexane; 

but d i d not i n v e s t i g a t e furfeker, save t o r e p o r t i t i n the context o f 

hi s work on columnar i o n i s a t i o n by aC - p a r t i c l e s i n the l i q u i d . 
49 

Dornte was the f i r s t t o p u r i f y and degas the l i q u i d f o r a 
50 

c a r e f u l study of the high f i e l d conduction of heptane and benzene. 

Only one measurement of the c u r r e n t s induced by the i r r a d i a t i o n o f 

degassed heptane ( w i t h a mercury vapour lamp) i s recorded. The 

photocurrent was e a s i l y d i s t i n g u i s h e d from the ' n a t u r a l ' conduction 

a t the lower f i e l d s , i t s magnitude being roughly p r o p o r t i o n a l t o the 

i n t e n s i t y of i l l u m i n a t i o n . . Dornte noted t h a t these c u r r e n t s were 

r e l a t i v e l y i n s e n s i t i v e to the magnitude of the a p p l i e d f i e l d . Above 

~j 70 KV.cm the 'dark' c u r r e n t s r a p i d l y increased t o completely 

obscure the c o n t r i b u t i o n of the induced c u r r e n t . Dornte deduced 

t h a t (since the sudden increase o f the conduction above 'JO. KV.cm"̂ " 

d i d not depend a t a l l on the presence of photocurrents) t h i s 

i n d i c a t e d the absence of c o l l i s i o n a l i o n i s a t i o n a t high f i e l d s . 

The sudden t r a n s i t i o n from low t o high c u r r e n t s was probably 

because of the onset o f f i e l d emission of el e c t r o n s from 
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roughness on the e l e c t r o d e s , the c u r r e n t then behaving according 
51 

t o the Fowler-Nordheim equation f o r cold-cathode f i e l d emission . 
52 

Morant i r r a d i a t e d p o l i shed aluminium electrodes i n degassed 

( t o 10 t o r r ) hexane, steady c u r r e n t s not being obtainable i n the 

a i r - s a t u r a t e d l i q u i d . The shape o f the c u r r e n t - v o l t a g e character­

i s t i c was found t o depend on the wavelength o f the r a d i a t i o n ; 

n e a r l y ohmic behaviour was e x h i b i t e d f o r wavelengths near the 

t h r e s h o l d ( ~ 300oX) but there was a tendency towards s a t u r a t i o n 

(see F i g . 2 . 3 a ) when using u n f i l t e r e d r a d i a t i o n from a low pressure 

mercury vapour lamp. Morant compared the photocurrent i n the l i q u i d 

w i t h the photoemission (from the aluminium) i n vacuo, he found t h a t : 

( i ) The t h r e s h o l d wavelength f o r photoconduction i n the 

l i q u i d was about the same as f o r the vacuum photo-

emission (~3oooX). 

( i i ) The maximum photoemission i n vacuo was considerably 

l a r g e r than the corresponding l i q u i d photocurrents 

( < 1 0 _ U A . ) . 

53 

Later measurements , w i t h d i f f e r e n t e l ectrode surfaces but w i t h 

the same sample o f l i q u i d , i n d i c a t e d a connection between the r e l a t i v e 

magnitudes o f the photoemission ( i n vacuo) and the photoconduction an 

the l i q u i d . P o l a r i t y r e v e r s a l t e s t s showever, however, t h a t the 

photocurrents i n the l i q u i d were n e a r l y the same f o r e i t h e r d i r e c t i o n 
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of c u r r e n t f l o w , and t h a t r a d i a t i o n of a given i n t e n s i t y was e q u a l l y 

e f f e c t i v e i f d i r e c t e d at the anode, cathode, or the b u l k o f the l i q u i d . 
54 

Swan constructed a t e s t c e l l i n which e l e c t r o n s were emitted 

( a t l e a s t i n vacuo) from the f r o n t surface of a t h i n metal f i l m 

when u l t r a v i o l e t l i g h t was d i r e c t e d onto the back surface. An 

aluminium f i l m which absorbed about 50$ of the r a d i a t i o n (the con­

d i t i o n f o r maximum photoemission) was deposited, by vacuum evap­

o r a t i o n , on a s i l i c a d i s c . This photocathode was then cemented on 

t o the t e s t c e l l t o face a s t a i n l e s s s t e e l e l e c t r o d e . The alumin­

ium l a y e r was exposed t o the atmosphere f o r some hours and so i t 

must be assumed t h a t i t s surface would be o x i d i s e d . 

I r r a d i a t i o n from a medium pressure mercury vapour lamp induced 

c u r r e n t s ofVLO ^A. i n s p e c t r o s c o p i c a l l y pure hexane (degassed t o 

10~ 5 t o r r ) a t a f i e l d s t r e n g t h o f 10 KV.cm"1 (see P i g . 2 . 3 ( b ) ) , the 
—8 

corresponding vacuum photocurrent being~10~ A. At f i e l d s above 
— 1 n 10 KV.cm" the c u r r e n t was p r o p o r t i o n a l t o E where n = 1.21, but 

f o r lower f i e l d s a c o n d u c t i v i t y s i m i l a r t o Morant's^ was e x h i b i t e d . 

By r e v e r s i n g the p o l a r i t y i t was found t h a t the c u r r e n t i n j e c t e d 

i n t o the l i q u i d w i t h the metal f i l m as the cathode was about 100 x 

g r e a t e r than t h a t i n j e c t e d w i t h the f i l m as an anode. The c u r r e n t 

when the f i l m was p o s i t i v e i n d i c a t e d t h a t r a d i a t i o n (passing through 

the f i l m ) was e i t h e r r e l e a s i n g e l e c t r o n s from the s t a i n l e s s s t e e l 

e l e c t r o d e or p h o t o i o n i s i n g the l i q u i d . The r a t i o of the 'forward' 

and 'reverse' currents remained the same when the c e l l was emptied 
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and evacuated, and so i t appears t h a t the charges o r i g i n a t e d a t 

the electrodes and not i n the b u l k of the l i q u i d . Slow v a r i a t i o n s 

o f the c u r r e n t were observed when the i l l u m i n a t i o n was switched on 
/ -18 -15 - l and o f f (e.g. the c o n d u c t i v i t y rose from 10 t o 10 ohm cm 

on i n i t i a l i l l u m i n a t i o n but decreased, i n 20 minutes by a f a c t o r 

o f 3, i f the r a d i a t i o n was prolonged). 
55 

Gzowski and T e r l e c k i i n v e s t i g a t e d the photoemissive p r o p e r t i e s 

of t e c h n i c a l grade z i n c , s i n g l e c r y s t a l s of zinc and aluminium, and 

abraded, etched, or vacuum deposited surfaces of aluminium i n a i r 

saturated n-hexane and n-decane. They concluded t h a t f o r i r r a d i a ­

t i o n by wavelengths longer than 2600A* the evaporated aluminium l a y e r 

was the most e f f i c i e n t o f the photocathodes examined. 

Most of the measurements were made us i n g a c e l l w i t h an anode 

c o n s i s t i n g of a t h i n l a y e r of t i n oxide on b o r o s i l i c a t e glass (the 

combination being transparent t o l i g h t of wavelength longer than 

~ 260oX.). The cathode was i l l u m i n a t e d v i a the ano d e / l i q u i d , using 

a h i g h pressure mercury vapour lamp. Some measurements were made 

i n a c e l l where the t i n oxide l a y e r was replaced by a semi-trans­

parent evaporated c o a t i n g of aluminium, ( c . f . Swan^), i n which 

case the l a y e r formed the cathode, emission being obtained by 

i l l u m i n a t i n g the l a y e r through the glass backing. The r e s u l t s w i t h 

both types of c e l l were e s s e n t i a l l y the same. 

The photocurrents were very dependent on the techniques o f 

evaporation (a r a p i d evaporation being the b e s t ) , and they decreased 
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a s the electrodes aged i n the l i q u i d . A decay of electrode a c t i v i t y 
over long periods of time was observed ( F i g . 2 . 4 ( a ) ) , but there was 
also a much more r a p i d ' f a t i g u e ' of the photocathode on sudden 
i l l u m i n a t i o n ( F i g . 2 . 4 ( b ) ) . Because of t e c h n i c a l d i f f i c u l t i e s , 
measurements were not begun u n t i l 2 hours had elapsed from the time 
of evaporation, and the surface had t o be immersed i n the l i q u i d 
f o r a few days before reproducible r e s u l t s were obtained. The 
cu r r e n t - v o l t a g e c h a r a c t e r i s t i c s shown i n F i g . 2 . 3 ( c ) were measured 
a f t e r both types o f f a t i g u e were n e a r l y complete, i . e . w i t h an 
evaporated l a y e r several days o l d and a f t e r prolonged i r r a d i a t i o n . 
The c u r r e n t was measured f o r f i e l d s up t o 200 KV.cm"̂ " f o r d i f f e r e n t 
e lectrode spacings. The c u r r e n t - s t r e s s curves could be represented by 

I «» AE n 

where 'A' was a constant depending on the nature of the cathode 

surface ( i t s age), the type of l i q u i d , the i n t e n s i t y of i l l u m i n a t i o n 

and the s p e c t r a l composition of the l i g h t , but not the electrode 

spacing. The value of 'n' was about 1.1 and was n e a r l y the same 

f o r hexane and decane, cu r r e n t s being p r o p o r t i o n a l t o the l i g h t 

i n t e n s i t y even a t low a p p l i e d f i e l d s . There were no measurable 

photocurrents w i t h the p o l a r i t y of the c e l l reversed, i . e . w i t h 

the t i n oxide l a y e r as cathode. 

2 . 6 . M o b i l i t y Measurements u s i n g pulsed u l t r a v i o l e t i r r a d i a t i o n 

The discovery of photoconduction i n p a r a f f i n s has l e d t o 

experiments designed t o measure the d r i f t v e l o c i t y o f the i n j e c t e d 

charges, and thus the m o b i l i t y ; 'ji1. 
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56 Le Blanc was the f i r s t t o use the method. He used a 

mercury vapour lamp t o i l l u m i n a t e an aluminium cathode i n spectros-

c o p i c a l l y pure n-hexane or n-heptane. Pulses of l i g h t , o f 50 ms. 
••12 

d u r a t i o n , produced c u r r e n t s of about 10" A. w i t h a t r a n s i t time 

of a few seconds a t f i e l d s l e ss than 2 KV.cm"*'. The i n j e c t e d 

charge was assumed t o c o n s i s t of el e c t r o n s photoemitted from the 

cathode; the p h o t o i o n i s a t i o n o r p h o t o e x c i t a t i o n o f the l i q u i d 

being minimised by the use of s u i t a b l y f i l t e r e d i r r a d i a t i o n . The 

e f f e c t s of space charge were discounted from a c o n s i d e r a t i o n o f 

the shape o f the c u r r e n t pulse; v a r i a t i o n s from the expected 

shape could be accounted f o r by d i f f u s i o n of the c a r r i e r s and i n t e r ­

n a l r e f l e c t i o n s i n the c e l l . Values of the d r i f t v e l o c i t y were 

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 . Measurements were made w i t h 
O -*7"C; 

vacuum d i s t i l l e d hexane a t temperatures between +27 C anfy one i n 

n-heptane a t 27°C. The m o b i l i t y was found t o depend on the temp­

er a t u r e according t o the r e l a t i o n s h i p ; 

/ t - ^ e x p (-E/KT) 

w i t h jp^ = 0 .3 + 0 .2 cm^V. _ 1sec 

and E «= 0 .14 + 0 .02 e l e c t r o n v o l t s . 
Thus, the m o b i l i t y of e l e c t r o n s i n n-hexane, a t 27°C, w as found 

-3 2 -1 -1 

t o be 1.4 + 0 .1 x 10 cm V. sec , w i t h a s i m i l a r value f o r 

n-heptane. 
The a c t i v a t i o n energy f o r viscous f l o w i n l i q u i d n-hexane i s 

35 
0 . 0 7 3 e l e c t r o n v o l t s . Le Blanc concluded t h a t Walden's r u l e was 
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not obeyed f o r these charge c a r r i e r s , and t h a t f o r hexane over 

the temperature range; 
-2 

(where 'ijj i s the shear v i s c o s i t y ) . 

Le Blanc proposed t h a t the d e v i a t i o n from Walden's r u l e could 

be explained i f the e l e c t r o n s i n j e c t e d i n t o the l i q u i d n e i t h e r behave 

as f r e e p a r t i c l e s nor are permanently attached t o form negative ions. 

I n t h i s case, the energy 'E' c o n t r o l l i n g the m o b i l i t y could be i n ­

t e r p r e t e d as the average energy w i t h which an e l e c t r o n i s trapped, 

the i n j e c t e d e l e c t r o n s being trapped and t h e r m a l l y untrapped many 

times d u r i n g t h e i r d r i f t through the l i q u i d . The tr a p s were 

c a l c u l a t e d t o be o f molecular size ( i . e . ~ 3 ^ ) , but t h e i r o r i g i n 

remains unknown (see Section 2 . 3 ) . 

57 

Chung and I n u i s h i used 4^s flashes of l i g h t from an un-

f i l t e r e d mercury vapour lamp t o i n j e c t charges from a magnesium 

cathode i n t o n-hexane (degassed t o 10 t o r r ) . The t r a n s i t time 

of the c a r r i e r s was found from the charging o f a capacitance i n 

an i n t e g r a t i n g c i r c u i t a t the negative electrode ( i . e . CR»transit 

t i m e ) . The m o b i l i t y was found t o be independent of the a p p l i e d 
~1 —3 2, —1 —1 

f i e l d (up t o 500 KV.cm- ) w i t h a value o f 1.1 x 10 cm V." sec" 

a t 27°C and an a c t i v a t i o n energy of 0 .16 e l e c t r o n v o l t s . The 

a d d i t i o n of small amounts of e t h y l a l c o h o l t o the hexane reduced 

the m o b i l i t y and produced space charge d i s t o r t i o n of the c u r r e n t 

pulses. A s i m i l a r m o b i l i t y was observed i n benzene. 
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CD 

T e r l e c k i used a vacuum deposited f i l m of aluminium as the 

photocathode and measured the m o b i l i t y i n a i r saturated hexane. 

L i g h t from a mercury vapour lamp reached the cathode v i a a t r a n s ­

parent anode of stannous oxide on glass, ( t h i s combination also avoid­

i n g the absorption of l i g h t by the l i q u i d ) . M o b i l i t i e s were found t o 

be 9.8 x 1 0 " 4 , 7 x 1 0 " 4 , and 3 x lO^cn^V." sec f o r hexane, octane 

and decane ( r e s p e c t i v e l y ) a t room temperature; and were independent 
1 1 o f the f i e l d (up t o 100 KV.cm f o r hexane, 200 KV.cm" f o r octane, 

and 300 KV.cm"^ f o r decane). Varying the electrode spacing from 

0.3 to 2 mm d i d not a f f e c t the m o b i l i t y . 
59 

More r e c e n t l y , Bloor has used the techniques described i n 

t h i s Thesis t o c a r r y out precise measurements of the m o b i l i t y i n 

hexane. The r e s u l t s i n d i c a t e a value close t o those p r e v i o u s l y 

obtained, although the experimental c o n d i t i o n s are much more c l e a r l y 

defined than e a r l i e r . 

M o b i l i t y values obtained by the p h o t o i n j e c t i o n of charges i n t o 

hexane correspond f a i r l y w e l l w i t h those obtained by other means 

(see Sections 2 . 2 and 2 . 4 ) . 
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CHAPTER I I I 

ADDITIONAL MATERIAL RELEVANT TO THE DISCUSSION 

This Chapter i s i n f o u r s e l f - c o n t a i n e d Sections. Sections 3 . 1 

and 3 . 2 deal w i t h processes i n the b u l k l i q u i d , Sections 3 . 3 and 3 « 4 

are t o do w i t h the i n j e c t i o n p r o p e r t i e s of the e l e c t r o d e s . 

3*1 . Recombination o f i o n - p a i r s i n l i q u i d hexane. 

U l t r a v i o l e t i r r a d i a t i o n o f the l i q u i d w i l l be assumed t o produce 

c a r r i e r s which are s i n g l y charged ( i t i s much more d i f f i c u l t t o remove 

a second e l e c t r o n from a molecule than the f i r s t , and Coulomb forces 

make the attachment of two s i m i l a r charges t o a n e u t r a l molecule 

u n l i k e l y ) . Thus, i o n i s a t i o n w i l l r e s u l t i n equal numbers o f p o s i t i v e 

and negative c a r r i e r s . The r a t e o f recombination o f ions can now be 

represented b y : ^ 

9p "3n 

where 'p' and 'n' are the concentrations of p o s i t i v e and negative 

c a r r i e r s , and 'ot' i s the recombination c o e f f i c i e n t . I t should be 

noted t h a t n e i t h e r d i s s o c i a t i o n nor recombination a f f e c t the l o c a l 

charge d e n s i t y ^ = e(p - n ) , and i t i s thus a general i m p o s s i b i l i t y 
62 

t o observe l o c a l l y the f o r m a t i o n o r recombination o f i o n s . 

I n the steady s t a t e , the r a t e of generation of i o n - p a i r s w i l l be 

e x a c t l y balanced by t h e i r n e u t r a l i s a t i o n through recombination and 

t h e i r c o l l e c t i o n a t the e l e c t r o d e s . I f the r a t e of generation i s 
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f i x e d , the induced c u r r e n t r i s e s w i t h the f i e l d t o e v e n t u a l l y reach 

a s a t u r a t i o n value. The c u r r e n t then corresponds to the r a t e o f 
62 

production of i o n p a i r s , t i O i n«pn appro00hoo aoim. 
64 

I n f a c t , induced c u r r e n t s i n hexane do not s a t u r a t e a t 
Q 

ordi n a r y f i e l d s . The conduction can g e n e r a l l y be represented , 

a t moderate f i e l d s , (see F i g . 2 . 2 ) by: 

1 = 1 + CE o 

To e x p l a i n t h i s c h a r a c t e r i s t i c i t w i l l be necessary t o define 

more c l o s e l y the recombination process. There are three important 

types of recombination which can occur w i t h i n the l i q u i d 

(a) Volume 

(b) Columnar 

(c) I n i t i a l . 
6 l 

Volume recombination takes place between p o s i t i v e and negative 

ions from u n r e l a t e d i o n i s a t i o n events ( i . e . between ' f r e e ' i o n s ) . 

Columnar recombination^ 8 i n v o l v e s a l l the ions i n the t r a c k 

produced by a s i n g l e i o n i s i n g p a r t i c l e (e.g. an - p a r t i c l e ) . 
63 

I n i t i a l recombination i s the o n l y tru e re-rv;combination between 

each ( i n d i v i d u a l ) i o n - p a i r . 

I t may a t once be observed t h a t i o n i s a t i o n i n columns does n o t 

r e s u l t from u l t r a v i o l e t i r r a d i a t i o n , and so any s p e c i a l aspects o f the 

theory o f columnar recombination cannot be a p p l i e d here. I f only two 

types o f i o n are produced by the i r r a d i a t i o n , then 'volume' and ' i n i t i a l ' 

recombination become i n d i s t i n g u i s h a b l e on a l o c a l s c a l e . 
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The absorption of a photon ( i n the u l t r a v i o l e t range of energy) 
by the l i q u i d may be assumed t o e j e c t an e l e c t r o n from a s i n g l e 
molecule. Thus, i f 'M1 i s such a molecule: 

M ' W / V / — M + + e~ 

The r e s u l t i s the same as f o r i r r a d i a t i o n o f much higher energy 

(e.g. b y y - r a y s ) ; but i n our case the ej e c t e d e l e c t r o n w i l l have 

i n s u f f i c i e n t k i n e t i c energy t o cause f u r t h e r i o n i s a t i o n , b ut grea t e r 

than thermal energy. The p o s i t i v e i o n may also move through the 

l i q u i d , or s h i f t i n p o s i t i o n by charge exchange w i t h neighbouring 

molecules, b u t there w i l l be no l o s s i n g e n e r a l i t y of the argument 

i f the p o s i t i v e i o n i s taken as s t a t i o n a r y . 

The k i n e t i c energy of the e l e c t r o n i s diminished by c o l l i s i o n s 

w i t h the molecules o f the l i q u i d , a n d because of i t s outward motion 

against the Coulomb f i e l d o f the parent i o n . I t stands t o reason 

t h a t the e l e c t r o n , i f not removed too f a r before i t becomes attached 

to another molecule or i s otherwise slowed down t o thermal energies, 

may recombine w i t h the parent i o n , i . e . , 

M + + e~ M* 
63 

and ' i n i t i a l recombination w i l l have occurred. 

[Some of the energy of the e l e c t r o n i s , i n general, l o s t t o 

f r i c t i o n a l f o r c e s ( i n between the e j e c t i o n and recombination) and the 

energy of the e x c i t e d molecule, M*, can be expected t o be l e s s than 

t h a t o f the i o n i s i n g photon.] 
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The question now a r i s e s as to the separation of the ions which 
do not recombine. The k i n e t i c energy of a 'free 1 ion i n thermal 
equilibrium with the neutral l i q u i d molecules i s s i m i l a r to that of 
the molecules themselves. I t follows that an ion pair may be 
considered ready to participate i n the conduction i f the separation 

i s greater than a ' c r i t i c a l ' valuej'r', so that the thermal energy 
N 63 U^, i s comparable to the Coulomb att r a c t i o n energy; 

e 2 ^ U., — — th fir 
The thermal energy of individual ions w i l l be distributed about 

the mean value, kT, and so an averaged c r i t i c a l separation, r , can 
0 

be calculated for a non-interacting assembly of ion-pairs; 
2 

r = e 
° *TkT) [The value of r for l i q u i d hexane at room temperature i s 300.2, the c 

Coulomb f i e l d between the ions i s given by; 

E c ^ 8 K V « o.- 1. ] 

Due to Brownian motion, the probability, P, of an ion having an 

energy KT i s ; 

P = exp(- U.,/kT) th' 

I t i s seen that ions with a separation r < r Q can diffuse apart with 

the same probability; 

P = exp(- r / r ) 

This expression can be used, i f the i n i t i a l separation i s known, to 

find the y i e l d of 'free' ions i n the absence of an applied f i e l d . 
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Onsager has taken into account the eff e c t of an applied f i e l d 
on the recombination/dissociation of the ion-pairs. He has found 
that the r e l a t i v e e f f e c t of a moderately high f i e l d on an assembly 
of i s o t r o p i c a l l y orientated ion-pairs i s independent of th e i r separa­
tion i f r « r . Thus, i f G(0) i s the y i e l d of free ions at zero 

c 

f i e l d , the y i e l d G ( E ) with an applied f i e l d E i s 

G( E ) « G(0) [ l + e 3 E / 2 * k 2 T 2 ] 

substituting for E , the above equation reduces to c 

G ( E ) = 0 ( 0 ) [ 1 + • § - ] 

and w i l l be expected to hold for E » E C « 

I t i s seen that this treatment, l i k e the Jaffe t h e o r y ^ , predicts 

a l i n e a r relationship between the recombination and the f i e l d , with 

the intercept presumably giving the y i e l d at zero f i e l d * . I f G ( E ) i s 

associated with the induced current, then the above equation can be 

written as 

1 = 1 + CE o 
where C = IQ/2E w c 

In addition, for E5S>E , the induced current should be propor-
c 

tional to. the radiation i n t e n s i t y (through G(o)).. Onsagers theory 

predicts an absolute value of the r a t i o of the slope to the intercept 

at zero f i e l d ( 7 I Q i n Fig.2.2.) of the current-stress c h a r a c t e r i s t i c . 
-5 -1 

t h i s value being 6 x 10 cm.V for hexane at room temperature. 
Hummel and Allen*'"', who found a value of C/ l of 5.8 x 10"^ cm.V"1 

o 

for the currents induced by X-rays i n hexane at 290°K have also found 

the required temperature dependence. 
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I t has been shown that i n i t i a l recombination occurs i f the 
separation of the ion-pair i s such as to make the mutual Coulomb 
energy comparable to, or greater than, the thermal energy ET. I n 
the same way, t h i s c r i t e r i o n can be used to describe the volume r e -
combination between the 'free* ions. Adamczewski has proposed that 
the currents for E<E. can be calculated by assuming a. separate (and 
f i e l d independent) recombination c o e f f i c i e n t for the free ions* 3fc 
must be remembered, however, that t h i s d i s t i n c t i o n between volume 
and i n i t i a l recombination i s a r t i f i c i a l i f only two types of ion are: 
involved. 

3.2. Photochemical reactions i n hexane 

In t h i s section, some of the interactions of u l t r a v i o l e t 

i r r a d i a t i o n with hexane are discussed. An extensive search i n the 

published l i t e r a t u r e was not p a r t i c u l a r l y rewarding i n elucidating 

the mechanisms leading to photoconduction i n p a r t i c u l a r , but some 

fa c t s emerged which w i l l be used to propose an explanation i n Chapter 

7 (Discussion).. 

3.2(i) General 

The i o n i s a t i o n potentials of the paraffin s e r i e s f a l l with 

increasing molecular s i z e , u n t i l a l i m i t of about 10 eV. i s reached 

for a molecule containing seven or more carbon atoms. A. theoretical 

discussion of t h i s e f f e c t , based upon molecular o r b i t a l theory, iss 
66 

given by H a l l and Lennard-Jones .. I t appears that the f a l l i n i o n i s a — 

tion potential i s due to the delocalisation of the electrons i n C-H 
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bonds, so that for long molecules they are no longer confined to 

any one part i c u l a r C-H location. Thus, the energies of the highest 

occupied group o r b i t a l s i n paraffins increase with the number of 

methylene groups i n the chain, and more p a r t i c u l a r l y , with the degree 
67 

of chain branching .. There i s a: s i m i l a r progression of the energies 

of the lowest unoccupied group o r b i t a l s , which govern the excitation 

potentials of the s e r i e s . 

Gaseous paraffins are transparent to v i s i b l e and near u l t r a v i o l e t 

i r r a d i a t i o n , the f i r s t electronic absorption band appearing i n the 

vacuum u l t r a v i o l e t ^ . The band corresponds to the t r a n s i t i o n of an 

electron from a cr to o** state (bonding to antibonding group 

o r b i t a l ) ; and exc i t a t i o n w i l l r e s u l t when \rr<1750A« Liquid paraf-

f i n s absorb at much longer wavelengths ,̂  c a r e f u l l y p u r i f i e d hexane 

s t a r t s to absorb^ i n the u l t r a v i o l e t (at around 24OOA.) the absorptioni 

being intense at 20001. The infra-red spectrum of the l i q u i d i s 
similar to the vapour except for s l i g h t differences i n the band con-

70 

tours , fine structure due to rotational modes of vibration being 

observable i n the vapour but not i n the l i q u i d . 

3 . 2 ( i i ) Impurity absorption 

Hexane i t s e l f i s transparent to the v i s i b l e and most of the 

u l t r a v i o l e t range of wavelengths (Section 4»6) the l i q u i d w i l l however 

dissolve most organic compounds and i s thus widely used as a solvent 

for spectroscopy. Some impurities (commonly present i n 'pure' hexane) 

may absorb so strongly that, even i n trace quantities, t h e i r presence-
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may obliterate the true hexane continuum (see Section 4*-3)« The 

u l t r a v i o l e t absorption of the l i q u i d i s important because ( i ) The 

hexane exhibits photoconductivity ( i f dissolved a i r i s removed*^ . 

( i i ) The i r r a d i a t i o n of an immersed electrode may be r e s t r i c t e d * 

The absorption due to impurities w i l l be discussed here, although an 

account of the absorption edge of degassed and purified hexane must 

ultimately be involved i n a consideration of the photoconduction 

(Section 7.2). 

There are two classes of impurity which, when dissolved i n hexane, 

exert quite d i f f e r e n t influences on the electronic absorption spectrum. 

The f i r s t group, comprising the vast majority of substances, super-
71 

impose t h e i r own c h a r a c t e r i s t i c absorptions upon that of the hexane . 

Thus, the solute exhibits absorption bands which r e t a i n ( i n shape and 

wavelength) the spectrum of the vapour phase. The bands i n the l i q u i d 

are diffuse (because of the loss of fine structure i n the infra-red) 

and there i s usually a very s l i g h t bathochromic s h i f t , but the spectra 

are r e a d i l y recognisable^ as belonging to the solute (e.g.. benzene, 

Pigs;.. 4»1» 4»-7)« I n general the concentration can be calculated 

according to Beer's law; 
I - I I 0 " * c d 

o 
where c i s the concentration (of solute) i n moles per l i t r e (of hexane), 

d i s the thickness of the solution through which a proportion I of the 

i n i t i a l l i g h t i n t e n s i t y I q i s transmitted,'* i s known as the molar 

absorptivity. The transmission c o e f f i c i e n t ( ^ / l Q ) for a p a r t i c u l a r 
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concentration of, for example, benzene i n hexane i s about the same as 

for benzene on i t s own, taking into account the r e f r a c t i v e index of 
77 

the l i q u i d . Absorption by impurities of t h i s type w i l l c e r t a i n l y 

complicate the i r r a d i a t i o n of an electrode v i a the l i q u i d . However, 

impurity absorption does not ne c e s s a r i l y lead to photoconduction i n 

hexane^. (Even anthracene solutions do not photoconduct^ unless 
o 12 , \ 2250A, although the anthracene absorbs (and fluoresces) i n the 

o 

l i q u i d when X i r > 3700A. 
The second group of solutes, of which only a few examples are 

recorded, are those which form complexes with the hexane molecules. 

For these substances (e.g.. dissolved 0,,, 1^)7^t absorption bands appear 

at wavelengths which are not d i r e c t l y related to the spectra of either 

the solute or solvent on t h e i r own^. Dissolved oxygen not only 

modifies the absorption edge^ of the pure l i q u i d (Section 4»£) but 
53 

also quenches photoconduction . This i s an important feature of the 

present work, and i t i s necessary to include ( i n the next few pages) 

a b r i e f account of charge-transfer complexes. 

The absorption spectra of charge-transfer complexes have been 
75 

explained on a quantum-mechanical ba s i s , by Mulliken . E s s e n t i a l l y , 

a> photon i s absorbed by two adjacent molecules / one of which i s an 

electron donor 'D' and the other an electron acceptor 'A1. The 

ground state i s often p a r t i a l l y i o n i c , i n which case a d e f i n i t e complex 

i s formed^. A. 'contact' charge transfer complex^ can, however, ab­

sorb i n a l i q u i d without the formation of a stable ground state; a 

suitable configuration of the molecules being obtained by l i t t l e more 
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than the process of s t a t i s t i c a l c o l l i s i o n pairing. Molecular oxygen 
74 

or iodine dissolve to form the l a t t e r type of complex with the hexane. 
77 

The ground state of a charge-transfer complex may be described 

by a wave function <̂ 9 j ^ j 

% K ( D , A ) . - a <fQ ( D , A ) . * b ( D + A r ) ( l ) 

where q represents a nonbonding, and (p^ a? charge-transfer wave 

function, involving the transfer of an electron from D to A . I f the 

coupling i s weak, a » b ; a - ^ 1 , and b - ^ 0 . The ground state i s 

e s s e n t i a l l y non-polar. 

For the excited state, a wave function i s given by; 

f K ( D , A ) = a* ( D V ) - b* fPQ ( D , A ) (2^ 
The t r a n s i t i o n to t h i s state i s responsible for the c h a r a c t e r i s t i c 

absorption of the complex. For a ^ » b * the excited state i s ionic; 

there i s at l e a s t a p a r t i a l transfer of an electron from D to A , the 

electron (on the average) spending more time i n the v i c i n i t y of A. than 

i n the proximity of D . 

Murrell has pointed out that even i f b i n ( l ) i s e s s e n t i a l l y 

zero, and there i s no ionic s t a b i l i s a t i o n of the ground state, a charge 

transfer band could s t i l l be observed through the excited state of the 

donor. Thus, i f the i s o l a t e d donor has a t r a n s i t i o n f)^-**^ which 

gives r i s e to an intense absorption band, and i f the charge-transfer 

state i n t e r a c t s with JD-Q to give an eigenfunction for the D A complex 

of the form 

(P +A") = a ^ ( D t r ) + (3.) f 



- 53 -

the e f f e c t w i l l be that the charge-transfer band a r i s i n g from the 
tr a n s i t i o n -a* (p +A~), w i l l have borrowed some i n t e n s i t y from the 
donor absorption band*. Since i s an excited state o r b i t a l i t can 
be expected that i t w i l l be phy s i c a l l y larger than t>-Q* Even i f the 
donor and accepter do not approach close enough for ̂  and JZf̂  to over-
lap appreciably there may s t i l l be s u f f i c i e n t overlapping of JD-̂  and 

•A* 
75 

For t h i s simple one-electron model, the energy of the t r a n s i t i o n 
(D,A)-^(D +A~) i s given i n the f i r s t (zero ground-state overlap) 

approximation by 

h V a . T . = h " E A V - 0 

where ' I ^ 1 i s the ionisation potential of the donor, 'E^' the electron 

a f f i n i t y of the accepter, and ' C i s the mutual e l e c t r o s t a t i c (Coulomb) 

energy of D* and A" r e l a t i v e to that of D and A*. The separation of 
o 

the charges i s only a few Angstroms and so the Coulomb energy can be 

a*large f r a c t i o n of 1^. 
77 

I t i s generally accepted that the above mechanism accounts for 

the absorption of Ig-heptane mixtures (at around 260-OAI), and that due 

to Og ( s t a r t i n g at around 2500A. i n hexane). I n addition, since the 

ionisation potential of cyclohexane i s about 0.2 eV.. lower than the 

other hexane isomers, the oxygen absorption i s correspondingly shi f t e d 
79 

to s l i g h t l y longer wavelengths . 
3 . 2 ( i i i ) Photochemical reactions i n l i q u i d hexane 

The heats of combustion of isomeric organic compounds are nearly 

the same, and i n a homologous s e r i e s the increase per CHg (methylene) 
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group i s almost constant at about 160 K.cal. Thus, the energies 

associated with p a r t i c u l a r bonds i n a paraffin molecule are, to a 
80 

large extent, additive . For hexane the C-C bond energy i s 60 K.cal 

(2.6 eV.), the C-H band energy being 87 K.cal (3.8 eV.). The bonds 

may break i f the corresponding energy i s supplied to vibra t i o n a l modes 

of the molecule, i . e . by a thermal process. However, the absorption 

of a photon gives the molecule rather more than the bond energy 

(Sec. 3»2(ii). I t i s very l i k e l y that i f the excitation i s not 

deactivated by fluorescence, a bond may be stretched s u f f i c i e n t l y 

to rupture. The bond which i s broken generally belongs to the group 

or b i t a l which absorbed the incident photon but a C-H group excitation 
i n a hexane molecule can be i n t e r n a l l y converted to break a C-C 

80 

bond . In either case, two (or more) ra d i c a l s are produced. 

The separation of the r a d i c a l s i s restricted, i n a l i q u i d , by 

the close proximity of the other molecules. This 'solvent cage' i s 

very effective i n protecting the excited molecules from t o t a l rupture 

but i s not so e f f i c i e n t i n preventing rearrangement decomposition 

(isomerisation e t c . ) . [ i t must be remarked that there are s i m i l a r -
90 

i t i e s between the 'cage e f f e c t ' for r a d i c a l s and the recombination 

of ion-pairs i n the l i q u i d ( c f . Section J>.l). Free r a d i c a l s do not, 

however, carry an excess charge.] Some (es p e c i a l l y small) r a d i c a l s 

can always be expected to escape with subsequent reactions among 

themselves and with impurity molecules (notably oxygen). 

Exc i t a t i o n s , and subsequently r a d i c a l s , are known to r e s u l t from 
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41 high energy i r r a d i a t i o n of the l i q u i d 5 i t i s to be expected that 

a comparable (and wide) range of substances w i l l r e s u l t from photo-
excitation. The products w i l l probably include unsaturated hydro­
carbons (e.g. o l e f i n s ) , which are l i k e l y to be photochemically active 
themselves. I t i s seen that i f l i g h t i s absorbed by the l i q u i d there 
can be an accumulation of diverse impurities. 

Impurities are already dissolved i n some specimens of hexane 

and w i l l probably be present i n greater quantities than those r e s u l t ­

ing from short periods of exposure to u l t r a v i o l e t i r r a d i a t i o n . Common 

impurities (Section 4*3) axe dissolved oxygen and benzene; both 

absorb i n preference to, or i n conjunction with, the hexane (Section 

3 . 2 ( i i ) ) . However, photoconduction seems to r e s u l t from the use of 

rather more energetic radiation than i s absorbed by some impurities.; 

(Section 7«l)i and the primary process may be excitation of the hexane. 

The reactions of excited hexane molecules with benzene or oxygen are 

important. 
82^ 

Burton has proposed that benzene can remove the energy from 

an excited hexane molecule by energy transfer. The benzene molecule 

( i n solution) has an excited singlet state at 4.-7 eV. and a t r i p l e t 

state at eV,'. I t i s seen that the excitation potentials of 

hexane (M) and benzene (B) are such that 

E M * > E B * 
and i t i s possible that 

* * 
M + B —» M + B + k i n e t i c energy. 
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The benzene w i l l probably be excited to a t r i p l e t s t a t e . This state 
i s r e l a t i v e l y stable ( i t has the same shape and i s symmetrically 
related to the ground s t a t e ) , and the molecule w i l l eventually d i s s i ­
pate i t s energy by internal conversions rather then decomposing into 

87 

r a d i c a l s . 

Oxygen complexes with hexane on the absorption of the radiation 

(Section 3»2(ii)). Each molecule i n the resultant species w i l l be 

p a r t i a l l y an ion (because of the charge i t w i l l have acquired) and 

p a r t i a l l y a r a d i c a l (by virtue of the unpaired spin of the electron)**^ 

I n view of the highly exothermic reactions between oxygen and hexane, 

i t i s l i k e l y that the molecules w i l l chemically combine . This might 

proceed (or be followed) by the dissociation of either molecule 

i . e . [R - H + 0„] > ROOH > oxidation products 
2 

or [R - H + 0vp]* » R 1 +. R,J;- + 0 2 > oxidation products 

86 
etc.. (See also Appendix i ) 

3.3 In.iection of charges from the cathode 

The d i s t r i b u t i o n of potential V when a current of density J i s 

flowing between two plane p a r a l l e l electrodes of spacing L i s given by 

a x 
dx 2 dx ^ 

and 

J a: - f u E (2^ 
i n which f i s the charge density and jx. the mobility (both being nega­

t i v e ) , £ i s the permittivity of the l i q u i d , and'x'is the distance from 
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the cathode at which the f i e l d i s E . 

The elimination of p i n ( l ) from (2) and integration gives 

E 2 = 2Jx + const. (3) 

The constant of integration describes the f i e l d exerted at the 

cathode by the anode; taking t h i s f i e l d as E Q , (3) becomes 

E 2 = 2Jx + E 2 (4) 
fcu 

A further integration for 'U1, the potentia^between the electrodes, 

r e s u l t s i n ^ 

' - # t ft+B»V/2 - *°) (5) 

Equation (5) does not allow for movement of the l i q u i d as a whole 
i f this v e l o c i t y i s 'v' r e l a t i v e to the electrode system, equation (2) 

20 
must be modified to 

J = -/o(uE + v) (6) 

where u remains the mobility of the charges ( r e l a t i v e to the l i q u i d ) . 
20 

Substitution of (6) i n ( l ) e t c . r e s u l t s i n 

The v e l o c i t y v w i l l , i n general, depend i n a complicated way on 

the r e s t r i c t i o n s imposed by the electrode arrangement and the walls of 

the c e l l 4 4 . 

Two l i m i t i n g cases w i l l now be considered. 

(1) m » ( \ * J ) 2 
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Equation (7) reduces to 

J - f / f tt+ff (8) 
and for v ̂  U 

? L 

(which, taking ^l~10 ^ cmT^ V. 1 s e c , 1 a n d V = 1 cm.sec \ i s when 

U » 1 0 KV.. cm."1) 
L 

8 L 

( i i ) 2JL < < c (E + X ) 2 

u * y-

Equation (7) reduces to 

U = E L 0 

The e f f e c t of space charge on the potential d i s t r i b u t i o n between 

the electrodes i s negligible, the current i s controlled by the condi­

tions at the cathode, i.e.. i s emission limited. Bulk l i q u i d movement 

w i l l , however, influence the value of the applied f i e l d at which the 

tra n s i t i o n from space charge l i m i t a t i o n occurs, through the vL term i n 
u 

( 8 ) . When E = U the current i s given by 
0 L 

JE.L.C. - n o W e 

where n (u) i s the rate of emission of c a r r i e r s from the cathode 

(a function of U). 

Thus, i f n (0)e » J_ _ T , i . e . E ^ 0, the current i s space 

charge limited.. 

I f n Q ( 0 ) e " ^ J S # Q 4 L ' i * e , E
0 " * — > t n e current i s , by d e f i n i t i o n , 

L 
emission l i m i t e d . 
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N.B. The value of n Q may be controlled, for photoinjection, by the 
int e n s i t y of illumination. 

In condition ( i ) the current w i l l not be increased by r a i s i n g the 
2 

i n t e n s i t y of illumination. When ( E + - ) -=£ J L the current i s controlled 
* UC 

partly by space charge and partly by the rate of production of c a r r i e r s . 
2 

F i n a l l y , when ( E Q + - ) J L (condition ( i i ) ) the current w i l l depend 
P u€ 

d i r e c t l y on the i n t e n s i t y of the illumination, through n Q, and w i l l 

increase according to J = n Q(U)e» For low i n t e n s i t i e s of illumination, 

the t r a n s i t i o n to emission limited conditions w i l l be for low values 

of U. 

3»4» Photoemissive properties of electrode materials 

In the present work, films of aluminium, magnesium or gold were 

deposited (by vacuum evaporation) on clean, but oxidised metal sub­

s t r a t e s . These lay e r s were used to photoinject charges (probably 

electrons) into l i q u i d hexane. Some s i m i l a r i t i e s were found between 

the photoemission i n vacuo and the currents i n the l i q u i d . This sec­

tion outlines the properties of such surfaces with regard to the vacuum 

photoemission. Some of these features are represented i n Fig.. 3.1. 

( i ) Aluminium 
95 

The work function of clean aluminium i s about 4.2:eV, corres­

ponding to a photoelectric threshold at 29O0I. Unless maintained i n an 
88 

ultra-high vacuum the surface can be expected to oxidise *' The thick­

ness of the oxide layer w i l l , to a large extent, determine the work 
89 

function and quantum e f f i c i e n c y of photoemission . 



Key to F i g . 3.1 

(A) Gaviola and Strong; evaporated Al. film 

1. Surface with adsorbed gas ( 10 ^ t o r r ) . 
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Aluminium films were prepared i n a vacuum of 10 tor r . . At 
t h i s pressure, the chemisorption of oxygen at the metal surface v a i l 
be complete i n about 1 second. The immediate e f f e c t of chemisorption 
i s to raise the work function by an amount equal to the electron 
a f f i n i t y of oxygen,. [A rough estimate, based on the ion size, dipole, 
and coverage oxygen, indicates the appearance of a negative contact 
potential of between 1 and 2 eV.] The oxygen i s then incorporated i n 
the metal to form an amorphous oxide, i . e . containing large numbers 
of cation and anion vacancies* Aa a r e s u l t of the movement of these 

vacancies a r e l a t i v e l y slow d i f f u s i o n of metal ions w i l l occur,, to 
91 92 promote the growth of the oxide layer • According to Bloomer' , 

electrons from the metal may be trapped at the cation vacancies which 
93 

Grunberg and Wright assume to be at about 1 eV/. below the oxide 

conduction band.. These electrons may be photoemitted at energies less 

than the clean metal threshold since, i f the electron a f f i n i t y of the 

oxide i s 1 eV.f the effective work function of the complex w i l l be 

about 3 eV. Because of the amorphous nature of the oxide layer the 

trapping levels w i l l be indeterminate and the work function w i l l be 

much less w e l l defined i n value than that f o r the clean surface^ 1. 

Electrons trapped on the outer surface w i l l be i n much deeper levels 

and w i l l not contribute d i r e c t l y to the photoemission, but w i l l con­

tinue to be active i n promoting oxide growth. 

The photosensitivity w i l l d e cay^'^with further growth of the 

oxide, u n t i l a physical adsorption equilibrium i s reached between the 

impinging gas molecules and those leaving by thermal activation.. 
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Thus, when exposed to a i r ( a t N.T.P.) a compact oxide layer, some tens 
o 

of Angstroms t h i c k , w i l l eventually cover the surface. This layer 

( a f t e r r e c r y s t a l l i s a t i o n ) protects the metal from further oxidation, 

and the photosensitivity w i l l be r e l a t i v e l y low^" (being more charac­

t e r i s t i c of the oxide than the metal)• 

( i i ) Magnesium^ 

The work function of gas-free surfaces of magnesium i s about 

3.5 eV., corresponding to a photoelectric threshold a=t 3430A*. The 

exposure of the clean surface to oxygen at a p a r t i a l pressure of 10 ' 

t o r r causes a very great increase i n ov e r a l l s e n s i t i v i t y and a s h i f t 
o 

of the threshold to about 5700A. The response to u n f i l t e r e d l i g h t 

from a mercury vapour lamp may thus be as high as 10^ times that of 

the pure layer., ( i f the clean surface becomes covered with a mono-
o 

layer of hydroxy1 groups the response can extend as f a r as lOOQL*) 

Exposure to oxygen at a higher pressure causes a recession of the 

threshold towards the u l t r a v i o l e t . . The oxidation of magnesium (on 

exposure to a i r at N.T.P.) eventually makes the surface insensitive 
o 

to l i g h t of \.> 2000A, with a corresponding decay i n photosensitivity, 

(the layer being characteristic of MgO). 

Magnesium, unlike aluminium, forms an oxide which has smaller 

volume than the metal. Thus, magnesium oxide, being porous, has l i t t l e : 

protective e f f e c t ; and so oxidation does not l i m i t ( l i k e aluminium), 

but proceeds l i n e a r l y with time. The oxides of both metals are, to 

begin with, amptjfouo and they w i l l e x h i b i t similar changes i n photo-

emission. However, since aluminium produces an n-type, and magnesium 
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a p-type, oxide the l a t t e r (according to Grimley and Trapnell^ 8) 
should have a pressure-dependent growth rate* Oxidation might be 
arrested and, possibly, even reversed by pumping on a magnesium surface, 
( i i i ) Gold" 

Gold does not oxidise appreciably"^?^, but sites f o r pre f e r e n t i a l 

photoemission may exi s t during the process of r e c r y s t a l l i s a t i o n and 

rearrangement of the surface atoms'̂ "'" • Once t h i s s t a b i l i s a t i o n i s 

complete, i.e.. w i t h i n a few minutes from deposition, the photoemission 

should remain constant, with a work function of 4»7 ©V. (Adsorbed 

atomic layers can change the work function s l i g h t l y , e.g.. i t i s 

increased by H* ions, and reduced by a i r ; but the changes are small 

compared to those encountered i n true o x i d a t i o n ^ ) i . The overall sensi­

t i v i t y to i r r a d i a t i o n from a mercury vapour lamp w i l l be low, as the 

quantum eff i c i e n c y i s small even f o r l i g h t w ell above the threshold.. 

Experimental considerations 

The photoemission from layers of aluminium or magnesium i s seen 

to be very dependent on the state of oxidation. This, i n turn, w i l l 

be controlled by the p a r t i a l pressure of oxygen (and other gases) over 

the surface, the rate of deposition, the thickness of the f i l m , etc. 

I t i s best to employ as high a vacuum as possible during evaporation 

to avoid excessive contamination of the layers, and to deposit a: f a i r l y 
102 

thick coating i n a short time • (Gases are less l i k e l y to be occluded 

i n the f i l m f o r a high rate of deposition, a thi c k layer reduces the 

r i s k of contamination from the substrate)• However, the photoemission 

may be enhanced by s l i g h t oxidation of the surface; exposure of the 
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_7 f i l m to a p a r t i a l pressure of oxygen of ̂  10 t o r r should s u f f i -
95 94-c i e n t l y sensitise aluminium or magnesium surfaces to produce 

useful photocathodes*. I n addition, the effective area of the f i l m 

w i l l be determined by the contours of the substrate; deposition on 

to a rough surface may substantially increase the photoemission (but 

there may be a more rapid decay with time because of the greater 

f a c i l i t y of oxidation). 



- 44 -

CHAPTER IV 

ANALYSIS AMD PURIFICATION OF HEXANE 

This chapter describes the analysis of hexane samples, and the 

p u r i f i c a t i o n of n-hexane to 'spectroscopic standards'. Two methods 

of analysis have been used;, vapour phase chromatography (V.P.C.), and 

u l t r a v i o l e t spectrophotometry. These methods have been found to be 

complementary; V.P.C.. w i l l detect a l l compounds w i t h i n a small b o i l i n g 

range (including the isomers of n-hexane), and the u.v. spectrum i s 

sensitive to unsaturated compounds.. 

4 . 1 . Analysis of Hexane by Vapour Phase Chromatography 

Two sets of chromatography apparatus were used; a. Perkin-Elmer 

model 451 fractometer (used by courtesy of the Chemistry Department, 

Durham), and an apparatus constructed by E. Kaftan^'"^. Most measure­

ments were taken with the Perkin-Elmer instrument, as t h i s was some­

what more sensitive and convenient i n use. 

The Perkin-Elmer model 451 i s a general purpose machine f o r the 

analysis of hydrocarbons. A..wide range of columns i s available from 

the manufacturers, three types of detector are supplied and there i s 

a choice of c a r r i e r gas. Good results were obtained with a silicone 

grease packed column, a hot-wire detector, and hydrogen as car r i e r gas. 

S e n s i t i v i t y to sample content was reasonably uniform, and f o r molecules 

of similar size was p r a c t i c a l l y constant. The absolute s e n s i t i v i t y 

depended on the temperature of the column, detector voltage, and (to 
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a lesser extent) on the flow rate of the c a r r i e r gas. The column was 
kept at 60°C, so that a flow rate of 5 ° ml/min gave a retention time 
of about 2g- minutes f o r n-hexane with s u f f i c i e n t resolution to separate 
the isomers (which emerged i n r e l a t i o n to t h e i r respective b a i l i n g 
points). Samples were injected into the car r i e r gas stream through 
a self-sealing rubber septum with a 4 ° m i c r o l i t r e hypodermic syringe. 
The sample i n j e c t i o n block was kept at 80°C to ensure complete 
vaporisation of the hexane. 

The apparatus gave an output on a potentiometric recorder, each 

(time resolved) peak corresponding to an individual hydrocarbon.. 

Areas under the peaks were proportional to the quantities of each 

constituent, the concentration being obtained by summing the t o t a l 

area and taking t h i s as 100$ ( i . e . . assuming no large undetected com­

ponents). Compounds were i d e n t i f i e d by t h e i r retention times and, 

where possible, were checked by the ef f e c t of adding small quantities 

of each to the sample under test.. No arrangements were made, or needed, 

to i n j e c t precise quantities of l i q u i d i n t o the column. 

Attenuation of the detector output was provided, i n successive 

multiples of 2 to 512 ::1, t h i s allowed peaks to be kept on the scale of 

the recorder. A component comprising 50$ of an injected 5 yl, sample 

produced a f u l l scale deflection of 12" with an attenuation of 64 x. 

Concentrations greater than about 0.1$ were re a d i l y measured by reduc­

i n g the attenuation. An increase i n the sample volume gave a: larger 

output and, with an i n j e c t i o n of 30 u l . , concentrations less than .01$ 

could be detected. For maximum resolution the smallest reasonable 
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quantity of hexane was injected. Only when detecting minor or trace 

quantities, having w e l l separated retention times, was i t desirable to 

use the larger quantities; overload of the column or detector being 

avoided f o r accurate quantitative measurements. 

4.2. Analysis of Hexane by Spectrophotometry 

Pure l i q u i d alkanes are transparent over the v i s i b l e and most of 
69 

the u l t r a v i o l e t range of the spectrum . Absorption by hexane begins 

at about 24OO& and i s intense at 200ol«. Unsaturated hydrocarbons 

absorb strongly i n the wavelength range 2000-4000^. and so very small 
71 

quantities of these substances can be detected as impurities i n hexane • 

In the present work, i t was desirable that radiation should reach the 

electrodes without complications due to absorption i n the bulk of the 

l i q u i d . The u l t r a v i o l e t absorption of the l i q u i d was, therefore, 

investigated i n considerable d e t a i l . 

An Optica CF4DR double beam spectrophotometer was used f o r the 

absorption measurements. Most of the spectra were taken over the wave-
0 

length range 2000 to 3500k. The recorder trace gave transmission on 

a scale of 0-100$ with an accuracy of t 0.2% and t 5A. 

The l i q u i d samples were contained i n stoppered s i l i c a c e l l s w i t h 

o p t i c a l l y polished end windows. Cells w i t h l i g h t paths of 1 and 10 cm. 

were chosen, matched pairs of ce l l s being purchased to compare the 

hexane against a water blank i n double beam operation.. Unfortunately, 

s u f f i c i e n t l y transparent water was not obtainable and so the hexane 

was measured, i n each case, against an a i r blank; i n t e r n a l r e f l e c t i o n s 
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i n an empty c e l l p r o h i b i t i n g i t s use as a compensator. The absorption 

were cleaned according to the manufacturer's recommendations, and 

were rinsed with clean hexane before each t e s t . Care was taken not 

to contaminate the c e l l s and, i n p a r t i c u l a r , the windows were not 

touched except i n polishing them with a clean Selvyt c l o t h . 

4»3» Grades of Hexane and th e i r Purity 

During the course of t h i s work the following grades were analysed 

( i ) B r i t i s h Drug Houses (B.D.H.) 'Fraction from Petroleum 1 hexane 

( i i ) Hopkin and Williams 'General Purpose Reagent1 hexane 

( i i i ) BJ).H» 'Special f o r Spectroscopy' hexane f r a c t i o n 

( i v ) BJDJU •n-hexane1 

(v) Koch-Light Ltd '99$' n-hexane', 'puriss grade 1• 

These are described i n turn, 

( i ) B.D.H.. 'Fraction from Petroleum' 

An analysis of th i s grade was obtained (informally) from the 

manufacturers. This i s compared with the results obtained by V.P.C.j 

of the c e l l s themselves was about over most of the range Cells 

2 Methyl pentane 

B.D.H. Analysis 
/ 

2-methyl pentane or 
2-3 methyl butane or both 

Present Work 

3 Methyl pentane 11.5% 3-methyl pentane 

6.0$ 

10. tfo 

n-hexane 67 .7* n-hexane 67% 

methyl cyclopentane 14.2% methyl cyclopentane 14.0% 

benzene 

cyclohexane 0..7% cyclohexane 
by i.r.) benzene 

+ other traces amounting to aboit Ifo 
(n-pentane, and t a r r y compounds) 
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In view, of the expected v a r i a t i o n of composition between bottles 
the results seem to be i n reasonable agreement.. 

( i i ) Hopkin and Williams 'General Purpose Reagent' grade hexane 

This i s described as having a specific gravity of about 0.68 and 

a b o i l i n g range of 95$ (minimum) between 68° and 70°C. 

The composition by V.P.C. was found to be similar to the foregoing 

B.D.H. grade.. The u/v transmission i s shown i n Fig. 4*1* 

( i i i ) B.D.H» 'Special f o r Spectroscopy1 hexane f r a c t i o n 

This grade of hexane i s i n general use as a photometric solvent, 

and i s specified as having a minimum transmission, i n a 1 cm. c e l l 

against a water blank, of 70$ at 2200A and 95$ at 2500A. 

The 'Spectroscopic* hexane appeared to be substantially the same 

as the B.D.H* 'Fraction from Petroleum' when analysed by V..P..C. (see 

Fig. 4*2).. However, the Spectroscopic grade contains p r a c t i c a l l y no 

benzene, as i s shown i n Fig. 4.1 by the high u/v transmission.. (This 

difference i n benzene content was found to be obscured i n the analysis 

by V.P.C. because of the coincidence of the retention times of benzene 

and cyclohexane). Apart from the isomer content, there were traces 

of other substances i n t h i s grade. Some of these were identified,the? 

analysis being as follows; 

Peak Substance Quantity 

1 n-butane trace (V.. small) 

2 iso-pentane trace (V. small) 

3 n-pentane 0.05$ 

4 2-2 dimethyl butane trace. (V. small) 
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Peak Substance Quantity 

| 2-3 methyl butane 
5 ( or 2 methyl pentane 5 '8f° 

( or both 

6 3 methyl pentane 10.9$ 

7 n-hexane 68.0$ 

8 methyl cyclopentane 13»5% 

9 cyclohexane 0 .8$ 

10,11,12,13 unidentified traces 

103 

Measurements made by Kahan on t h i s grade are very similar 

except i n the i n t e r p r e t a t i o n of peaks 8 and 9> which he ascribed to 

2,4 dimethyl pentane and methyl cyclopentane respectively, using ai 

squalane c a p i l l a r y column. With the silicone grease column these 

peaks are well separated, and peak 9 has now been p o s i t i v e l y i d e n t i f i e d 

as cyclohexane. 

This analysis can only be taken as t y p i c a l , isomer and trace con­

tent can be expected to vary with the nature of the crude: and i t s 

subsequent f r a c t i o n a t i o n , 

( i v ) B.DJi. n-hexane 

The manufacturer's l i m i t s include a b o i l i n g range of not more than 

1°C, a specific gravity of about 0.66 at 20°C, and 99$' n-hexane» 

The analysis by V.P.C. i s shown i n Pig.. 4 . 3 . The peaks were 

i d e n t i f i e d as follows; (see Table overleaf) 

The u.v.. transmission (shown i n Fig. 4«l) indicated the presence 

of benzene and unsaturates i n trace qu a n t i t i e s . 
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Peak Substance Quantity 

1 n-butane 0.02$ 

2 unidentified trace 

3 n-pentane trace 

4 2,2 dimethyl butane trace 

5 3 methyl pentane 0.03/o 

6 n-hexane 99-57S 

7 2,4 dimethyl pentane 0.4^ 

(v) Koch-Light 'Puriss Grade.' n-hexane 

The 'Puriss' grade i s guaranteed to consist of at least 99/6 

n-hexane. A. t y p i c a l analysis (.of Batch no. 8249) by V.P.C.. i s shown 

i n Fig.. 4«4» the peaks are i d e n t i f i e d as follows; 

Peak Substance Quantity 

1 probably n-butane trace 

2 2,2 dimethyl butane trace 

3 3 methyl pentane 0.03$ 

4 n-hexane major constituent 

5 2,4 dimethyl pentane 0*jfo 

6 benzene trace 

This grade was thus about 99»7$ n-hexane with only small 

quantities of other compounds (mainly isomers).- One sample (batch 

no. 14151) contained very l i t t l e 2,4 dimethyl pentane and was conse­

quently more pure. The u.v. absorption of t h i s l i q u i d i s shown i n 

Fig.. 4.1. 
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Some samples of t h i s grade were s l i g h t l y yellow i n colour. After 
pumping o f f 100 gm. of hexane i n a closed container, a. residue of 
approximately 10 m.g. of yellow p l a t e - l i k e crystals, soluble i n hexane 
and smelling strongly of moth-balls was obtained. This was examined 
i n the infra - r e d with a Grubb-Parsons 'Spectre-master1 spectrophotometer. 
The impurity was i d e n t i f i e d as a disubstituted napthiamine• 

Light's 'Puriss' grade hexane i s probably the most pure and 

re l i a b l e source of n-hexane available i n t h i s country. The level of 

impurity was wi t h i n the manufacturers specification on a l l specimens 

tested (and subsequently used), f o r the purpose of th i s thesis. 

4.4 Further p u r i f i c a t i o n of n-hexane 

The analyses, described i n Section 4*3, showed that most of the 

available grades of hexane were not suitable f o r the present work 

because of t h e i r high u.v.. absorption. The only sample which was 

s u f f i c i e n t l y transparent was the 'Special f o r Spectroscopy' grade, 

but i t s high isomer content made i t useful only f o r general explora­

tory work. The best source of n-hexane was that from the Koch-Light 

laboratories, the analysis of which showed only a small isomer content, 

but traces of unsaturated compounds were invariably present. Apart 

from the general u n d e s i r a b i l i t y of impurities, t h e i r presence could 

lead to photochemical a c t i v i t y of an uncertain nature. Accordingly, 

a p u r i f i c a t i o n technique was developed to remove the unsaturates; 

and very clean, almost completely transparent, n-hexane was obtained 

from the Koch-Light grade. 
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Three methods of p u r i f i c a t i o n were considered; 

( i ) C a t a l y t i c hydrogenation^^", this i s best carried out at high 

pressure with a Raney n i c k e l c a t a l y s t at 120°C. 

( i i ) Percolation through s i l i c a gel , to remove unsaturates by 

adsorption. (See also Appendix I I ) 

( i i i ) ; Emulsification with concentrated sulphuric acid"'"^, which p r e c i p i ­

tates unsaturates a f t e r neutralisation with sodium hydroxide.. 

A l l three methods introduce contamination by p a r t i c l e s w h i l e ( i ) 

and ( i i i ) produce chemical residues which can only be removed by 

fr a c t i o n a l d i s t i l l a t i o n . For th i s reason, method ( i i ) was chosen, 

and steps taken to remove p a r t i c l e s (of gel) by f i l t r a t i o n . 

The u.v. spectrophotometer was used to measure the extent of 

pur i f i c a t i o n i n each stage. I n practice, benzene was the most obvious 

and o p t i c a l l y damaging impurity;; i t s c h a r a c t e r i s t i c absorption ( F i g s . 

4.6 and 4*7)' being distinguished even for concentrations of l e s s than 

one part per m i l l i o n i n the hexane. The l i q u i d a f t e r p u r i f i c a t i o n 

showed no trace of benzene and was thus more pure than any commercially 

available hexane. I n addition, the remaining impurities consisted 

only of small quantities of the l e s s harmful hexane isomers, not 

removeable by s i l i c a g e l . 

4»5« Experimental Details of the P u r i f i c a t i o n Process 

The l i q u i d was percolated down a long narrow column of gel con­

tained i n ai clean Pyrex tube. The gel/hexane s l u r r y was supported i n 

the column by en sintered glass disc ( l u max.. pore diameter), below 



Plate I 

A. S i l i c a gel column for preliminary p u r i f i c a t i o n of hexane, 

and water cooled column for f i n a l percolation. 

B. Yellow impurity removed from each specimen of Koch-Light 

n-hexane by. f i r s t percolation (indicated by arrow i n A). 
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which was a taper to di r e c t the flow of hexane (see F i g . 4»5(a))'» 
A l l glass parts were cleaned by r i n s i n g with 'Special for Spectros­
copy' grade hexane and were dried, by evacuation, before f i l l i n g 
with g e l . 

For maximum ef f i c i e n c y , the gel surfaces needed to be dry and 

freshl y cleaved. Crushing the c r y s t a l s of gel to a fine powder waB 

generally s a t i s f a c t o r y , but subsequent heating to 250°C under vacuum 

produced the best r e s u l t s , (see Appendix l l ) . The capacity to absorb 

unsaturates was reduced considerably by the presence of moisture i n 

the hexane, and at l e a s t two percolations (with fresh gel each time) 

were usually necessary. A d i s t i n c t yellow discoloration of the top 

of the column was observed (see plate (i);) after the f i r s t percolation 

of every batch of Koch-Light n-hexane; presumably being due to the 

separating out of the napthylamine compound which had been already 

detected i n t h i s grade (see Section 4«3(v)). 

The i n i t i a l percolation was always accomplished with f r e s h l y 

crushed gel without further treatment. For each percolation 300-500 

gm. of gel, from a newly opened bottle, were required. The c r y s t a l s 

were wrapped i n several thicknesses of 12" d i a . f i l t e r paper and 

crushed i n a hydraulic press to a fine powder. (The wrapping elimin­

ated the r i s k of contamination from the press and helped to avoid the 

adsorption of water vapour from the a i r ) . The f i l l e d column was then 

shaken, to pack down the gel, and the hexane introduced as soon as 

possible. The leeching of impurities down the column was avoided by 

not allowing the l e v e l of the hexane to f a l l below the top surface 
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of the gel. With a t i g h t l y packed column of fine powder, and not 
more than 4" head of hexane over the gel, the flow rate was s a t i s ­
f a c t o r i l y slow; 300 gm. of hexane taking about 3 hours to percolate 
through. The l i q u i d was gathered i n a clean glass container as i t 
emerged from the f i l t e r , a narrow breather hole r e s t r i c t i n g the i n ­
take of moisture from the atmosphere (see F i g . 4*5(a)). Liquid 
l e f t i n the column was drained into a separate bottle for use again; 
the clean hexane being kept for further p u r i f i c a t i o n . 

The remaining impurities were removed by another percolation. 

For the best r e s u l t s , the f r e s h l y crushed gel was heated at 250°C i n 

a p a r t i a l vacuum (l0~ torr) for s i x hours i n the column i t s e l f (see 

F i g . 4»5(b)). A stream of pure argon was passed over the gel as i t 

cooled to room temperature. The constriction i n the outlet of the 

column was sealed, with a gas blowtorch, and the vacuum pump and 

trap removed. (This l a t t e r procedure was advisable to avoid the 

blow-back of wet a i r into the column, but i t also had the advantage 

of providing a clean outlet for the hexane)• The column was removed 

from the furnace and the gel was shaken down. Hexane was poured i n 

and the constriction broken ( F i g . 4«5(c))» A l i t t l e hexane was allowed 

to run from the outlet (to r i n s e the inside of the tube) and then aa 

c a r e f u l l y cleaned and dried bottle, or preferably a container as 

shown i n F i g . 4»5(a), was placed to catch the hexane. 

With a very dry column some of the hexane i s adsorbed, and l o c a l 

heating i n the gel may r e s u l t . This was undesirable, as high boiling 

point impurities could vaporise and pass f r e e l y down the tube.. The 
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heating was minimised by using a t i g h t l y packed column to r e s t r i c t 
the flow of hexane. Water cooling was desirable with a f u l l y a c t i ­
vated column. 

Freshly crushed gel could sometimes be used without further 

activation, thus reducing the time taken to prepare the column. In 

any case, at l e a s t two percolations were necessary to obtain good 

r e s u l t s (see F i g . 4.6). 

The clean hexane was stored under argon and i n coloured bottles 

to avoid any photochemical reactions. Dust protection was provided 

for the stoppers, and the bottles were opened as infrequently as 

possible; since a l l liquids tend to c o l l e c t dust and fibrous p a r t i c l e s . 

Each sample used i n the e l e c t r i c a l measurements was subjected to 

u.v. examination a few hours before the degassing process. The sample 

was discarded i f found to be unsatisfactory. 

4.6 U l t r a v i o l e t absorption of pure n-hexane 

The purified n-hexane ( F i g . 4*9)» contained no unsaturated com­

pounds which could be detected by V.P.C. or by optical means, and the 

benzene content was c e r t a i n l y l e s s than 1 part i n 4 x 10 . (This was 

confirmed by the addition of known quantities of benzene to the hexane 

( F i g . 4*8).) The absorption of the pure l i q u i d i s , however, increased 
75 

by dissolved a i r (see F i g . 4.9). Evans , and others, have shown that 

dissolved oxygen i n a variety of organic solvents gives r i s e to 

absorption bands (most probably of charge-transfer o r i g i n ^ " ) . Thus, 
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the removal of oxygen from a i r saturated hexane w i l l reduce the 
absorption i n the 2000-22001* region to about a quarter of i t s previous 
l e v e l . The e f f e c t of oxygen i s considerably greater i n cyclohexane 
than for the other hexane isomers, and i s l e a s t for n-hexane (Munck 
and S c o t t ^ ) . 

In the present work, specimens of purified n-hexane have been 
-6 

degassed to 10 t o r r . Although the absorption was considerably 

reduced (as i s shown i n F i g . 4*9) and i s increased again as soon as 

a i r i s l e t i n , i t i s not known i f the remaining absorption i n the 

highly degassed l i q u i d i s due to the l a s t traces of oxygen, unsaturates 

or i s the true hexane l i m i t . An extensive search i n the l i t e r a t u r e 

f a i l e d to c l a r i f y t h i s , ( i n general, absorption edges are quoted only 

for gassy specimens or for hexane vapour, which does not absorb 

i r r a d i a t i o n of wavelengths longer than about 1750%..) 

Nevertheless, the p u r i f i c a t i o n process does provide very clean 

n-hexane. The analysis by V.P.C. and u l t r a v i o l e t spectrophotometry 

allows much more rigorous control of samples for e l e c t r i c a l measure­

ments than has previously been evident. 
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CHAPTER V 

APPARATUS AND TECHNIQUES 

5.1 Test c e l l s 

This Section describes the t e s t c e l l s used for the conduction 

measurements. C e l l s are l i s t e d i n chronological order of t h e i r 

manufacture and use. Their design i s discussed v/ith regard to the i r 

general functions only; modifications for a s p e c i f i c experiment are 

stated i n the context of the r e s u l t s obtained. 

Each c e l l contained two f l a t electrodes. These were spaced 

approximately 1 cm. apart i n a p a r a l l e l plate configuration. The 

circumference of each electrode was contoured to avoid excessive 

f i e l d d istortion, but no attempt was made to approach the 'ideal 

p r o f i l e ' for very uniform f i e l d d i s t r i b u t i o n . C e l l s were constructed 

mainly from Pyrex glass; a s i l i c a window (cemented on with hot-setting 

Araldite) admitted u l t r a v i o l e t i r r a d i a t i o n to the electrode system. 

Measurements involving the use of degassed hexane were made 

with c e l l s 1-4. Each of these c e l l s was evacuated by, and subse­

quently received hexane from, the degassing system. A narrow bore 

(2 mm.) constriction i n the (Pyrex) pumping port could be sealed off 

to enable the c e l l to be removed for the e l e c t r i c a l measurements. 

Hexane was frozen into the c e l l r eservoir (« 80 cc. capacity) at 

l i q u i d nitrogen temperature during t h i s procedure (see Sec. 5«2), and 

when i t was desired to take measurements i n vacuum. Consequently, 
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each c e l l was required to maintain a high vacuum (approx. 10 ^torr) 
for long periods of time af t e r sealing off. 

Experience i n the use of c e l l s 1-3 led to the development of 

c e l l 4> which had provision for the repetition of ' c r u c i a l measure­

ments . 

C e l l 1. 

For the f i r s t measurements, which were e s s e n t i a l l y exploratory, 

a c e l l constructed by Morant was used (see F i g . 5«l)« 

Both electrodes (1.5 cm. dia.) were constructed from s o l i d 

aluminium. The c e l l had been kept i n dry a i r for some time and the 

electrodes, though otherwise quite clean, had l o s t t h e i r o r i g i n a l 

polish. For l a t e r experiments the c e l l was opened, to remove the 

electrodes for repolishing, but i t was otherwise undisturbed. 

Detail of C e l l 1. 

E l e c t r i c a l contacts to the electrodes was made through 1 mm. 

diameter tungsten leads, which were sealed into the envelope of the 

c e l l . The electrodes were supported on these leads by tight f i t s 

into aluminium bosses, secured by recessed 10 B.A. grub screws. At 

each s e a l , a long leakage path provided the necessary insulation for 
-15 

the measurement of the low photocurrents ( ^lO A.) i n the hexane. 

A length of fine wire, wound around the neck of each insu l a t o r and 

around the circumference of the c e l l , served as a guard r i n g when 

connected to earth. The electrodes were obliquely illuminated 

through a 2 mm. thick s i l i c a window. 



CELL 1 

electrode compartment 7 silica window 

aroldite sea! 

to vacuum system 

constrict ton 

reservoir 

gaard ring 

electrode assembly 



- 59 -

C e l l 2 

C e l l 2 was manufactured to see i f charges could be injected into 

degassed hexane from a photocathode of evaporated aluminium. This 

c e l l (see F i g s . 5*2 and 5-3) incorporated a tungsten filament, from 

which aluminium was evaporated i n the high vacuum provided by the 

degassing system. Degassed hexane was admitted to the c e l l , shortly 

a f t e r coating the electrode, and was frozen into the r e s e r v o i r . 

The c e l l was then isolated by sealing off the constriction, so that 

the vacuum was maintained. The coated electrode was rotated through 

180° to face the other fixed electrode (a semitransparent layer of 

t i n oxide on s i l i c a ) for the e l e c t r i c a l measurements. 

Detail of C e l l 2 

The rotatable electrode was made, from s o l i d aluminium, i n the 

form of two 1 cm. disc s which were linked by a shaft 1 cm. long. The 

discs were polished to provide two s i m i l a r f l a t electrode surfaces. 

A 0.5 mm. tungsten wire, passing through a central hole i n the shaft, 

allowed the electrode assembly to rotate. (This wire had been pre v i ­

ously sealed into the Pyrex envelope of the c e l l , so that i t protruded 

20. mm. across the 50 mm. diameter of the tubular electrode compart­

ment. Bearings on either side of the electrode shaft limited the 

rotation to a plane normal to the wire i n the centre of the tube). 

The balanced system could be revolved, to the desired position, by 

the external application of a bar magnet to a tool s t e e l rod attached 

to the electrode shaft.. 

The second electrode was a thin conducting layer of t i n oxide 



r i g . 5.2 

silica disc 

steel bar 

to reservoir { 
& vacuum 
system 

ev operant 

insulation 

CELL 2 

nickel annulus 

aluminium cathode 
(rotateablt) 

cathode support 
- & contact 

(tungsten wire] 

nickel shadowtirask 

w i / p y r e x seal 

stranded tungsten filament 

entry t o filament 

nickel shadow-masks 

filament supply 



F i g . 5.5 

D e t a i l of C e l l 2 

spot weld 

tool 
steel 
rod 

stainless 
steel tube 

O 

silica disc 

SN02 Him 

nickel annulus 

evaporated gold layer 

araldite sedl 

electrode-(aluminium) 

mckel shadow-mask 

0 

filament 

• stainless steel tube 

brass couplings 

nickel shadow masks 

filament supply 



- 60 -

on one face of a 1.5 cm. diameter s i l i c a disc.. The s i l i c a / t i n oxide 
combination, being transparent to the l i g h t of x > 2500I, was used 
as the window for the photoconduction measurements. [A transparent 
t i n oxide layer of low e l e c t r i c a l resistance (2K>/ba t*»..) was pre­
pared by passing a stream of SnClgVapour over the surface of the 
s i l i c a d i s c , heated to about 5Q0°C i n a i r . A very b r i e f exposure 
to the vapour, ̂ 1 s e c , was s u f f i c i e n t to produce a fil m of the 
required thickness. The layer was very hard, strongly adherent to 
the s i l i c a surface, and was continuous (though variable i n thickness) 
judging from the interference colours seen.] 

The coated s i l i c a disc was cemented (with hot-setting Araldite) 

into a n i c k e l annulus. (This annulus was shaped to reduce f i e l d 

inhomogenities at the edges of the s i l i c a d i s c ) . A: gold layer was 

deposited over t h i s s e a l ( a f t e r 'curing') to make good e l e c t r i c a l 

contact from the n i c k e l to the t i n oxide lay e r . A ni c k e l screen was 

inserted into the c e l l , between the filament and the electrode system, 

to avoid the deposition of evaporant on the walls of the electrode 

compartment. With the rotatable electrode and screen i n position, 

the t i n oxide electrode was cemented on to the end of the c e l l with 

Araldi t e . The curing process was repeated and the c e l l washed out 

with clean hexane. 

The evaporant (aluminium) was heated on a four-stranded tungsten 

filament. This was supported by a pai r of 2 mm. tungsten rods i n a 

W.l glass pinch (of G.E.C. manufacture), sealed into a 4.5 cm. bore 

W.l. tube. The electrode compartment was sealed co a x i a l l y to the 

end of the tube so that the source was about 5 cm., from the electrode 
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surface. The replacement of spent filaments was effected through 
a 2 cm. bore side arm, which was then sealed o f f . 

Major disadvantages with t h i s c e l l were -

( i ) The replacement of the filament was very d i f f i c u l t ; the 

Wl/Pyrex side arm s e a l became increasingly f r a g i l e , as i t 

could not be properly annealed without excessive heating 

of the r e s t of the c e l l * 

( i i ) The aluminium evaporant was contaminated with the gl a s s -

blower 1 s flame when sealing off the side arm. 

( i i i ) There were mechanical problems i n keeping the n i c k e l screen 

i n place. 

C e l l 5 

The photocurrents observed with c e l l 2, using coated electrode 

surfaces, were quite different to those using the simple polished 

electrodes i n c e l l 1. To allow a f a i r comparison to be made, i t was 

necessary to be able to photostimulate one electrode at a time, and 

not to use a t i n oxide anode. C e l l 3, see F i g . 5.4> was constructed 

so that metallic layers could be (simultaneously) evaporated on to 

both electrode surfaces.. A diagram of t h i s c e l l i s shown i n F i g . 5.4. 

Each electrode (aluminium 1 cm. diameter) was unbalanced and 

free to move, under gravity, to either of two positions which were 

determined by the angle of t i l t of the c e l l to the horizontal.. Thus, 

with the c e l l sealed on the vacuum system, the t i l t was arranged 

so that both electrodes faced the evaporant source. With the c e l l 

removed from the main system, the electrodes were pivoted through 
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90° by t i l t i n g the electrode compartment downwards. The electrodes 
then faced each other for the e l e c t r i c a l measurements (see F i g . 5»5)« 
Detail of C e l l 5 

The vacuum envelope of the c e l l was constructed from a Pyrex 

tube, 25 mm. in t e r n a l diameter and 22 cm. long, with both ends ground 

f l a t . Tungsten wire ( l mm. diameter) seals were made to support the 

electrodes about 1 cm. from one end of the tube. The electrode 

assemblies were secured to the leads with 10 B.A. screws. A n i c k e l 

screen (with two apertures corresponding to the electrodes i n the 

position for evaporation) was kept i n place by two phosphor-bronze 

spring c l i p s . A 30 mm. diameter, 1.5 mm. thick, s i l i c a window was 

then sealed to the end of the electrode compartment with hot-setting 

Arald i t e . 

Current was supplied to the filament by a pair of (2:. mm., diameter) 

tungsten rods. These were sealed into the Pyrex tube so that the 

filament was about 5 cm. from the electrodes. The filament, with 

i t s m e t a l l i c charge, was inserted through the open end of the tube. 

The c e l l was then closed by cementing on a n i c k e l f o i l d i s c . (To 

replace the spent filaments the n i c k e l disc was removed, and the se a l 

re-made). 

A disadvantage with t h i s c e l l was that the electrode surfaces 

were contaminated when the glass-blower sealed the c e l l to the de­

gassing system. 

C e l l 4. 

Most of the measurements were obtained using c e l l s of a fourth 
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type (Pig. 5.6). The electrode arrangement was identical' to that i n 
c e l l 3» but with t h i s c e l l the electrode compartment could be removed 
by breaking an indium wire between the brass flanges. I n t h i s way 
the glassblowing, required to replace the constriction, was confined 
to the other h a l f of the c e l l . Two separate filaments were incorpor­
ated; these enabled two (or more)1 layers to be deposited for sub­
sequent measurements with the same sample of l i q u i d . The Pyrex 
envelope (including the e l e c t r i c a l leads and the copper/Pyrex s e a l s ) 
of the c e l l s were constructed, to order, by the General E l e c t r i c 
Co. Ltd. Their adherence to the design sp e c i f i c a t i o n , with regard t> 
the accurate positioning of the electrode supports, allowed close 
parallelism of the electrodes. 
D e t a i l of C e l l A 

The two parts of the c e l l were f i t t e d into brass flanges, so 

that the minimum area of the j o i n t (made with s i l v e r solder) was 

exposed to the l i q u i d . The mating surfaces of the flanges were then 

polished on an o p t i c a l f l a t . The reservoir and pumping port were 

sealed to part 'B'. This part of the c e l l , a f t e r being thoroughly 

washed with hexane and dried, was joined on to the degassing system.. 

The two pivoting electrodes were contained i n part 'A' of the 

c e l l . The screen was constructed from 1 mm. thick s t a i n l e s s s t e e l 

sheet, two s l o t s allowing for i t s insertion into the c e l l past the 

protruding electrode leads, and was kept i n position by two phosphor-

bronze spring c l i p s . . (These were s i l v e r soldered to a 6 B.A.. brass 

nut and bolt screwed into the centre of the d i s c ) . With the electrodes 
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and screen i n position, a s i l i c a window (l-g- mm. thick) was cemented 
to the end of the electrode compartment. 

Each filament was mounted on two thin-walled tubes, and was 

inserted i n the c e l l by slipping the tubes over the tungsten supply 

rods. This arrangement allowed both the filaments and th e i r supports 

to be outgassed i n an a u x i l i a r y coating unit (vacuum approx, 10"^ 

torr ) before in s e r t i o n i n the t e s t c e l l . The supports were made 

long enough to project into the electrode compartment of the assem­

bled c e l l so that the evaporant source on the filament was about 

4 cm. from the electrode surfaces.. Slots cut at in t e r v a l s along 

the tubes f a c i l i t a t e d outgassing. 

Vacuum j o i n t s between the two parts of the c e l l were made by 

compressing 1 mm. diameter indium wire to a thickness of about 0.1 ram. 

between the brass flanges. Both the indium wire and the flanges 

were degreased with trichlorethylene and dried thoroughly before 

making the s e a l . The t o t a l force required to make a good sea l was 

comparatively small, but for even compression (and r i g i d i t y of the 

c e l l as a whole) i t was decided to use s i x 4 B.A. s t e e l bolts to 

compress the s e a l . The jo i n t tended to ' s e t t l e ' a f t e r a few hours, 

and so the bolts were tightened up again to compensate* 

This type of c e l l was employed with s o l i d magnesium or aluminium 

electrodes and A l , Mg and Au were evaporated. I n a f i n a l experiment, 

a screen with a single aperture was used so that only one electrode 

was coated. 



- 65 -

C e l l 5 

A simpler c e l l , c e l l 5» was used for the measurements with 

coated electrodes i n gassy hexane. The electrode assembly and the 

screen were i d e n t i c a l to those i n c e l l 4» but the evaporating system 

was omitted, the end of the c e l l being l e f t open. This allowed the 

electrode surfaces to be coated i n an Edwards vacuum evaporation 

uni t . 

5.2. High Vacuum System and Techniques 

Dissolved gases are known to have a marked influence on the 

e l e c t r i c a l properties of hexane. For the present work an apparatus, 

b u i l t by Morant, was used to degas the l i q u i d and te s t c e l l * . 

Previously p u r i f i e d hexane was i n i t i a l l y degassed at a vacuum of 
-2 —6 approx. 10" to r r , followed by a slow d i s t i l l a t i o n at 10~ t o r r . 

Degassing Apparatus 

The two stage vacuum d i s t i l l a t i o n system i s shown i n F i g . 5*-7* 

A l l parts were constructed of Pyrex ( b o r o s i l i c a t e ) g l a s s . 

Rough vacuum was provided by ah Edwards High Vacuum Ltd. model 

I5C.5OB o i l - f i l l e d rotary pump, said to be capable of providing an 
_3 

ultimate pressure of approx. 5 x 10 t o r r . A phosphorus pentoxide 

trap and a i r b a l l a s t valve were incorporated i n the pump.. A 20 

l i t e / s e c mercury diffusion pump, of G.E.C. manufacture, i n conjunc-
-6 

tion with a l i q u i d nitrogen trap, enabled a pressure of approx. 10" 

t o r r . to be reached i n the entire system. Vacua of t h i s order were 

reached without much d i f f i c u l t y , providing there were no large leaks 
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and the apparatus was thoroughly outgassed. 

Contamination of the hexane by the system was c a r e f u l l y avoided 

at each stage. The elaborate arrangement of traps avoided back-

streaming from the pumps, and greaseless taps manufactured by G. Springham 

and Co., with 'Viton A 1 i n s e r t s as the sealing material, afforded the 

minimum contamination of the l i q u i d . One large (2.5 cm. bore) 

greased tap, between the diffusion pump and the system, could not 

be avoided but t h i s was isolated by a further l i q u i d nitrogen trap. 

Preparation of the Vacuum System 

The system was not l e t down to a i r except when absolutely 

necessary and then only for the shortest possible time, e.g. when 

sealing on the t e s t c e l l . . The apparatus was pumped (before i n t r o ­

ducing the l i q u i d ) u n t i l the t o t a l leak and degassing rate was l e s s 
n 

than 10 lusecs, as measured on a sensitive P i r a n i gauge.. (This 

measure of the degassing rate was obtained by determining the r i s e 

of pressure i n the system over a period of time with the pumps 

i s o l a t e d ) . The greater proportion of the residual gases was usually 

hexane vapour remaining from the previous d i s t i l l a t i o n ; t h i s was 

e a s i l y distinguished by condensing the vapour i n a trap at l i q u i d 

nitrogen temperature, the gauge then indicating only the remaining 

(incondensible) gases. I t was desirable to bake the t e s t c e l l , at & 

moderate temperature, before sealing i t on to the system,. 

In l a t e r experiments the i n l e t , including the sintered disc B, 

was also evacuated; a constriction s e a l enabling tap C to be l e f t 

open. This constriction was broken to introduce hexane into the 
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system. I t was also advantageous to enclose the i n l e t tube fahen not 

i n use) to avoid contamination of i t s outer surface from the atmosphere. 

Rough Degassing (see F i g . 2.7) 

When a l l parts of the system were thoroughly degassed (including 

the c e l l and i t s filaments), tap J was closed; section Y of the 

system remaining open to the diffusion pump. Rough degassing of the 

hexane was then commenced i n section X at backing pressure (approx. 

10" 5 t o r r ) . 

Backstreaming of o i l , from the rotary pump into the hexane, 

was prevented by f i l l i n g trap H with cooling mixture ( a s l u r r y of 

C0 2 and methylated s p i r i t s , at -79°C). The i n l e t s p i r a l A, sintered 

glass f i l t e r B, and reservoir D were then surrounded by cooling 

mixture. The i n l e t was immersed i n hexane and the c a p i l l a r y seal 

broken. Taps C and G were opened and hexane flowed slowly into B. 

(The cooled sintered d i s c , pore size approx. l u , removed any large 

p a r t i c l e s , and possibly water i n the form of ic e c r y s t a l s ) . 

With about 80 cc of l i q u i d collected i n D, tap C was closed. 

(The closure of t h i s tap was not complete immediately due to the 

br i t t l e n e s s of the 'Viton A 1 i n s e r t a t the low temperature of the 

hexane. I t was necessary to progressively tighten the seal as i t 

warmed up to room temperature). Traps E and P were f i l l e d with cool­

ing mixture, and the Dewar removed from D. Hexane evaporated from D, 

condensed on the cold surfaces of E and F and percolated towards 

reservoir I . Within a few minutes the evaporation of hexane from I 

produced a low enough temperature for the drops of l i q u i d to s e t t l e . 
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A slow transfer of l i q u i d from D to I was then completed i n about 

90 minutes, the vapour being pumped continuously. The hexane i n I 

was then assumed to be well degassed to an estimated a i r pressure 
_2 

of approx. 10 t o r r . 

Degassing at High Vacuum 

Degassing of hexane at approx. 10 ^ torr was completed i n section 

Y of the apparatus. 

Cooling mixture was placed around L, and l i q u i d nitrogen around 

trap 0 (to prevent any residue from the greased tap P from reaching 

the hexane). A l i t t l e l i q u i d nitrogen was placed i n trap K and, 

with the taps J and P opened, hexane evaporated slowly from reservoir 

I to s o l i d i f y on the surface of K. Liquid nitrogen was added to 

gradually r a i s e the l e v e l of hexane i n K and to form as uniform a 

layer of hexane as possible (consistent with the maintenance of high 

vacuum i n the system). When only a few drops of l i q u i d remained i n 

I , the taps J and P were closed, and traps K and 0 were allowed to 

warm to room temperature. The hexane i n K then melted to f a l l into 

L where i t was kept, at cooling mixture temperature, u n t i l the f i n a l 

slow d i s t i l l a t i o n was commenced. As the previous manipulations 

required most of the day to complete, i t was usual to postpone the 

f i n a l stage u n t i l the next morning; s u f f i c i e n t cooling mixture being 

added to keep trap L cool overnight. 

The slow d i s t i l l a t i o n of hexane from L (at -79°C.) to M (at 

-182°C) was i n i t i a t e d by placing a l i t t l e l i q u i d nitrogen i n M. A 

small quantity of the cooling mixture was placed i n N and tap P was 
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-6 opened* The pressure i n section Y f e l l to about 10 torr i n a 
few seconds, indicating that l i t t l e or no a i r had entered the system 
overnight. Pumping was continued on the s h e l l of s o l i d hexane i n M, 
and the slow evaporation of hexane from L i n t h i s high vacuum en­
sured thorough degassing; incondensible gases being exhausted by 
the pumps. Transfer of hexane from L to M took about 5 hours, the 
l e v e l of l i q u i d nitrogen being r a i s e d gradually to form â  uniform 
s h e l l of s o l i d hexane i n M. When t h i s was complete, the system was 
prepared for the evaporation process.. 

Evaporation of meta l l i c l a y e r s , f i l l i n g the c e l l with hexane and 

sealing off 

Current to the filament i n the t e s t c e l l was increased u n t i l 

the evaporation of metal was s u f f i c i e n t l y rapid to form an opaque 

film i n about f i v e seconds.. The current was then switched o f f . The 

l i q u i d nitrogen was then removed from M, l i q u i d nitrogen applied to 

the c e l l r e servoir, and the tap P closed. The hexane i n M melted 

and flowed into the c e l l r e s e r v o i r . When a l l the hexane had s o l i d i f i e d 

i n the reservoir, traps 0 and N were f i l l e d again with l i q u i d nitrogen 

and tap P reopened to the pumps. The constriction was then closed, 

with an oxy coal-gas flame, and the c e l l removed for the e l e c t r i c a l 

measurements. 

5.5 •• Evaporation Techniques 

Milligramme quantities of aluminium and gold were evaporated 

from e l e c t r i c a l l y heated tungsten filaments. Attempts were made to 
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evaporate magnesium i n the same way» but a method of self-evaporation 
from magnesium ribbon was found to be more r e l i a b l e . 

( i ) A l u m i n i u m 

Aluminium forms an a l l o y with most refractory metals, and a high 

temperature ( 1 1 0 0 ° C ) must be exceeded before appreciable evapor­

ation takes place. Tungsten i s the best available metal from which 

to evaporate aluminium, but i t becomes b r i t t l e , due to phase change, 

at approx. 1000°C. To reduce the likelihood of filament f a i l u r e , due 

to alloying, the amount of aluminium to be evaporated was kept small 

compared to the thickness of the wire. The tungsten was s t i l l very 

f r a g i l e , both during and a f t e r the evaporation, and i t was advan­

tageous to use a multistranded filament. The best r e s u l t s were 

obtained by taking care not to overheat the filament, and so a manual 

control of the e l e c t r i c i t y supply was used. 

( i i ) Gold 

There was l i t t l e d i f f i c u l t y i n evaporating gold. Unlike aluminium 

films, however, the gold was not strongly adherent to the metal sub­

s t r a t e . I f too thick a layer was deposited, i t was found that flakes 

of gold were l i k e l y to f a l l off the electrodes when an e l e c t r i c f i e l d 

was applied. The best ( i . e . most adherent) layers were thin, with a 

greenish t i n t , and the evaporation was controlled accordingly. 

( i i i ) Magnesium 

Magnesium sublimes rapidly i n a small temperature range before 

melting. Because of t h i s , the magnesium w i l l not 'wet' a tungsten 
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filament. Thus, the porous oxides (formed during the evaporation) 
are e a s i l y removed. In addition, the oxides were ejected on to the 
electrode surface as a r e s u l t of the large temperature difference 
between the filament and the magnesium suspended on i t . Such poor 
layers (coupled with the r i s k of contamination of the l i q u i d by the 
oxide) were undesirable. I t was found that the use of an e l e c t r i c a l l y 
heated magnesium ribbon, from which the magnesium was sublimed, gave 
better r e s u l t s . With th i s method, highly r e f l e c t i n g surfaces were 
obtained and, i f care was taken not to overheat the ribbon, the 
problem of oxide contamination was minimal. 

Experimental 

Preparatory clean-up of the filament was usually completed i n 

an Edwards vacuum coating unit before mounting i n the c e l l . For 

degassing i n the c e l l , and for the evaporation i t s e l f , the current 

was supplied by a heavy duty low voltage transformer (5V. 10A), which 

was controlled by a Variac i n the primary c i r c u i t . 

5.4 E l e c t r i c a l Equipment 

A Ifynatron, Type N105, high s t a b i l i t y D.C. powerback was used 

to supply calibrated voltages from 300 to 3,300 V. (of either p o l a r i t y ) 

to the t e s t c e l l . Some voltages ( l e s s than 300 V.) were taken from 

high tension batteries or from a potential divider across the output 

of the Dynatron. Special low noise coaxial cable was used to connect 

the t e s t c e l l to the voltage source. 
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Currents were measured by finding the P.D. across a switched 
9 12 

range of r e s i s t o r s ( l O 7 - 10 ohm) between the low voltage electrode 

of the t e s t c e l l and earth ( F i g . 5.8). The P.D. was measured with at 

vibrating reed electrometer ('Vibron 1 Model 55^, manufactured by 

Electronic Instruments L t d . ) , switched voltage ranges (10 to 1 V 

F.S.D.) allowed currents larger than 10 ''"̂A to be measured. I n the 

absence of feedback to the te s t c e l l , the transient response was 

determined by the time constant of the input c i r c u i t . Measurements 

were made for times much longer than instrumental transients a f t e r 

(for example) making a change of voltage* 

A pen recorder, supplied from the 'Vibron 1, was found to be use­

f u l i n re g i s t e r i n g the currents. 

Screening; 

A large aluminium box, with apertures corresponding to the t e s t 

c e l l window and the electrode terminals, was assembled around the 

test c e l l to form a 'Faraday cage' when connected to earth. The 

electrometer head was mounted within tv/o inches of the low voltage 

terminal of the c e l l . 

5»5» Lamp and F i l t e r s 

A l l the photocurrents were stimulated with a 125 watt (A.C.) 

medium pressure mercury vapour lamp, type 6721 A/T, manufactured by 

Hanovia Ltd. The discharge tube was enclosed i n an air-cooled holder 

(supplied by the manufacturers) so that an aperture, of 0.5 cm. 

diameter, gave an approximation to a point source. A s i l i c a , lens 
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focussed t h i s spot i n the t e s t c e l l , generally to illuminate one of 
the electrodes. The i n t e n s i t y of illumination could be controlled 
to some extent, by adjusting an i r i s diaphragm i n the lens holder, 
the l i g h t being interrupted when necessary with a camera-type shutter. 
The t e s t c e l l and lamp were mounted on a r i g i d framework i n a fixed 
geometry for the duration of each experiment. 

After a 'warming up' period of about 15 minutes, the i n t e n s i t y 

of the lamp remained constant (within-v lO/o) over a period of days. 

Most of this v a r i a t i o n was due to changes i n the position of the 

discharge. The l a t t e r fluctuations were reduced i n frequency, but 

not e n t i r e l y removed, by using a constant-voltage transformer i n 

the supply c i r c u i t . Even so, i t was often necessary to wait for 

the arc to s e t t l e to one position or another before taking measure­

ments. The 100 c.p.s. mains ripple , being much too f a s t to be 

recorded by the Vibron, did not involve any d i f f i c u l t i e s . 

The output spectrum, for a t y p i c a l lamp, i s shown i n T i g . 5.9(a). 

Band-pass f i l t e r s (Chance-Pilkington 0X1, 0X7 etc.) were used to 

separate the spectrum; the c h a r a c t e r i s t i c s of the more important 

ones being shown i n F i g . 5.9(b). 
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CHAPTER VI 

RESULTS, 

Preliminary 

The r e s u l t s are presented i n chronological order, with the 

main divisions by the c e l l number (see Chapter V for d e t a i l s ) . The 

most important observations are included i n Sections 6.7, 6.8, 6.14 

and i n Sections 6.13, 6.16. 

A l l experiments were conducted at room temperature (*^20°C,)0 

The hexane was usually 'highly degassed 1 i . e . to 10 ^ to r r , and 

(unless otherwise stated) was better than 99*5% n-hexane (Koch-Light 

'Puriss' grade);. An account of the pu r i f i c a t i o n of th i s grade of 

hexane, together with an analysis of other samples, w i l l be found 

i n Chapter IV. 

Applied voltages, rather than f i e l d strengths, are given i n the 

diagrams (the l a t t e r term implies the absence of space charges, for 

which there i s no guarantee). P a r a l l e l - p l a t e electrodes, with a 

spacing of 1 cm. were used i n each c e l l . S i m i l a r l y , ' c e l l currents' 

rather than 'current densities' are quoted because the coverage by 

an evaporated metal layer was always s l i g h t l y l e s s than the overall 
11 

electrode area. Graphs are thus presented as y c h a r a c t e r i s t i c s ' , 

the ' I ' r e f e r r i n g to the photocurrent. 

'Times elapsed' were recorded from the deposition (by evapora­

tion) of a metallic layer on the electrodes. There were two further 

manipulations, taking about ha l f an hour (with variations due to the 
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circumstances), before s t a r t i n g measurements. These were the removal 
('sealing o f f ) of the c e l l from the degassing system, and the i n t r o ­
duction of l i q u i d hexane to the electrode compartment. 

Errors i n the measurement of photocurrents were minimised by 

the extensive use of pen-recorder traces, and are t y p i c a l l y of the 

order of 5 - 10$. Other d e t a i l s , including the output spectrum of 

the lamp, and the c h a r a c t e r i s t i c s of the f i l t e r s , are to be found 

i n Chapter V. 

Some abbreviations are used i n the text; 
-6 

( i ) 'Highly degassed (to 10 tor r ) and puri f i e d n-hexane' i s 

referred to as H.D.P. n-hexane. (The measurements described i n 

Sections 6.5 to 6.14 were made with such samples). 

( i i ) 'The radiation from the high pressure, mercury vapour lamp, 

as f i l t e r e d by (e.g. 0X7) glass i s truncated to ' f i l t e r e d (0X7) 

radiation'. 

N.E. The radiation was always directed at one of the electrodes when 

using C e l l s 4 and 5» (Sections 6.9 to 6.15). 

6.1. Exploratory. ( C e l l l ) 

The 1.5 cm. diameter aluminium electrodes i n c e l l 1 had been 

subjected to a previous polishing and degreasing treatment and had 

retained an oxide coating. Various grades of hexane were used, but 

their ( o p t i c a l ) purity was not i n i t i a l l y considered. 

6.1.1. 'Spectroscopic' grade hexane (degassed to 10 torr) 
-12 

Currents of 10 A. were induced by unfiltered i r r a d i a t i o n of 
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the cathode, the 'dark' current being l e s s than lO -''"^. Some i 
curves were obtained with long (*» 2 minute) pulses of un f i l t e r e d 
radiation, the voltage being continuously applied to the c e l l (see 
Fi g . 6 . 1 ) . There were no measurable ( > lCT^A.) photocurrents using 
(0X7) or OXL) radiation, even with 150 V. applied to the c e l l . 

There was an 'overshoot' at the onset of photoconduction 

( F i g . 6.44(a)); and, afte r stopping the radiation, the currents 

decayed very slowly. (These transients were considerably longer 

than the time constant of the Vibron which, with the measuring r e s i s ­

tance of 10" ohms, was about 10 seconds). 

For very low applied voltages, the measurements were complicated 

by 'standing currents'; these were p a r t i a l l y attributable to the 

microphony of the c e l l and ' s t a t i c ' i n the surroundings. Thus, 

measurements of < 10~^A. ( F i g . 6 . 2 ) may have been unreliable. 

The photocurrents remained about the same after leaving the 

c e l l for long periods of time (days) with a voltage applied or not. 

F i n a l l y , when a i r was l e t into the c e l l , the photocurrents 

rapidly decayed to zero ( < 1 0 - 1 4 A . ) . 

6 . 1 . 2 . Unpurified n-hexane, degassed to 10"^ t o r r . 

Photocurrents s l i g h t l y lower i n magnitude to those with the 

'Spectroscopic' grade (Section 6 . 1 . 1 ) were induced by directing 

pulses of unfiltered radiation a t the cathode. There were (again) 

no measurable photocurrents for (0X7) or 0X1) radiation. 

I t was found that the magnitude of the photocurrents remained 
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the same for either p o l a r i t y of the applied voltage. Moreover, the 

shape of the transients was unchanged for either direction of 

current flow. 

The ^ c h a r a c t e r i s t i c s , r e s u l t i n g from the (unfiltered) i r r a d i a ­

tion of the anode, cathode, or the l i q u i d i n the electrode interspace 

are shown i n F i g . 6 . 3 . (The photocurrents were s l i g h t l y different 

because of the in t e n s i t y variations involved i n moving the c e l l , 

rather than the changes i n the configuration of i r r a d i a t i o n ) . 

Some other measurements were made with continuous radiation. 

I t was found that rapid increments of the applied voltage were to be 

avoided for accurate measurements because of the slow response of the 

photocurrents.. F i g . 6 . 4 shows a t y p i c a l 'hysteresis e f f e c t ' ; the 

photocurrents being measured 2 minutes aft e r making a change of 

voltage ( i n steps of 10 V . ) , Subsequent measurements were made for 

longer times af t e r the application of voltage to the c e l l , t h i s 

reduced the l a t t e r e f f e c t to negligible proportions. 

F i g . 6 . 5 shows the vacuum photoemission, for unfiltered i r r a d i a ­

tion of the cathode.. (Vacua were obtained by freezing the hexane, a t 

l i q u i d nitrogen temperature, into the reservoir of the c e l l . ) 

6 . 1 . 3 Repolishing the electrodes ( C e l l l ) and some modifications 

to the degassing apparatus 

The previous measurements indicated that the photocurrents 

originated i n the l i q u i d , rather than at the electrode surface. Ah 

attempt to obtain cathodic photoinjection was made by: 

( i ) Repolishing the electrodes (to improve the phot o s e n s i t i v i t y ) . 



- 78 -

( i i ) Using samples of hexane which were more transparent to 
the radiation (see Section 4,5) • 

The most practicable way to gain access to the electrodes i n 

c e l l 1 was to sever the neck of the electrode compartment near the 

reservoir. Both electrodes were then withdrawn and polished on aa 

mop with diamond paste; f i n i s h i n g off with very l i g h t pressure to 

minimise oxidation. They were then returned, a f t e r being washed i n 

hexane, to the c e l l . Glassblowing was required to assemble the two 

parts of the c e l l ; the (unavoidable) residues being subsequently 

removed by r i n s i n g with hexane.. The c e l l was then dried and evacuated. 

Some attention was paid to improving the optical purity of the 

l i q u i d . I t was considered that the absorption due to dissolved 

impurities could; 

( i ) Result i n 'impurity photoconduction'. 

( i i ) Attenuate the int e n s i t y of radiation reaching the electrodes. 

I t was found (Section 4.5) that the Koch-Light n-hexane was 

p r a c t i c a l l y opaque to the u l t r a v i o l e t , but that the 'Spectroscopic 1 

grade was comparatively transparent. The l a t t e r samples contained a 

high proportion of isomers, but i t was decided to use them for subse­

quent te s t s u n t i l the n-hexane could be successfully p u r i f i e d . 

Purifying the l i q u i d would not be very useful i f impurities were 

returned to the hexane by the degassing apparatus. Considerable care 

had been taken i n the design of t h i s system to avoid contamination, 

but a closer examination revealed that the neoprene i n s e r t s of the 

Springham taps made the hexane fluorescent, 'Viton A' i n s e r t s were 
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available and, as t h i s substance caused no fluorescence, they were 
substituted f o r the neoprene ones. The reservoirs 'D' and ' I ' being 
the most l i k e l y places i n the system to accumulate residues, were 
also replaced. The whole apparatus was then flushed out, and sub­
jected to a specially prolonged pumping. 

6.I.4 Further measurements, and summary of observations with Cell 1 

There were no indications of any electrode a c t i v i t y i n subse­

quent measurements with Cell 1, the results being very similar to 

those i n Section 6.1.1. I t was considered that the electrode surfaces 

had probably oxidised again i n the time i n t e r v a l (a few hours) be­

tween polishing and evacuation. The vacuum photoemission also i n d i ­

cated that repolishing had not greatly affected the aluminium surfaces, 
«-8 

since i t s magnitude remained at 10 ~ A. ( f o r u n f i l t e r e d r a d i a t i o n ) . 

The electrodes were repolished again, and t h i s time the c e l l was 

evacuated w i t h i n an hour. Some ̂  curves were obtained but, again, 

the results were no d i f f e r e n t . The l i q u i d removed from the t e s t c e l l , 

judging from the u l t r a v i o l e t absorption edge, had not been contaminated 

i n i t s passage through the degassing system. 

Summary 
-12 

U n f i l t e r e d radiation induced currents of ~ 10 A. i n both 

degassed n-hexane and i n the 'Spectroscopic' grade. These currents 

were suppressed completely i f the l i q u i d was saturated with a i r ; 

degassing to 10 t o r r being s u f f i c i e n t to allow photoconduction, but 
-6 

further degassing (to 10" t o r r ) made l i t t l e ( i f any) difference. 

The photocurrents depended on the i n t e n s i t y of the ra d i a t i o n , and on 
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the magnitude (but not the p o l a r i t y ) of the applied voltage. There 
was a tendency for the photocurrents to 1 saturate 1 as the applied 
voltage was increased (to a maximum of 150 V.). F i l t e r e d (OX?) or 
(OXL) radiation did not induce conduction even i f absorbed by 
unpurified n-hexane. Charges appeared to be generated i n the bulk 
of the l i q u i d ; there was no i n d i c a t i o n of photoinjection from either 
electrode (cathode or anode), even a f t e r repolishing t h e i r surfaces. 

6.2. Photoin.jection of charges from 'activated' electrodes 

The i n a c t i v i t y of polished aluminium electrodes i n photoinjecting 

charges i n t o l i q u i d hexane has been demonstrated. Such surfaces were 

not very e f f i c i e n t photocathodes ( i n vacuo) either. I t seemed l i k e l y 

that i f the vacuum photoemission could be increased, photoinjection 

into the l i q u i d would r e s u l t . I t was not desirable to increase the 

i n t e n s i t y of the radiation (because of the 'bulk' photoconduction), 

and so a search was made f o r better photocathode materials. In 

general, however, metal surfaces were convenient and ( i f known 

catalysts are avoided) should not react w i t h the l i q u i d . 

The most active photocathodes, f o r use i n vacuo, are the 'com­

posite 1 type. These consist of an a l k a l i metal layer (e.g. caesium) 

on an oxide substrate (usually s i l v e r oxide). Unfortunately, these 

surfaces are highly reactive and were not very suitable f o r immersion 

i n l i q u i d hexane. Of other metals, the best emitters are also the 

most susceptible to surface oxidation; t h i s causes a reduction i n 

s e n s i t i v i t y and usually an increase i n the photoelectric work function. 
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Relatively oxide-free metal layers can, however, be prepared by 

vacuum evaporation. I f these layers are maintained i n an ordinary 
—6 

vacuum 10" t o r r ) there w i l l s t i l l be some oxidation, but t h i s can 

increase the photosensitivity of some metals (see Section 3«4)« Al» 

Mg, and Au were chosen f o r further investigation since A l and Mg have 

the lowest work functions of the stable metals and Au, having a high 

work function but a very i n e r t surface f o r the sake of comparisons. 

A method of vacuum evaporation of these metals i n the te s t c e l l 

i t s e l f was evolved, so that these surfaces were maintained i n vacuo 

for subsequent photostimulation i n highly degassed hexane. This 

technique i s described i n Chapter V, together with the design of the 

test c e l l s . The results to be described i n the following Sections 

were obtained using test c e l l s (no 2 et seq.) i n which at least one 

of the electrode surfaces was coated with an evaporated metal layer. 

6.3. Photocurrents with an evaporated layer of aluminium on one 

electrode surface (Cell 2) 

Aluminium metal was evaporated on to one (polished aluminium) 

electrode i n the test c e l l i t s e l f . The other electrode ( ^ ^ / s i l i c a a 

combination) admitted the ra d i a t i o n , which was directed at the surface 

of the aluminium layer. Photoconduction measurements, i n highly de­

gassed 'Spectroscopic' hexane, were commenced within h a l f an hour of 

the deposition of the metal. 

I t i s seen (Fig. 6.6) that the induced current f o r the 'forward' 

dire c t i o n (the coated electrode negative) was up to 30 times greater 
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than that f o r the opposite p o l a r i t y ('reverse')• Furthermore, the 
forward current showed no signs of saturation as the applied voltage 
was increased, i n marked contrast to the previous measurements with 
polished electrodes (Section 6.1). I t became evident that the f o r ­
ward currents were decaying with time; curve 3 i n Fig. 6.6 shows 
the conduction 48 hours a f t e r the evaporation. The reverse photo-
currents, however, remained essentially constant throughout the 
duration of the tests (2 days)• 

F i l t e r e d (0X7, OXl) radiation also induced currents i n the 

forward d i r e c t i o n , although t h e i r magnitude (Fig. 6.7) was substan­

t i a l l y smaller than f o r u n f i l t e r e d r a d i a t i o n . F i l t e r e d (OX7) radia­

t i o n did not induce reverse photocurrents ( i . e . . over and above the 

'dark' currents of 10~^A.). 

An attempt was made, using a monochromator, to f i n d the photo­

e l e c t r i c threshold of the aluminium layer i n the l i q u i d , but the 

currents were too small to be measured with any accuracy because of 

the low aperture of t h i s instrument. The photoelectric threshold of 

the coated surface i n vacuo was found to be about 54O0S, i.e.. roughly 

the same as that estimated from the photocurrents i n the l i q u i d f o r 

f i l t e r e d r a d i a t i o n . 

There was no measurable a c t i v i t y of the polished aluminium 

surflace;made available by r o t a t i n g the electrode assembly by 180°, 

i n the hexane even when u n f i l t e r e d radiation was used. (The photo­

currents were comparable to those previously observed f o r reverse 

bias, but t h e i r magnitude remained the same f o r either p o l a r i t y of 
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the applied voltage). The uncoated surface i n vacuo was much less 

photosensitive than the evaporated layer, the threshold being at 
o 

about 24OOA. 

The photocurrents disappeared almost immediately a f t e r l e t t i n g 

a i r i n t o the c e l l . 

Of four separate 'runs' w i t h t h i s c e l l , including the evaporation 

of an aluminium layer and with fresh samples of highly degassed 

'Spectroscopic* hexane each time, only two were successful because of 

the f a i l u r e of the filament during the evaporation, or mechanical 

d i f f i c u l t i e s associated with the positioning of the screen (see 

Section 5»l)» The results which have been outlined are a composite 

of those obtained during the two sucessful attempts. 

Summary 

( i ) Charges could be injected (with u n f i l t e r e d radiation) i n t o highly 

degassed hexane from evaporated aluminium cathodes. The electrode 

a c t i v i t y decreased with time, probably because of slow oxidation of 

the aluminium. 

( i i ) F i l t e r e d (0X7, OXl) radiation was also effective i n i n j e c t i n g 

(reduced) quantities of charge from the evaporated layer. This 

radiation did not induce s i g n i f i c a n t conduction i n the bulk o f the 

l i q u i d . 

( i i i ) P o l a r i t y reversal tests indicated that both SnOg layers and 

polished aluminium surfaces are non-injecting. This could, to some 

extent, be linked to t h e i r low photosensitivities i n vacuo. 
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6.4. Cell 5 

The photocathode has been i r r a d i a t e d obliquely ( i n c e l l l ) , and 

d i r e c t l y (through a SnCv, anode) i n c e l l 2. Both configurations 

require the rad i a t i o n to pass through the l i q u i d , and the separation 

of ' l i q u i d ' and 'electrode' photostimulation i s consequently d i f f i c u l t . 
54 

A t h i r d method, i n i t i a t e d by Swan , i s to i r r a d i a t e the back 

surface of the photocathode. I f the metal (e.g. aluminium) i s 

deposited as a t h i n f i l m on s i l i c a the vacuum photoemission may be 
10*5 

substantial i f about 50$ of the radiation i s absorbed. Very care­

f u l control of the thickness of the f i l m i s necessary (and t h i s i s 

r e l a t i v e l y easy with vacuum deposition methods) but technical d i f f i -

c u l t i e s prevented Swan (and l a t e r Gzowski J ) from maintaining t h e i r 

photocathodes free from oxidation. I n any case half the r a d i a t i o n 

passes i n t o the l i q u i d . 

Swan's method was rejected i n favour of oblique i r r a d i a t i o n of 

the electrodes since, i n the l a t t e r arrangement; 

( i ) Either electrode may be i r r a d i a t e d , by suitably positioning the 

lamp. 

( i i ) I t was a simple matter to design a test c e l l i n which one, or 

both, of the electrodes could be coated. 

( i i i ) The photoinjected currents may be distinguished from bulk 

l i q u i d photostimulation by the use of suitable u l t r a v i o l e t 

f i l t e r s w i t h the lamp. (e.g. F i l t e r e d (0X7) radiation would not 

be absorbed by p u r i f i e d n-hexane, but could s t i l l promote 

electrode a c t i v i t y . ) 
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The largely unknown action of the SnOg layer i n c e l l 2 can thus 
be avoided, and a f a i r e r comparison between the properties of 
polished and vacuum deposited electrode surfaces could be made. 

For ef f e c t i v e oblique i r r a d i a t i o n of p a r a l l e l plate electrodes, 

the electrode spacing must be comparable to the electrode diameter. 

The lamp emitted a useful i n t e n s i t y of radiation through an aperture 

o f ^ 5 mm. diameter, t h i s could be focussed (with a s i l i c a lens) to 

a spot of about the same size. To allow f o r the angle of incidence 

of the beam with the electrode surface (which d i s t o r t s the spot into 

an e l l i p s e ) i t was decided to use 1 cm. dia. electrodes, at a similar 

separation. This, i n turn, set an upper l i m i t of3KV.cm.~' 1' to the 

f i e l d which could be applied with the ex i s t i n g voltage supply, 

6.5. Photocurrents with both electrodes coated w i t h an evaporated 

layer of aluminium. (Cell 3 ) . 

Layers of aluminium were evaporated on to both (polished 

aluminium) electrodes i n c e l l 3« Photoconduction measurements were 

made with highly degassed and p u r i f i e d n-hexane. (H.D.P. n-hexane). 

Some ̂  curves were obtained with continuous u n f i l t e r e d or 

(0X7, OXl) f i l t e r e d i r r a d i a t i o n of one of the electrodes. Those f o r 

0X7-filtered i r r a d i a t i o n are shown i n Fig. 6.8, being similar (except 

i n magnitude) to the others. The currents were changing with time 

(Fig. 6.9 shows these variations, at a f i x e d voltage). The main 

observations were; 
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( i ) The photocurrents were, at f i r s t , about 10 times greater with 
the i r r a d i a t e d electrode negative ('forward' direction) than 
with t h i s electrode positive ('reverse'). These ^ curves 
sloped upwards ( i . e . I increased faster than V). Photocurrents 
i n the forward d i r e c t i o n were slowly decreasing, but those f o r 
reverse p o l a r i t y were increasing. 

( i i ) After about 10 hours the photocurrents began to 'saturate' at 

the higher voltages (400 V. max.). 

( i i i ) At l a t e r times the 'saturation' type photocurrents increased, 

the forward/reverse r a t i o approaching unity. 

F i n a l l y , a minute hole was made i n the c e l l and the photocurrents 

monitored as the hexane saturated with a i r (Fig. 6.10(a)). The 

saturation-type ^ characteristic was retained even when the photo­

currents had dropped to a very low l e v e l (e.g. Fig. 6.10(b)). 

6.6. A tentative explanation of the results i n Sec. 6.5. 

I t was plausible that the induced currents resulted from a 

mixture of; 

( i ) I n j e c t i o n from the photocathode. 

( i i ) Photoionisation of the bulk l i q u i d . 

The magnitude of the photocurrents shown i n the upward sloping 

^ curves depended on the p o l a r i t y of the i r r a d i a t e d electrode, and 

were thus consistent w i t h the photoinjection of negative charges from 

the cathode. Photoinjection f o r reverse p o l a r i t i e s could r e s u l t from 

re f l e c t i o n s i n the c e l l . 
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The 'saturation-type 1 photocurrents resembled those measured 
with c e l l 1 (Sec. 6.1), and remained the same f o r either p o l a r i t y 
of the applied f i e l d . I t was not unreasonable to assume that these 
currents originated from the photoionisation of the bulk l i q u i d . 

Both types of conduction were changing with time, the tentative 

explanation being; 

(A) The ef f i c i e n c y of photoinjection was reduced as the aluminium 

layer oxidised (to bring the conditions i n c e l l 5 more nearly equi­

valent to c e l l 1; where polished, and thus oxidised, electrodes were 

used). F i l t e r e d (0X1, 0X7) radiation would cause i n j e c t i o n as long 

as the work function of the layer remained low enough. 

(B) The 'bulk' photocurrents were increased by the exposure of the 

l i q u i d to long periods of u n f i l t e r e d radiation; a proportion of which 

could be expected to cause photochemical reactions. The additional 

absorption, of the reaction products, could then res u l t i n a 

'sensitised' or 'impurity' bulk photoconduction. I t w i l l be remem­

bered (from Chapter IV) that most organic compounds, i . e . impurities, 

absorb radiation of longer wavelengths than the hexane i t s e l f . 

I t i s seen that the decreasing contribution of the photoinjected 

currents w i l l , because of the cumulative degradation of the l i q u i d , be 

obliterated by the ri s e i n bulk photoconduction. 

6.7. (a) Photoinduced currents with both electrodes coated with an 

evaporated layer of aluminium ( i i ) c e l l 5. 

In order to test the suppositions i n Sec. 6.6, i t was decided 

to avoid the use of u n f i l t e r e d r a d i a t i o n . Another layer of aluminium 



F i g . 6.11 

CM 

t o 

T i n 

U J CM 

U i 

U J 

U J 
U J 
U J 

U J 

5 

U J 
U J 

CM 
c n 

CM 
UJ UJ 



F i g . 6.12 

a 

in 

U J 

in U J 

U J 

U J 

U J U J 

U J 
U J to 

U J 

in an to at 

I 
i n 



4 

F i g . 6.15 

in 

U f 

e x 

5 
U i 

U J 

en U i 
fl*4 

g i a v i i 



E V A P O R A T E D ALUMINIUM E L E C T R O D E S 
D E C A Y O F P H O T O I N J E C T E O C U R R E N T AND RISE OF B U L K PHOIOCQNnHrTiy i tv 
t O O v A P P L I E D V O L T A G E 

10* 

0X7 F I L T E R 

10" 

10" 

\ 

REVERSE" 

<—2 D A Y S 
(IN D A R K ) 

CONTINUOUS U N F I L T E R E D I R R A D I A T I O N 

/ 
% 

/ 
'REVERSE 

0 10 20 30 
t HOURS — 

E V A P O R A T I O N 

1 TO21) 30 40 50~ 
H O U R S - * 

To" 



- 88 -

was deposi ted over b o t h e l ec t rodes i n c e l l 3> and H.D.P. n-hexane 

admi t ted t o the c e l l . 

A se r i e s o f i curves were ob ta ined w i t h 0X1- and 0 X 7 - f i l t e r e d 

i r r a d i a t i o n of one o f the e l e c t r o d e s . These measurements ( F i g s . 6.11, 

6.12) i n d i c a t e d the absence o f apprec iab le ' b u l k 1 p h o t o s t i m u l a t i o n . 

The fo rward / r eve r se r a t i o remained at about 10:1 f o r the d u r a t i o n o f 

the measurements (20 hours f rom the e v a p o r a t i o n ) . Except f o r a s l i g h t 

tendency towards s a t u r a t i o n f o r O X L - f i l t e r e d r a d i a t i o n ( F i g . 6.13) 

these curves main ta ined t h e i r upward curva tu re f o r the whole t i m e . 

The photocur ren ts f o r e i t h e r p o l a r i t y e x h i b i t e d a dece l e r a to ry decay 

w i t h t ime ; so t h a t a f t e r 20 hours they were s t i l l decreas ing, bu t o n l y 

v e r y s l o w l y ( F i g . 6 .14 ) . The c e l l was then l e f t ( i n darkness) f o r 

2 days, subsequent measurements showed t h a t the pho tocur ren t s had 

f a l l e n o n l y s l i g h t l y ( ~ 1 0 $ ) d u r i n g t h i s t i m e . 

A t t h i s s tage , the vacuum photoemission was measured ( n e i t h e r the 

lamp nor the c e l l b e i n g moved). The f o r w a r d photoemission (40 V . 

a p p l i e d ) was 5 x 10~^A. f o r 0 X 7 - f i l t e r e d r a d i a t i o n , the fo rward / r eve r se 

r a t i o be ing 12:1. (Th i s l a t t e r measurement i n d i c a t e d the p r o p o r t i o n 

o f r e f l e c t e d r a d i a t i o n a r r i v i n g a t the ' d a r k ' e l e c t r o d e ) . 

Measurements were then cont inued w i t h the l i q u i d i n the c e l l bu t 

t h i s time us ing cont inuous u n f i l t e r e d r a d i a t i o n . A f t e r an i n i t i a l 

s l i g h t decrease i n the f o r w a r d c u r r e n t , the photocur ren ts f o r bo th 

p o l a r i t i e s rose s t e a d i l y w i t h the p e r i o d o f exposure. Measurements 

were cont inued f o r 50 hours , d u r i n g which t ime the cu r ren t s were 

approaching p o l a r i t y independence ( F i g . 6 .14 ) . The n c h a r a c t e r i s t i c s , 
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e . g . F i g s . 6 .15, 6.16, were comparable t o those p r e v i o u s l y ob ta ined 

(Sec. 6 . 5 ) . The vacuum photoemission was measured again ( a f t e r the 

5 0 hours u n f i l t e r e d r a d i a t i o n ) . The fo rward / r eve r se r a t i o had 

remained a t about 10:1, b u t the ' s a t u r a t e d ' photoemission (u s ing the 

0X7 f i l t e r ) had f a l l e n to 2 x 10"^A. ( f o r w a r d ) . For u n f i l t e r e d 

-6 

r a d i a t i o n the corresponding c u r r e n t was 1 . 4 x 10 A . 

F i n a l l y , the c e l l was emptied and the l i q u i d r e t a i n e d f o r 

chemical a n a l y s i s (see Sec. 6 . 16 ) . 
6 .7 . (b ) 

The experiments descr ibed i n 6 .7 (a ) were repeated, b u t t h i s time 

u s i n g i n t e r r u p t e d ( f i l t e r e d ) r a d i a t i o n f o r the f i r s t phase o f the 

measurements. 

The pho tocur ren t s decayed i n a manner cons i s t en t w i t h t h a t 

descr ibed i n Sec. 6 . 7 ( a ) . Fur thermore , i t was found t h a t the r i s e 

i n b u l k photoconduct ion ( i n the second phase o f the measurements) was 

a r r e s t ed i f the u n f i l t e r e d r a d i a t i o n was stopped. 

6.8 . Summary o f the f i n d i n g s i n Sees. 6 .7 (a ) and 6 .7 (b ) i n r e l a t i o n 

t o the proposals i n Sec. 6 .6 . 

I t has been shown t h a t ca thodic p h o t o i n j e c t i o n can be d i s t i n ­

guished f rom b u l k photoconduct ion by the proper use o f f i l t e r s . The 

decay i n a c t i v i t y o f the aluminium l a y e r s cou ld then be observed 

w i t h o u t compl i ca t ions due t o b u l k photoconduct ion (see F i g . 6 . 14 ) . 

The p h o t o i n j e c t e d charges o r i g i n a t e d a t the cathode; reverse cu r ren t s 

be ing a t t r i b u t a b l e to r e f l e c t i o n s i n the c e l l ( o f the o rder o f 10$) . 
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Bulk pho tocur ren t s have been shown t o be i n i t i a t e d by the use 

o f u n f i l t e r e d r a d i a t i o n and t o increase w i t h the p e r i o d o f exposure; 

i . e . changes are brought about i n the l i q u i d which are c u m u l a t i v e . 

This type o f conduct ion i s , appa ren t l y , i n s e n s i t i v e to the s t a t e o f 

o x i d a t i o n o f the aluminium l aye r s on the e l ec t rodes . There were, 

however, i n d i c a t i o n s t h a t u n f i l t e r e d r a d i a t i o n a l so acce le ra ted the 

decay o f e l ec t rode a c t i v i t y (presumably by promoting o x i d a t i o n o f 

the a lumin ium) . 

Even when the a c t i v i t y o f the e l ec t rodes had l a r g e l y decayed 

there was s t i l l a u s e f u l p h o t o i n j e c t e d c u r r e n t ( e . g . two days a f t e r 

the e v a p o r a t i o n ) . The use o f 0 X 7 - f i l t e r e d r a d i a t i o n to promote 

these cu r r en t s d i d no t app rec i ab ly a f f e c t the decay i n the a c t i v i t y 

o f the e l e c t r o d e s . I t was decided t o use•cont inuous ly f i l t e r e d 

r a d i a t i o n i n subsequent i n v e s t i g a t i o n s o f the i n j e c t i o n o f charges 

f r o m the e l e c t r o d e s . 

6 . 9 . Photocurrents w i t h b o t h e lec t rodes coated w i t h an evaporated 

l a y e r o f magnesium. ( C e l l 4 ) . 

I t was decided to a s c e r t a i n i f l a r g e r cu r r en t s cou ld be obta ined 

u s ing magnesium, w i t h i t s lower p h o t o e l e c t r i c work f u n c t i o n , than 

a luminium. 

Using c e l l 4 » an evaporated l a y e r o f magnesium was depos i ted 

over b o t h ( p o l i s h e d magnesium) e l e c t r o d e s , photoinduced cu r r en t s be ing 

subsequently measured i n H.D.P. n-hexane. U n f i l t e r e d r a d i a t i o n was 

n o t a l lowed to en te r the c e l l a t any t i m e , cu r r en t s b e i n g s t i m u l a t e d 

-Kc u«x J OKI <x*ct OX7 liu+n 
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Observations were cont inued f o r 1 2 days f r o m the evapora t ion , 
a 'family* o f ^ curves b e i n g obta ined f o r a p p l i e d vo l t ages up t o 65OV. 
us ing each f i l t e r i n t u r n ( F i g s . 6 . 1 7 , 6 . 18 , 6 . 1 9 , 6 . 2 0 ) . I t i s seen 
t h a t there was a c o n s i s t e n t and dece l e r a to ry decay i n magnitude o f 
the cu r ren t s w i t h t i m e . There were no signs o f any p h o t o s t i m u l a t i o n 
o f the l i q u i d i n these c h a r a c t e r i s t i c s . I n f a c t , a p l o t o f the decay 
o f c u r r e n t i n d i c a t e d an i n c r e a s i n g fo rward / r eve r se r a t i o w i t h t ime 
( F i g . 6 . 2 1 ) . 

I t was noted t h a t magnesium d i d n o t seem t o be much more a c t i v e 

than aluminium (Sec. 6 . 7 ) so f a r as i n j e c t i o n was concerned. I t 

remained to be seen, however, i f o ther evaporated l a y e r s o f these 

metals were the same. 

6 . 1 0 . Photocurrents w i t h evaporated g o l d e lec t rodes ( i ) . C e l l 4 . 

Gold does n o t o x i d i s e a p p r e c i a b l y , and has a much h igher work 

f u n c t i o n ( 4 . 2 eV) than A l . or Mg. I t was considered t h a t the photo-

i n j e c t e d cu r r en t s w i t h evaporated go ld e l ec t rodes ought t o a f f o r d an 

i n t e r e s t i n g comparison w i t h A l . and Mg. 

C e l l 4 was baked i n d r y a i r ( a t 1 2 0 ° C ) f o r about two hours so 

t h a t the ( p o l i s h e d magnesium) e l ec t rodes became covered w i t h a t h i n 

l a y e r o f o x i d e . Gold was subsequently evaporated over the e lec t rodes 

( i n the t e s t c e l l i t s e l f ) so t h a t measurements c o u l d be made w i t h 

H.D.P. n-hexane. 

I t was found t h a t the pho tocu r r en t s , f o r f i l t e r e d ( 0 X 7 ) r a d i a t i o n , 

—15 
were obscured by noise ( ~ 1 0 ~ A . ) . These d i s tu rbances , which were 



F i g . 6.22 

C E L L I 
CURRENT-VOLTAGE CHARACTERISTICS UNFILTERED U/V 
EVAPORATED GOLD ON MAGNESIUM 
DEGASSED N-HEXANE 
• 3 HOURS 
x 8 11 

o 22 • 
TIME AFTER EVAPORATION A 9 6 15 

168 
• 192 « / 

11 
CONTINUOUS UNFILTEREO U/V IRRADIATION 
AFTER THREE HOURS FROM EVAPORATION 

13 
i 

2 

• 11 

10 

9 

8 

7 

5 

100 200 0 0 0 0 500 6 0 0 
APPLIED VOLTAGE (FORWARD) 



3?ig. 6 . 2 3 

CELL 4 
CURRENT-VOLTAGE CHARACTERISTICS, UHFILTEREO li/V 
EVAPORATED GOLD ON MAGNESIUM 
DEGASSED H-HEXANE 

] HOURS 
x R " 

o?2 • I 

TIME AFTER EVAPORATION A 9 6 » 

ISA 
• 1 9 2 11 

• CONTINUOUS UNALTERED U/V IRRADIATION 
AFTER 3 HOURS FROM EVAPORATION 13 

12 

1 

I 
10 

8 

5 

2 

1 

100 200 300 too 5 0 0 6 0 0 
APPLIED VOLTAGE (REVERSE} 



F i g . 6.24 

i n 

U J 
to L U U J 

OL. 

to 

c n L U 

lO 

to 
U J 

U J 
UJ 
U J 

i n 
to 

U J t o 
UJ 

UJ 
t o 

CM UJ \ 
Co 



- 92 -

not affected by switching the lamp o f f , could not be traced to any 

f a u l t i n the c e l l or the e l e c t r i c a l c i r c u i t . I t became apparent, 

aft e r two or three hours, that the currents were ' s e t t l i n g down' 

and i t was eventually found that the currents f o r (0X7)-filtered 

radiation were 5 x 10~^A. at 65OV. (forward d i r e c t i o n ) . Since 
-12 

u n f i l t e r e d radiation induced currents o f - v 10 A. i t was decided 

to proceed without using f i l t e r s rather than to abandon the 

experiment altogether. Possibly because of the three hours delay 

i n s t a r t i n g measurements, the electrodes were not very active (the 

forward/reverse r a t i o being only 4sl)« The 'bulk' pho-toconduction 

increased with the period of exposure to the radiation, so that the 

currents were v i r t u a l l y independent of the p o l a r i t y of the applied 

voltage a f t e r about 40 hours (Fig. 6.24). The ̂  characteristics, 

during t h i s time, are shown i n Pigs. 6.22, 6.25. The 'saturated' 

vacuum photoemission, some ^2 hours a f t e r the evaporation of the 

gold layer, was as follows; 
—8 

u n f i l t e r e d r a d i a t i o n ; 1.5 x 1G>~ A. 

with 0X7 f i l t e r ; 1.2 x 10"9A. 

with 0X1 f i l t e r ; 7.8 x 10" nA. 

I t would appear, from a comparison of the photoemission f o r the 

d i f f e r e n t f i l t e r s , that gold has a work function o f ~ 4 . 1 eV. The 

threshold f o r photoinjection i n the l i q u i d was about the same as i n 

vacuo. Bulk photocurrents were ( i n i t i a l l y ) stimulated by rather 

shorter wavelengths, (> 25002, corresponding to a threshold of 5 eV. 
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6.11. Photocurrents with evaporated gold electrodes ( i i ) . (Cell 4 ) . 

The f i r s t series of measurements using evaporated gold electrodes 

(Sec. 6.10) were hampered by the unaccountably high noise l e v e l , and 

the only r e l i a b l e results were obtained with u n f i l t e r e d r a d i a t i o n . 

Some useful information regarding the degradation of the l i q u i d was 

obtained, but measurements of the photoinjection using f i l t e r s would 

have been of i n t e r e s t . Furthermore, although the most l i k e l y external 

sources of the noise had been checked, i t seemed doubtful that the 

fluctuations would originate from such a passive surface as gold. 

I t was suspected that part of the (magnesium) electrode surface which 

was uncovered by the gold might have been active. 

I t was decided to deposit the gold over polished aluminium 

electrodes instead. Measurements were commenced, with c e l l 4» i n 

which a layer of gold was evaporated, and with a fresh sample of H.D.P. 

n-hexane. The opportunity was also taken to extend the applied 

voltage to a maximum of 2.5KV. 

I t was evident that there was, again, too much noise f o r the 

photocurrents to be measured with (OXL or 0X7)-filtered r a d i a t i o n . 

The measurements were continued, somewhat r e l u c t a n t l y , with u n f i l t e r e d 

r adiation. The ̂  curves (Figs. 6.25 and 6.26) indicate that gold i s 

active i n photoinjecting charges in t o n-hexane (although not as active 

as A l . or Mg.) and that, a f t e r a s l i g h t i n i t i a l decrease ( l a s t i n g 

perhaps 3 hours), the photocurrents i n the forward d i r e c t i o n were 

stable. The f a l l i n the forward/reverse r a t i o with time of exposure 



F i g . 6.2$ 
CELL I 

CURRENT-VOLTAGE CHARACTERISTICS (UNALTERED U/V) 
EVAPORATED GOLD ON ALUMINIUM 
DEGASSED N-HEXANE 

TIME AFTER EVAPORATION (HOURS 

1 8 
CONTINUOUS UNFILTERED 
U/V IRRADIATION 

1 5 - " 

12 

U J 

6t-

APPLIED VOLTAGE (FORWARD) ( X V ) 



F i g . 6.26 
C E L L i 

C U R R E N T - V O L T A G E C H A R A C T E R I S T I C S , UN F I L T E R E D U / V 

E V A P O R A T E D GOLD ON A L U M I N I U M 

O E G A S S E D N - H E X A N E 

• 3 HOURS 
x 5 •< 
° W T IME A F T E R E V A P O R A T I O N 

A 6 2 -

- 1 - 9 0 • 

C O N T I N U O U S U N F I L T E R E D U / V IRRADIATION 

1 2 
A P P L I E D V O L T A G E I R E V E R S E J ( K V ) 



- 94 -

to u n f i l t e r e d i r r a d i a t i o n was similar to that discussed previously 
(Sec. 6.11). 

The vacuum photocurrent ( i n the forward direction) using 0X1 or 

0X7 f i l t e r s was very small (-v 10 ^A.) but f o r u n f i l t e r e d r a diation 

was 1.8 x 10 ®A., the forward/reverse r a t i o being about 27:1. I t 

must be pointed out, however, that the evaporated layer was nearly 

a week old and had been subjected to prolonged u n f i l t e r e d i r r a d i a t i o n , 

t h i s r a t i o might have been d i f f e r e n t f o r a fresh surface of gold. 

6.12. Photocurrents with evaporated aluminium electrodes ( i v ) . Cell 4 ) . 

Further measurements were made using c e l l 4» with evaporated 

aluminium electrodes and H.D.P. n-hexane. The applied voltage was 

increased to a maximum of 3KV., the currents being stimulated mostly 

i n conjunction with the 0X7 f i l t e r . (Short pulses of u n f i l t e r e d 

radiation were used, to obtain some 'spot* measurements, but the 

t o t a l period of exposure was kept to a minimum.) 

With the maximum forward voltage, photocurrents exceeding 

2 x 10~10A. (0X7) and 7 x 10"10A. (no f i l t e r ) were observed withi n 

the f i r s t 20 minutes from the evaporation. A 'family' of ̂  curves 

were obtained f o r times up to 12 hours a f t e r the evaporation (see 

Fig. 6.27). The forward/reverse r a t i o remained w i t h i n 10$ of 20:1 

at 3KV. applied voltage f o r t h i s period of time. The decay of photo-

i n j e c t i o n i s shown i n Fig. 6.28 under the heading '1st evaporation'. 



F i g . 6.27 

C E L L t 

ALUMINUM ( 1 S T EVAPORATION) 
0 X 7 F ILTER ( R E W A R D V O L . ' A G E A P P L I E D ) 

1) 2 0 M I R S , 

2 ) 9 0 ' 

3 ) 2 7 0 -
4 ) 5 4 0 • 

5 ) 1 H 0 -

1 f l ) U * 1 0 - " A 
2 ) 7 - 1 0 * ' * A iW A 

V O L T A G E M 0 ' 1 0 A 
5 ) V 8 J < 1 0 - ' * - A 



F i g . 6.28 

UJ 

U J 

r-i 

s 
3 

UJ 

C3 

UJ 

Ui 

UJ 

UJ 
UJ 

1*1 
I s 

J I I J - 1 I I 1 L 
« f» i n •« n N t-

(31V3S U U N0IMV1 U S ) < — W3HHfl3 



- 95 -

Table 6 ( i ) l i s t s the photocurrents obtained with d i f f e r e n t 
f i l t e r s , at a forward voltage of 3KV« These measurements were made 
24 hours a f t e r the evaporation. The second column shows the corres­
ponding 'saturated' photoemission i n vacuo (40V. applied). 

TABLE 6 ( i ) 

Photocurrent i n l i q u i d (Amps at 5KV.+) Vacuum Photoemission (Amps at 40V.+) 

No f i l t e r 2.5 x 10" 1 1 7.0 x 10' 8 

0X7 -12 2.4 x 10 1 9.0 x 10" 9 

0X1 5.6 x 10" 1 5 3.4 x 10" 1 0 

0X9A 5.1 x 10" 1 3 2.0 x 10" 1 0 

0X1A 4.4 x 10" 1 5 1.6 x I D " 1 0 

0B10 2 x 10" 1 4 -12 
5.4 x 10 ^ 

There were photocurrents i n vacuo f o r the following f i l t e r s , but 

they were too small to be accurately determined i n the l i q u i d (<10~^" 4A.). 

0N33 2.4 x 10" 1 5 

OB 2 2.4 x 10' 1 4 

Cell 4 was equipped with two separate tungsten filaments each 

with a charge of aluminium. This made i t possible to evaporate more 

than one layer of aluminium on to the electrodes ( i n the vacuum 

obtained by freezing the hexane i n t o the c e l l reservoir at l i q u i d 

nitrogen temperature) and to continue measurements with the same 

sample of l i q u i d . 
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The second evaporation u t i l i s e d the small quantity of aluminium 
remaining on the filament which had already been used. The subsequent 
measurements indicated only a p a r t i a l recovery of electrode a c t i v i t y 
(see Figs. 6.28 and 6.29). 

A t h i r d evaporation (from the second filament) was more e f f e c t i v e ; 

the photocurrents showing a substantial recovery (see Fig. 6.28). This 

diagram also shows a more detailed p l o t of the decay of electrode 

a c t i v i t y w ith time. 

The photoinjected currents were remarkably free from fluctuations, 

and so i t was decided to experiment with d i f f e r e n t i n t e n s i t i e s of 

radiation. (The i n t e n s i t y of radiation was altered by the adjustment 

of an i r i s diaphragm i n the lens system. Apertures were calibrated, 

rather crudely, by recording the corresponding vacuum photoemission.) 

A set of ̂  curves were obtained, with 0X7-filtered i r r a d i a t i o n of 

the cathode, approximately 90 hours a f t e r the (3rd) evaporation 

(Fig. 6.30). Some similar curves were obtained, with u n f i l t e r e d 

i r r a d i a t i o n , a f t e r 120 hours (Fig. 6.3l). 

A fou r t h evaporation (from the second filament) was made with 

the object of measuring the vacuum photoemission from a fresh surface. 

The currents obtained with d i f f e r e n t f i l t e r s , 45 minutes a f t e r the 

evaporation, are given i n Table 6 ( i i ) . The corresponding photo-

i n j e c t i o n i n t o the l i q u i d was measured about 35 minutes l a t e r . 

(These currents could not be measured sooner because the hexane had 

to be thawed and d i s t i l l e d back i n t o the electrode compartment wit h ­

out disturbing the c e l l or the lamp). I t was noticed that i n the 
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l i q u i d the forward/reverse r a t i o of the photocurrents was lower f o r 
u n f i l t e r e d radiation ( l O : l ) than when using the 0X1 or 0X7 f i l t e r s 
(~ 5 0 : l ) . The corresponding r a t i o i n vacuo was, unfortunately, 
not measured. 

F i n a l l y , a i r was l e t into the c e l l . The photocurrents rapidly 

decayed, and an 'overshoot' was observed with interrupted radiation 

( c f . Section 6 . 1 5 ) . This overshoot was not evident at any stage of 

the experiments with the highly degassed l i q u i d . 

TABLE 6 ( i i ) 

Photocurrent i n l i q u i d (Amps at 5KV.+) Vacuum photoemission (Amps at 40V.+) 

No f i l t e r 3.6 x 1 0" 1 0 1.3 x 10."7 

0X7 3.8 x 1 0 " 1 1 1.1 x 1 0 " 8 

0X1 1.2 x 1 0 " 1 1 7.5 x 10" 9 

0X9A - (not det) 6.0 x 1 0 " 1 1 

OXLA. - (not det). 4.3 x 1 0 " 1 1 

6.13 Photocurrents with evaporated magnesium electrodes ( i i ) . (Cell 4) 

The technique of multiple evaporations was used, wi t h magnesium, 

to obtain some information regarding the changes i n the photoelectric 

threshold ( i n vacuo, and i n the l i q u i d ) as the surfaces aged. I n 

addition, i t was desired to f i n d the relationship between the photo­

currents and the i n t e n s i t y of i r r a d i a t i o n "(with a view to obtaining 

space-charge-limited conditions)• 

lesium was evaporated on to both electrodes i n c e l l 4» 

measurements being made with H.DJP. n-hexane. 
The ̂  curves, corresponding to ( O X 7 )-filtered i r r a d i a t i o n of 
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the cathode, are shown i n F i g . 6.32. The currents were e a s i l y 
measured, with complete freedom from fluctuations. They were also 
rapidly decaying, and i t was obvious that S.C.L. currents were not 
being obtained. I t was decided to complete a second evaporation 
and to take some 'spot' measurements (with different f i l t e r s ) of 
the l i q u i d and vacuum photocurrents. The electrode a c t i v i t y was 
f u l l y restored by the deposition of a fresh layer, as i s seen from 
the f i r s t column i n Table 6 ( i i i ) . The corresponding vacuum photo-
emission i s recorded i n the second column of Table 6 ( i i i ) . These 
measurements were repeated after the surfaces had been immersed i n 
the hexane for 24 hours, 48 hours and 72 hours. 

After a t h i r d evaporation, the v a r i a t i o n of the photocurrents 

on the r e l a t i v e i n t e n s i t y of radiation (corresponding to three 

different f i l t e r s ) was measured (see F i g . 6.33). Some ̂  curves 

for d i fferent i n t e n s i t i e s of un f i l t e r e d radiation were obtained 

nearly a week a f t e r the th i r d evaporation ( F i g . 6.34)• 

I t was noted that the currents for the same voltage, were 

higher i n previous measurements (Sec. 6.9)than are recorded here. 

This may have been due to differences i n the polish of the electrode 

surfaces before evaporation, since ( i ) a further evaporation restored 

the a c t i v i t y of the cathode to almost exactly the l e v e l j u s t after 

the previous evaporation, ( i i ) The r e f l e c t i v i t y of the l a t t e r films 

was considerably lower than i n 6.9. 
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I t i s seen (from Table 6 ( i i i ) that the photocurrents i n the 
l i q u i d decayed i n step with the vacuum photoemission. However, the 
rat i o between the photoinjected current and the vacuum photoemission 
depended on the f i l t e r used with the lamp, as well as the time 
elapsed af t e r the evaporation. 

6.I4. Photocurrents with only one electrode coated with an 

evaporated layer of aluminium. ( C e l l 4). 

When both electrodes were coated with a similar evaporated metal 

layer there was always some 'reverse' photoinjection. Thus, the 

reverse photocurrents amounted to 5-lC$ of those for a s i m i l a r forward 

voltage. I n the absence of 'bulk' photostimulation, these currents 

were accounted for by r e f l e c t i o n s i n the c e l l (since a s i m i l a r forward/ 

reverse r a t i o was generally found for the photoemission i n vacuo). 

Consequently, the r a t i o ought to be greatly increased i f one electrode 

was non-injecting, e.g. i f an ordinary polished surface was used. 

The l a t t e r arrangement should show conclusively that only negative 

charges are i n j e c t e d , as well as accentuating any relationships 

between the vacuum photoemission and the photoinjection process. I t 

remained to be seen, however, i f t h i s sort of anode would be as 

effective as an evaporated metal l a y e r i n discharging the c a r r i e r s . 

C e l l 4 was modified, for this experiment, by i n s e r t i n g a screen 

with a single aperture. Thus, only one electrode was coated (by the 

evaporation of aluminium), the other electrode (polished, but heavily 

oxidised aluminium) retaining i t s 'inactive' surface. Two s i m i l a r 
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mercury vapour lamps were positioned so that either electrode could 

he obliquely i r r a d i a t e d . 

After completing the evaporation and f i l l i n g the c e l l with H.D.P. 

n-hexane, some measurements were made of the forward/reverse r a t i o of 

the photocurrents. The forward current for ( 0 X 7 )-filtered i r r a d i a t i o n 

of the coated electrode (3KV. applied) was, i n i t i a l l y , ~ 2 x 10 "^A., 

but i n the reverse direction the photocurrent was < 10~^A. This 

r a t i o (^10 : 1 ) , and the large forward current, indicated the absence 

of s i g n i f i c a n t i n j e c t i o n from the anode and^that the negative c a r r i e r s 

were being e f f i c i e n t l y discharged at the oxidised surface. 

A s e r i e s of 'spot' measurements were made at increasing times 

from the evaporation to compare the photocurrents i n the l i q u i d with 

the photoemission ( i n vacuo) from the coated surface (see F i g s . 6.35 

and 6 . 36 ) . F i g . 6.37 shows the 'injection' type ^ curves r e s u l t i n g 

from 0X7- and unfiltered i r r a d i a t i o n of the coated electrode. The 

measurements i n F i g . 6.38 were obtained, about 3 hours af t e r the 

evaporation, by the unfiltered i r r a d i a t i o n of the oxidised electrode. 

This diagram shows that the (rather high) 'bulk' photocurrents and 

the currents due to i n j e c t i o n were additive (a feature already 

observed, see F i g . 6.9). Switching both lamps on at the same time 

also produced currents which were additive. 

The photoemission ( i n vacuo) on d i r e c t i r r a d i a t i o n of the 

oxidised electrode did not change throughout the experiment, being 

6 x 10~ 1 2A. (0X7) and 2 x 10~9A. (no f i l t e r ) . 
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The r e s u l t s indicate that the discharge of photoinjected c a r r i e r s 

i s i n s e n s i t i v e to the state of oxidation of the anode surface. In 

addition, i t appears that the generation of charges i n the bulk 

l i q u i d i s independent of the i n j e c t i o n of charges from the negative 

electrode. Some correlation has been found between the photoinjection 

of negative charges into the l i q u i d and the vacuum photoemission. 

6.I5. Photocurrents in air-saturated hexane. 

One of the main features of the photoinjection, from evaporated 

metal layers into degassed hexane, was i t s decay as the surfaces 

oxidised. I t was hoped (by the use of gassy hexane) to observe 

si m i l a r , but more rapid changes; i n which case electrode a c t i v i t y 

would be incontrovertible. 

Photoinjection by 'activated' metal surfaces into air-saturated 
55 

hexane has been reported by Gzowski and Terlecki . Their technique 

was to use an external vacuum coating unit to deposit layers of 

aluminium on the electrodes. The c e l l was then assembled and, with 

the hexane introduced, measurements were begun. I t appears (from 

thei r account), that the assembly of the c e l l took about two hours; 

the active surface being exposed to a i r (or air-saturated hexane) 

for t h i s length of time. 

C e l l 5> which was assembled before the deposition of the layers 

was considered to have two advantages over Gzowski's arrangement; 

( i ) Neither the electrode surfaces nor any part of the c e l l needed 
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to be handled, ( i i ) Measurements could be started within 2 minutes 
of the evaporation of the metal layer, with only 10 seconds exposure 
to a i r before the introduction of the l i q u i d (the time taken to 
remove the c e l l from the evaporator). 

In view of the absence of 'bulk' photocurrents i n the a i r -

saturated l i q u i d , i t was considered 'safe' to stimulate the evaporated 

layers with un f i l t e r e d radiation, provided; (a) That the period of 

exposure was not prolonged and (W That a fresh sample of l i q u i d was 

used for each t e s t . Discrepancies between samples were avoided by 

the use of highly purified n-hexane. 

Quite large photocurrents were injected from evaporated 

aluminium electrodes, but there was a rapid decay of a c t i v i t y . Some 

measurements of the photocurrents (the cathode being continuously 

irradiated) were made for three values of applied voltage (see 

F i g . 6.39)> each curve corresponding to a fresh evaporation. The ̂  

curves were very s i m i l a r to those obtained with the same type of 

electrode i n degassed hexane, e.g. F i g . 6.4O (these curves have been 

'corrected' to allow for the decay of the photocurrents i n the time, 

f 5 mins, taken to make the measurements). The forward/reverse r a t i o 

of the photocurrents (with respect to the irradia t e d electrode) was 

generally about 20:1 for the f i r s t two hours after evaporation. 

However, t h i s r a t i o dropped to only 2:1 af t e r 24 hours; the shape of 

the current-voltage curves indicating the presence of 'bulk' photo-

conduction. I t must also be pointed out that after t h i s time the 
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electrode a c t i v i t y had decayed by three orders of magnitude (see 
Fig. 6.41). 

Similar measurements were made af t e r evaporating magnesium or 

gold over the electrodes (Figs. 6.42, 6.43). Magnesium was found 

to decay ( i n a c t i v i t y ) rather less rapidly than Al., but the photo-

injected currents were also lower. Gold was very inactive, and (as 

expected), was r e l a t i v e l y stable. A l . and Mg.f but not Au., were 

also sensitive to 0X7-filtered r a d i a t i o n . 

There was some suspicion, at t h i s stage, that part of the decay 

i n the photocurrents was due to the sudden application of voltage 

to the electrodes. However, apart from a disturbance, l a s t i n g 

perhaps 2 minutes, the photocurrents followed the o r i g i n a l decay 

curve i f the voltage was pulsed or i f the c e l l was emptied and the 

l i q u i d sample quickly replaced. 

There was also an 'overshoot' when the radiation was interrupted. 

The extent of t h i s overshoot increased w i t h time that had elapsed i n 

the dark, (see Pig. 6.44»b) and there was a systematic decrease as 

the electrode a c t i v i t y decayed. A comparable observation has been 

reported by Gzowski, Pig. 2.4b). I t was noticed that overshoot did 

not occur f o r evaporated gold electrodes. Because of these transients 

the decay of electrode a c t i v i t y was probably exaggerated f o r the f i r s t 

few minutes of measurement (Figs. 6.4O-6.42). 

6.10. Photochemical reactions. 

Dissolved a i r suppresses 'bulk' photoconduction (Sec. 6.1), but 

increases the u l t r a v i o l e t absorption of p u r i f i e d n-hexane (Sec. 4*6). 
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Both these processes, and other e l e c t r i c a l properties of gassy hexane, 
are associated with oxygen"^ as the active component of the a i r . 
Prolonged exposure to u n f i l t e r e d r a diation increases the photoconduc-
ti o n of the degassed l i q u i d (see Sees. 6.5, 6.10), thus in d i c a t i n g 
some sort of photochemical reaction. Two mechanisms may be visualised 
( i ) the formation of impurities which are more easily ionised than 
hexane or ( i i ) the destruction of an impurity (probably oxygen) which 
quenches the photoconduction of the hexane i t s e l f . Accordingly, a 
search for the products of photochemical reactions i n air-saturated 
and degassed hexane was made. The methods of detection and analysis 
(V.P.C. and u.v. spectrophotometry) were the same as described i n 
Chapter IV. 

The ( u n f i l t e r e d ) i r r a d i a t i o n of air-saturated n-hexane, with the 

mercury vapour lamp, substantially increased the u l t r a v i o l e t 

absorption of the l i q u i d (see Fig. 6.45)• The absorption spectrum 

i s seen to be rather featureless; the broad peak between 25002 and 

5000X i s characteristic of a wide range of p a r a f f i n i c aldehydes and 

ke tones. 

In spite of a new, rather acidic, smell to the i r r a d i a t e d l i q u i d , 

the new compounds were unexpectedly d i f f i c u l t to detect by V.P.C. 

Particular care was taken to detect possible fragmentation, products 

(e.g. lower homologues of the p a r a f f i n series) and isomers, but i t 

was concluded that these had not been formed i n s i g n i f i c a n t quantities. 

By increasing the temperature of the chromatograph column (and 

hence reducing the retention times) i t was subsequently found that 
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the products were considerably less v o l a t i l e than the hexane 

(see Fig. 6.46). Some 12 new peaks were detected, but an attempt 

to i d e n t i f y them (by the comparison of the retention times of l i k e l y 

compounds) was not successful. The (heavier) impurities were concen­

trated by evaporating o f f most of the hexane. Infra-red analysis 

showed that t h i s (waxy) deposit contained aldehydes, ketones (and 

possibly acids) although, once again, the exact compounds could not 

be distinguished. 

There were no signs of any changes i n the l i q u i d a f t e r (0X7)-

f i l t e r e d i r r a d i a t i o n , even a f t e r days of continuous exposure. 

Samples of highly degassed hexane were subjected to similar 

treatment and analysis. Neither the u.v. absorption nor subsequent 

analysis by V.P.C. showed any sign of change. I t was concluded that 

any reactions were probably between the hexane and the (very small 

quantities of) oxygen remaining i n the l i q u i d . 

A routine search was made f o r chemical changes i n the l i q u i d 

a f t e r the e l e c t r i c a l measurements. There appeared to be no new 

impurities, but i t must be pointed out that the o p t i c a l absorption 

was disturbed by the introduction of a i r i n transferring the l i q u i d 

to a spectrophotometer c e l l . Two (rather dubious) peaks (corresponding 

to butane and pentane)were found i n the V..P.C. of one sample, but 

these were sometimes present i n the l i q u i d taken from the b o t t l e . 

The i n t e r a c t i o n of s i l i c a , Pyrex, and evaporated aluminium with 

degassed hexane vapour (before and afte r u l t r a v i o l e t i r r a d i a t i o n ) 
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was investigated with the aid of a mass spectrometer. The m u l t i ­

p l i c i t y of hexane fragments (produced by the lleV. electron beam) 

confused the analysis, and so a small quantity of deuterium was 
106 mixed with the hexane f o r a second t e s t . Thus, the (most l i k e l y ) 

'place exchange1 processes at the surfaces could be monitored by the 

increase i n mass of the ion fragments. No reaction of any sort was 

detected by t h i s means, and i t was concluded that (to hexane vapour 

at least) these surfaces were not chemically or photo-chemically 

very active. 
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Summary of Observations 

Currents can be induced i n l i q u i d hexane by; 

( i ) The photoionisation of the bulk l i q u i d 

( i i ) The photoinjection of negative charges from the cathode. 

Depending on the experimental conditions (e.g. Sec. 6.8), the 

photocurrents may be predominantly due to ( i ) or ( i i ) . E i t h e r mechanism 

can proceed independently of the other (Sec. 6.5), so that 'bulk' and 
1 injection' photocurrents c an be considered separately. 

Bulk Photoconduotion 

Currents originating from the photoionisation of the bulk l i q u i d 

have been found to; 

( i ) Be independent of the p o l a r i t y of the applied f i e l d (Sec. 

6.1.2) 
( i i ) E x h i b i t a tendency towards ' saturation' as the applied f i e l d 

i s increased beyond a few hundred v o l t s cm.~^ (e.g. F i g . 6.1) 

( i i i ) Result from the i r r a d i a t i o n of the degassed l i q u i d with 

wavelengths shorter than*v 240Q&, i . e . i n the region of the 

u.v. absorption edge of the p u r i f i e d l i q u i d (Sees. 6.8 and 

4.6). 
( i v ) Increase i n magnitude a f t e r exposing the degassed l i q u i d to 

long periods of u n f i l t e r e d radiation (Sec. 6.7)• 

(v) Be inhibited by dissolved a i r (Sees. 6.1 and 6.$). 

( v i ) Be i n s e n s i t i v e to the state of oxidation of the electrode 

surfaces (e.g. Seo. 6.7)• 

( v i i ) Involve peculiar transients on pulsing the radiation (e.g. 

F i g . 6.44a). 
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Photoin.ieoted Currents 

Negative charges can be injected into l i q u i d hexane from immersed 

photocathodes of A l . , Mg., or Au. The photosensitivity of A l . or Mg. i s 

subs t a n t i a l l y increased, compared to t h e i r polished surfaces, i f the 

photocathode i s prepared by vacuum e vaporation. The a c t i v i t y of such 

l a y e r s ( l i k e the photoemission i n vacuo, e.g. F i g . 6.35) decreases with 

time a f t e r deposition, presumably because of re-oxidation. This decay 

can, however, be retarded by maintaining the surfaces i n vacuo f o r 

subsequent photostimulation i n the highly degassed l i q u i d . 

The rate of photoinjection into the l i q u i d (degassed or a i r -

saturated) has been found to; 

( i ) Increase f a s t e r than the applied f i e l d , the l/V curves 

exhibiting an upward curvature (e.g. F i g . 6.17). Photo-

injected currents f o r 'forward' p o l a r i t y of the applied 

f i e l d are much greater than f o r 'reverse', i . e . the 

i n j e c t i o n process has r e c t i f y i n g properties (e.g. F i g . 6.34). 
( i i ) Depend on the nature of the cathode surface as w e l l as the 

spectral composition of the incident r a d i a t i o n (e.g. 

Table 6 ( i i i ) ) . Radiation of longer wavelengths than are 

absorbed by the p u r i f i e d l i q u i d i s effective i n photo-

stimulating the cathode i f the work function remains low 

enough. 

( i i i ) Increase with the i n t e n s i t y of the radiation, so that the 

photoinjected currents at the higher f i e l d strengths are 

nearly proportional to the radiation i n t e n s i t y (e.g. Sec. 6.13)* 
( i v ) Be i n s e n s i t i v e to the state of oxidation of the anode surface 

(Sec. 6.14). 
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(v) E x h i b i t a short-term ( r e v e r s i b l e ) decay i n the air-saturated 

l i q u i d , but not i n degassed hexane ( F i g . 6.i«4b). 
These properties, and other d e t a i l s (e.g. the significance of the 

photochemical reactions), w i l l be discussed i n the next Chapter. 
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CHAPTER V I I 

DISCUSSION 

Some care has been taken to indicate those results which show 

most c l e a r l y the points under discussion. Whole sections of the 

thesis are referred to when detai l s are abstracted from them. 

Section 7«1 deals with the 'bulk' photocurrents, and "J .2 with the 

currents due to photoinjection. 

7.1.1. The current-voltage curves f o r 'bulk' photoconduction 

I t i s evident (Figs. 6.1, 6.3 etc.) that the photocurrents 

were tending towards 'saturation' at f i e l d s much lower than 

predicted by the Onsager theory (Sec. 3.1). I t i s assumed that 

the charges were subject (primarily) to volume recombination, and 

so the analysis of the conduction at low f i e l d s i s treated accord­

in g l y . 

Unfortunately, the (oblique) configuration of i r r a d i a t i o n used f o r 

most of the measurements complicates an exact analysis. In the 

circumstances, two l i m i t i n g (and idealised) geometries of ionisation 

are considered; 

(1) Where the radiation i s directed along a l i n e p a r a l l e l to the 

electrodes (uniform d i s t r i b u t i o n of ions). 

(2) Where the radiation enters normal to the electrodes (as i n Cell 2). 

(An exponential d i s t r i b u t i o n of ions from one electrode to the other, 

due to the absorption of the r a d i a t i o n ) . 
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The currents, assuming volume recombination, have been calculated 
62 107 

elsewhere f o r both these configurations ' . 

The ionisation i n c e l l 1 (Sec. 6.1) i s assumed to be nearly 

uniform. I n t h i s case the rate of generation of charges ' s 1 per 

unit volume i s balanced{for zero voltage applied) by the loss due 

to recombination. I f the recombination c o e f f i c i e n t i s 'ot', then; 

s - «*pn = 0 ( l ) 

and because of the symmetry of ion i s a t i o n ; 

n - p = 3/U * (2) 

For low applied f i e l d s C^/^)* "the rate of removal of charges at 

the electrodes i s small compared to t h e i r neutralisation through 

recombination. Thus, the values of 'n' and 'p' (the concentration of 

•free' ions) i s essentially the same as f o r zero voltage. The 

current density 'J' i s given b y ; ^ 

The slope 'm 1 of the current-voltage curve f o r electrodes of 

Area 'A', i s ; 

mQ = e ^ ^ [ P n + H p ] (4) 
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For higher f i e l d strengths the rate of neutralisation at the 
electrodes increases to make volume recombination unimportant. The 
current 'saturates 1 at a l e v e l I Q , which i s given ( i d e a l l y ) by the 
rate of generation of 'free' ion-pairs i n the volume of l i q u i d 
between the electrodes; 

I Q = e sLA (5) 

Eliminating s i n (4) from (5) and squaring, we obtain; 

m 2 - 2 

_° ~ r ^ * > 0 ( 6 ) 

I i s i d e n t i f i e d as the extrapolation to zero volts of the 'saturation 1 

current-voltage characteristic (Fig. 2.2). A value might be 

estimated from the measurements wi t h pulsed u.v.. Unfortunately 

these measurements were complicated by peculiar 'overshoots' as well 

as the time constant of the Vibron. For n-hexane the value of oc i s 

( c a l c u l a t e d ^ to be) ̂  2 x 10"^cc. i o n ^ s e c - 1 . From Fig. 6.1, 

I ^ 3 x 10"12A. and m ~ 2.5 x lO'^A.V. - 1, substitution of 0 o 
0 0 mQ and I q i n equation (6) results i n ; 

-3 2 _ i _ i u, + u, ^ 1*2 x 10 cm. V sec 
'p In. 

so that i f 11 ^ i i 'p n 

u. *~ 6 x 10"^ cm. V~ sec" 

which i s i n f a i r agreement (considering some of the approximations made) 

with the accepted value. For t h i s value of u., the density of ions 
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(at zero f i e l d ) would have been ~ 10 cm. 
I n the 'saturation' region, the steady-state l i f e t i m e of the 

free ions ( i n the absence of an applied f i e l d ) must be longer than 
60 

t h e i r average t r a n s i t time between the electrodes. The t r a n s i t 

time i s approximately; 
2 

T = 2L 
^ p + V U* 

The average l i f e t i m e X of the free ions (with zero f i e l d ) i s 

x ^ _L- = _ L - i 
oi*. (o<s) 2 

Saturation i s obtained when X> T, i . e . when 

U » ™ 8 • 2 L " U > * (7) 

ot i s given f o r ions (Langevin formula"^) as 

oC = 4irr CD +-D ) (8) 

where D and D are the d i f f u s i o n coefficients of the positive and p n 
negative ions respectively; ' r ' i s the effective c o l l i s i o n radius of 

the pair of ions, given by Onsager's c r i t e r i o n (Sec. 3.1); 

2 
rfkT). (9) 

Since D = KT , (8) becomes (a f t e r substitution f o r r from (9) ) ; 
u- e 

ot = 4-TT e (a + u- ) (10) 
£ P " 
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Substituting (10) and (5) i n t o (7) and squaring 

U 2 16-n I L 5 

s > o (11; 
A£(u.p + u-n) 

This equation shows that the voltage required f o r saturation 

against volume recombination increases as the square root of the 
—3 2 —1 

saturation current. For (p, + u- ) ~ 1.2 x 10" cm. V s e c , 
P n 

-12 

I Q ~ 3 x 10 A., and L = 1 cm., saturation i s obtained f o r ; 

U > 400 V. 

This value agrees well with the trend of Fig. 6.1. 

The exponential f a l l i n the i n t e n s i t y of ionisation across the 

c e l l f o r configuration (2) modifies equations (3) and (5) to; J = 2eU 
L 

( i y (^Pp) 8 — (12) 

I = e s d A (13) 
m o v ' 

where 's 1 i s the i n t e n s i t y of ionisation atoc = 0, (at the 

•window1 electrode). The ext i n c t i o n depth 'd' replaces L since 

s ( x ) = S q exp (- d). Saturation i s obtained f o r ; 

U 2
 > (3Q<) d 2 

^ p 

A comparison of the photocurrents f o r configurations ( l ) and (2) 

should allow u-n and u-̂  to be distinguished. However, the experiments 
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with c e l l 2 were concerned with photoinjection rather than 'bulk' 

photoconduction; the measurements are not detailed enough f o r an 

analysis to be made. 

Summary 

At low voltages, the current i s carried by 'free' ions which 

are subject to volume recombination. The conduction should depend 

on s s, where s i s the in t e n s i t y of the radi a t i o n . At higher voltages 

most of the ions are discharged at the electrodes so that the 

'saturation' current I q becomes proportional to s. There i s a regime, 

between ̂ a/iJ ^ 8KV.cm ̂  ==Eg, i n which volume and i n i t i a l recombin­

ation compete i n importance (depending on the concentration of 'free' 

ions). For ̂ /T > E the neutralisation of the ion-pairs by i n i t i a l 

recombination i s the l i m i t i n g process. Charge generation i n the 

l a t t e r circumstances may be considered to be fiel d - a s s i s t e d . The 

current should then increase slowly, but l i n e a r l y , with the voltage 

and be proportional to the i n t e n s i t y of i r r a d i a t i o n (Sec. 3.1). 

(The measurements did not extend as f a r as E ) . 
s' 

7-1.2. Photoionisation of l i q u i d hexane. 

The radiation must be absorbed f o r photoionisation to occur. 

The u.v. absorption of l i q u i d hexane i s very sensitive to dissolved 

impurities (Fig. 4.6), and i t would seem l i k e l y that these impurities 

would be photoionised i n preference to the hexane i t s e l f . However, 

the following observations lead to a d i f f e r e n t conclusion; 
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1. The threshold wavelength f o r photoconduction (even i n unpurified 

samples) i s i n the region of the u.v. absorption edge of the pure 

and degassed l i q u i d . (Sec. 6.1 e t c . ) . 

2. Photoconduction was, i n each sample, in h i b i t e d by dissolved a i r . 

(Sec. 6.1 e t c . ) . 

3. There i s a bathochromic s h i f t i n the absorption edge of p u r i f i e d 

n-hexane when saturated with a i r . (Fig. 4*9)• 

4. Photochemical reactions i n hexane involve oxygen. (Sec. 6.16). 

5. The photoconductivity increased a f t e r exposing degassed samples 

to long periods of u n f i l t e r e d r a d i a t i o n . (Fig. 6.9). 

I t i s l i k e l y that; 

A. The threshold wavelength f o r photoconduction was not changed by 

long periods of u n f i l t e r e d r a d i a t i o n . (Judging from the 

parallelism of the curves f o r d i f f e r e n t f i l t e r s i n Fig. 6.9). 

B. The u.v. absorption of dissolved a i r corresponds to the excita­

t i o n of hexane/oxygen charge-transfer complexes. (Sec. 3«2). 

I t must be concluded (from (2) and (4) ) that photochemical 

reactions involving oxygen, take place i n preference to photoionisa-

t i o n . From (A) and (5) i t i s l i k e l y that the increase i n photo­

conductivity was due to the removal of molecular oxygen (by 

photochemical reactions) rather than to the formation of more easily 

ionisable impurities. Hence, from (3) and (B) the absorption edge 

of the p u r i f i e d and degassed l i q u i d i s due to the hexane and not 

remaining impurities; and from ( l ) that photoconduction results from 

the absorption of radiation by the hexane i t s e l f . 
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47 / \ E l l e r ' s measurements (Sec. 2.5) agree with the l a t t e r conclusion. 
He found no photoconduction i n benzene (the major impurity i n some of 

the present samples) and, more s i g n i f i c a n t l y , that the threshold f o r 

photoconduction i n a series of n-paraffins kept i n step with t h e i r 

u.v. absorption edges. 

Volmer^ found a threshold of ~ 225C-X f o r the photoconduction of 
85 

anthracene i n hexane. Porter and Windsor have shown, however, that 

u.v. i r r a d i a t i o n of similar solutions removes oxygen but does not 

affect the concentration of the anthracene. The l a t t e r observation 

indicates that, even i n anthracene solutions, the hexane photochemically 

reacts with the oxygen. 

More recently, Morant has found a threshold of «~ 300oS i n 
degassed hexane. He noted that t h i s corresponds to the threshold f o r 

photoemission ( i n vacuo) from the electrodes. I t i s l i k e l y ( i n view 

of the ohraic behaviour of the photocurrents near t h i s threshold, 

which i s a characteristic of photoinjection rather than photoionisation) 

that the threshold f o r the l i q u i d was a t rather shorter wavelengths. 

I t i s seen (Fig. 2.3(a) ) that f o r u n f i l t e r e d radiation the photo-

currents 'saturated' with low applied voltages, i . e . were more i n 

keeping with 'bulk' photoconduction. 

Very pure, highly degassed, n-hexane exhibits a u.v. absorption 

edge which begins at 2200i. The reason fo r t h i s absorption i s not 

known at present. Radiation ( A > 1849^) from a mercury vapour lamp 

i s not s u f f i c i e n t l y energetic even to excite an isolated hexane 

molecule. I t i s necessary to look f o r a mechanism other than dir e c t 



- 115 -

ionisation of the hexane (lq ** 10»2eV.) to explain the photoconduction. 

I t i s (very t e n t a t i v e l y ) proposed that photons may be absorbed 

by pairs of hexane molecules i n the l i q u i d . Thus, i f and Mg are 

two such (adjacent) molecules, the reaction may be envisaged as; 

kO 

% 
(M 1,M 2) 1. ( i — - » M X ^ = M X (1) 

The structure on the R.H.S. of ( l ) i s described as a resonant 
78 

change transfer complex (which, f o r n-hexane, may be termed the 

I * excitation)must contain equal contributions from structures of 

type M^+M2 and M^~M2*and there w i l l be no overall charge displacement 

associated with the t r a n s i t i o n (hence the d i s t i n c t i o n between charge-
78 

transfer and charge-resonant systems). For i d e n t i c a l molecules the 
ionic structures BIL^M^- and J t ^ M ^ w i l l occur with equal weight i n 
the eigenfunctions. (The theory of the H 2 molecule exemplifies t h i s 

108 
prin c i p l e ) . For large organic molecules, containing a number of 

substructures, i t i s l i k e l y that non-identical sections of two 

molecules w i l l overlap; the process i s then more adequately described 

by wave functions analagous to ( l ) , (2) and (3) i n Sec. 3*2. 

Mulliken's formula f o r the characteristic absorption of charge-

transfer complexes i s ; 
K ? C T = - C - E A 

For a charge-resonant structure, the electron a f f i n i t y term 'E^ 1 i s 

set to zero. C remains the coulomb a t t r a c t i o n energy of the separated 

charges. 
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The t r a n s i t i o n to the I * state may be regarded as a p a r t i a l 
ionisation. The energy required f o r t h i s excitation w i l l be 

= 1^ - C (2) 

The l i q u i d i s observed to s t a r t absorbing at "v. 2200i: so that 

kO ~ ^tr ' •^ r o m a consideration of the symmetry of ( l ) , the maximum 
2 

value of C = C m a X = I<j . Thus the u.v. absorption of n-hexane ( i f not 
2 

complicated by impurities) would be expected to s t a r t at 24OOA and to 

become increasingly intense at shorter wavelengths (as more molecules 

come wi t h i n a suitable configuration f o r t h i s type of e x c i t a t i o n ) . 

Wow, the single molecules of hexane are excited by radiation of 

~ 175C&. I t i s clear that f o r decreasing wavelengths both charge-

resonant and monomolecular absorption processes may occur. I t i s not 

possible to estimate the r e l a t i v e p r o b a b i l i t i e s of the two mechanisms 

without a detailed knowledge of the r a d i a l d i s t r i b u t i o n function. 

However, a s i m p l i f i c a t i o n i s possible f o r l i q u i d n-hexane i f the 
109 

cybotactic groupings are considered. X-ray d i f f r a c t i o n methods 

indicate an intermolecular separation of 4« 65S be tween these ( p a r a l l e l ) 

molecules''"^. Applying t h i s value to the separation of the charges 

i n the IE* state, the coulomb energy C i n (2) works out to be -w.3»2eV. 

Thus, radiation of \ > 1800& i s , w i t h reasonable certainty, s u f f i c i e n t l y 

energetic to cause excitation to the charge-resonant structure. 
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I t i s now necessary to show how the excitation might separate in t o 

free charges. So f a r , the d i e l e c t r i c constant of the l i q u i d has not 

been involved. (The d i e l e c t r i c constant S,̂  was taken to be unity i n 

the calculation of C f o r the charge resonant system. I t i s considered 

that energy due to the polarisation of the medium w i l l not be available 

during the short time f o r e x c i t a t i o n ) . However, i f the resonant aspect 

of the I * e x c i t a t i o n i s l o s t i n some way, f o r example i f the molecules 

separate by thermal motion, then the charges may remain long enough to 

polarise t h e i r surroundings. The delayed action of polarisation should 

assist electrons to escape from the f i e l d of the positive ions.^''" 

Considering energies; 

The energy of the H* configuration i s h\> which i s 

approximately equal to the coulomb energy C q of the charges i n free 

space. The polarisation of the l i q u i d can be expected to reduce the 

coulomb energy to C q , where ^ i s the s t a t i c (D.C.) d i e l e c t r i c constant. 

i s 
112 

The energy difference i s ; 

I f Pj, i s available (e.g. as K.E. to the charges), the excess energy 

required to produce two 'free' charges from the I * e x c i t a t i o n i s ; 

E 

E, T = C o 
!s 

- P, E 

For hexane, ^ = 1*89 and 1^. = 10«2eV, and so; 

E T -v 0«3eV 
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may be supplied thermally (as i n the Onsager theory) so that; 

N p oc N Q exp(- ET/ k T) 

where N m i s the rate of production of 'escaped' ion-pairs, cand N the 
r O 

density of H* excitations. The value of ̂ T/2 (the excess energy f o r 

dissociation of each ion) i s 0«15eV., which i s remarkably close to 
113 

the accepted 'activation energy'. 

The charge-transfer excitation with oxygen (because of the 

electron a f f i n i t y of the l a t t e r ) w i l l take place at rather lower 

energies. I t follows that dissolved Og i n hexane w i l l not only absorb 

radiation of longer wavelengths, but also that the reactions; 

(1) JL* + 0 2 M^* + M2 

(where M̂ Og* i s the oxygen/hexane complex) 

(2) MjOg* —*"" oxidation products 

w i l l proceed i n preference to ion i s a t i o n . Since the energy of each 

hexane molecule i n the H* configuration w i l l be ^ "v* 2»5eV., 
4 

which i s almost exactly the C-C bond energy (Sec. 3.2), i t would 

appear that the molecules would have the choice of 'storing' the 

energy i n the C-C group o r b i t a l or decompressing i n t o radicals. 

(Transfer of energy along the length of hydrocarbon chains by the 
81 

C-C linkages i s a well-known phenomenon .) 
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I t i s clear that further experimentation i s required (especially 

with hexane isomers) to p o s i t i v e l y i d e n t i f y the u.v. absorption with 

the threshold f o r photoionisation of hexane. Theoretical calculations 

(of some complexity) may then be j u s t i f i e d to define the IE* (or similar) 

state, and to c l a r i f y the dissociation process. 

7.2.1. Photoin.jected Currents - general. 

I t has been confirmed that negative charges can be injected into 

(both highly degassed and air-saturated) l i q u i d hexane from photo-

cathodes of aluminium, magnesium or gold. The photosensitivity of 

Al. or Mg. i s substantially increased, with respect to t h e i r oxidised 

surfaces, i f the photocathode i s prepared by vacuum evaporation, 

( c f . Sec. 3^4)« The a c t i v i t y of such layers decreases with time a f t e r 

deposition (presumably because of re-oxidation). The decay can, 

however, be retarded by maintaining the surfaces i n vacuo f o r subse­

quent immersion i n highly degassed hexane; useful photocurrents can 

then be obtained f o r periods of a week or more a f t e r deposition. 

Similar cathodes decay much more rapidly ( i n a matter of hours) on 

immersion i n air-saturated l i q u i d . 

The behaviour ( r e c t i f y i n g action, spectral response, and decay 

of a c t i v i t y ) of the photocathodes i n hexane closely resembled that 

fo r the photoemission i n vacuo (e.g. Table 6 ( i i i ) ) . The conduction 

appears to be predominantly emission l i m i t e d ( i . e . nearly proportional 

to the l i g h t i n t e n s i t y ) , and i t i s l i k e l y that photoinjection i s a 

useful technique f o r measuring the m o b i l i t y of negative charges i n 
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l i q u i d paraffins. I t i s considered that electrons are ejected from 

the metal in t o the l i q u i d (as f o r photoemission i n vacuo), but that 

the subsequent conduction i s controlled by c o l l i s i o n s with the mole­

cules adjacent to the cathode surface (Sec. 7»2.2). 

The present work can be taken as additional proof that Gzowski 
55 

and Terlecki obtained photoinjected currents i n air-saturated 
33 

paraffins, and that t h e i r mobility measurements refe r to the injected 

(negative) c a r r i e r s . I t i s l i k e l y that Swan"^ (unknowingly) measured 

•bulk' photoconduction at low applied f i e l d s , but that the currents 

were predominantly due to i n j e c t i o n as the f i e l d was increased 
1 -1 54 55 ( > 500V. cm 40KV. cm ) . Both Swan * and Gzowski^ reported 

short-term 'fatigue' of aluminium photocathodes; similar (reversible) 

decays were observed i n the present work (with aluminium or magnesium 

photocathodes) i n air-saturated hexane. The l a t t e r phenomenon was not 

noticeable when measurements were made with highly degassed hexane. 

Morant's measurements (except possibly with r a d i a t i o n near the 

threshold f o r photoconduction 3000&) relate to the 'bulk' photo-
52 

conduction i n highly degassed hexane. 
15 

The precautions taken by LeBlanc, to p u r i f y the l i q u i d and to 

avoid the use of radiation of wavelengths shorter than — 2400X, are 

taken to indicate the observation of 'injected' as opposed to 'bulk' 

photocurrents (although the effects of reversing the p o l a r i t y of the 

applied f i e l d are, unfortunately, not stated i n his publications). 
—3 2 1 —1 

The mobility of the charge carriers ( 10~ cm V sec. ) and the 

activation energy ( ̂ 0«leV.), as found by LeBlanc,have since been 
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57 
v e r i f i e d by Ghong and I n u i s h i . However, these workers did not 
consider the possible consequences of bulk l i q u i d motion. I t remains 

. 59 to be seen i f future work ( i n p a r t i c u l a r by Bloor; which includes 

a comparison of the mob i l i t i e s i n highly degassed and air-saturated 

hexane) leads to the above (rather high) m o b i l i t y value. 

Photoinjected currents i n the present work were, t y p i c a l l y , of 

the order of 10"^A.. f o r the (maximum) applied f i e l d of 3KV.cm"^. 

The space-charge l i m i t e d current f o r t h i s f i e l d applied to c e l l 4» 

and, assuming no bulk l i q u i d motion, would be; 

1acim 2 x 1 0 " 9 a -

(Talcing LeBlanc' s value f o r jx.) 

The maximum current obtained i n the present work ( f o r the ' l s t ' 

evaporation and with u n f i l t e r e d radiation i n Pig. 6.28) was ^ 5*5 x lO^Si. 

at *~ 3KV»cm This current was reproduced, a f t e r the electrode a c t i v i t y 

had decayed, by depositing a fresh layer of aluminium on the photo-

cathode ('3rd evaporation 1). I t i s un l i k e l y that exactly similar layers 

were consecutively deposited by the evaporation technique (as i s 

indicated by the differences i n the decay of current with time f o r the 

• l s t 1 , '2nd1, and '3rd 1 evaporations). The conclusion i s that; 

( i ) The higher current densities approached the condition of space-

charge l i m i t a t i o n . 

( i i ) That the conduction may be predominantly space-charge-limited f o r 

lower voltages, (since the 'ordinary' S.C.L. current f a l l s with 

the square of the applied voltage, Sec. 3*3). 
Pig. 6.17 ( f o r example) shows that currents of ~ 8 x lCT^A.. were 
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measured f o r 500V. applied to the same c e l l . The 'ordinary' SCL 
-3 2, -1 -1 

current formula (foryjL = 1«4 x 10 cm v sec )results i n only 

6 x 10~^A. Contradictions of t h i s sort are, however, explanable by 

any of the following phenomena; 

(1) An increase i n the effective value of u because of bulk l i q u i d 
4.- 10 motion 

(2) The effects of convection currents ( r e s u l t i n g from the heating 

of the l i q u i d and(or cathode surface by the r a d i a t i o n ) . 

(3) The release of 'trapped' electrons as a consequence of the i n f r a ­

red radiation entering the l i q u i d . 

The contributions of ( l ) and (2) are not easily calculable, 

although they are considered to be important. The process indicated 

i n (3) i s very i n t e r e s t i n g and ( i n hindsight) experiments to estimate 

i t s a p p l i c a b i l i t y would have been r e l a t i v e l y straightforward. 

However, there i s no reason to doubt that space charges can cause the 

'upward curvature' of the current-voltage characteristics at low 

voltages. 
55 -13 -1 The currents measured by Gzowski were 10 A. (at 3KV.cm ) 

i n air-saturated hexane. Even i f the lower m o b i l i t y of the carriers 
33 

i n air-saturated hexane i s taken i n t o account, the above current i s 
54 

far less than f o r space-charge-limitation. S i m i l a r l y , Swan found 
-12 

currents of a / 10 A. i n degassed hexane at a similar f i e l d strength 

(see Fig. 2*3). I t i s considered s i g n i f i c a n t that both workers 

report that; 
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(a) The current-voltage characteristics maintain t h e i r ( s l i g h t upward 
curvature f o r f i e l d s f a r i n excess of 3KV.cm ̂  (the maximum 
applied i n the present work). 

(b) The magnitude of the photocurrent depended on the f i e l d strength, 

but not the electrode spacing. 

(c) The photocurrent (at a given f i e l d ) was proportional to the 

i n t e n s i t y of i r r a d i a t i o n , and that the current depended on the 

conditions at the cathode surface. 

For low current densities (e.g. Figs. 6.33 and 6.34) the present 

work i s substantially i n agreement with the above. (The electrode 

spacing was not varied, f o r technical reasons). Such currents may be 

regarded as emission l i m i t e d ; Section 7-2.2 considers a possible 

(but simplified) model f o r the conduction. 

7.2.2 The photoin.jection process. 

The measured current-voltage curves follow the same general 

pattern (e.g. Fig. 6.34)- At low applied voltages (IL), the current 

i s small, but increases faster than IL. Depending on the magnitude 

of the current, the 'upward curvature 1 becomes less pronounced at 

the higher voltages; so that 1 I A ' (the observed current) becomes 

more or less proportional to TL. I t i s found that the exact shape 

of the current-voltage curve depends on the nature of the cathode 

surface (e.g. Fig. 6.35), on the i n t e n s i t y of i r r a d i a t i o n (e.g. 

Fig. 6.34)1 on the range of wavelengths contained i n the radiation 

(e.g. Fig. 6.21) and, of course, on the p o l a r i t y of the applied 
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voltage. The photocurrent i n the l i q u i d depends on (and, for wave­
lengths near the threshold, i s roughly proportional to) the 'saturated' 
photoemission i n vacuo (Table 7«l)« 

I t i s proposed that photoelectrons emerge from the i n t e r i o r of 

the cathode and enter the l i q u i d with k i n e t i c energies of a few eV. 

Some of these electrons are scattered back into the cathode a f t e r only 

a few c o l l i s i o n s with the hexane molecules; others t r a v e l further i n t o 

the l i q u i d , with correspondingly greater numbers of c o l l i s i o n s . I t i s 

anticipated that the electrons lose k i n e t i c energy by exci t i n g 'dormant' 
120 

modes of v i b r a t i o n a l energy i n the hexane molecules, and that the 
121 

rate of energy loss i s s u f f i c i e n t to reduce the k i n e t i c energy of 
most electrons to less than t h e i r 'image' potential with the cathode 

122 
surface. These electrons rapidly return to the electrode surface. 

[Such 'cathodic recombination' i s regarded as analagous, i n one 

dimension, to the Onsager theory of the ' i n i t i a l ' recombination of 

ion-pa i r s . ] . 

However, the ve l o c i t y with which electrons leave the cathode surface 

w i l l be much higher than the ( d r i f t ) v e l o c i t y with which they return, 

especially i f 'trapping' occurs i n the l i q u i d . Consequently, there w i l l 

be an accumulation of electrons i n the l i q u i d adjacent to the cathode 

u n t i l the 'reverse' current i s comparable to the rate of emission. 

The problem reduces to a calculation of t h i s rate of recombination. 

The actual recombination process i s not considered to be 

important i f the rate of i n j e c t i o n i s such that the accumulated 



- 125 -

electrons may participate i n an approximation to S.C..L. current. 
However, f o r reduced i n t e n s i t i e s of i r r a d i a t i o n the f i e l d due to space 

charges can probably be neglected i n comparison with the 'image' f i e l d , 

and the conduction i s emission l i m i t e d [See Sec. 3.3] • The l a t t e r 

regime i s considered f i r s t . 

The p o t e n t i a l , 0, traversed by non-interacting charges leaving 

the cathode i s taken to be the usual image + applied f i e l d (Schottky) 

ba r r i e r . (This type of b a r r i e r i s usually associated with the process 
123 

of field-assisted thermionic emission, but i s also applicable to 
photoemission^^). 

= \ - _e_ - E»c 

4 fix-
Where 'Wfc' i s the ze r o - f i e l d work function, 'a.' i s the distance 

of the (negative) charge 'e' from the cathode surface, E A i s the applied 
f i e l d i n the dir e c t i o n of the anode. 

f> i s a maximum when 

A- 1thermalised' charge has k i n e t i c energy kT, and can be 

considered 'free' from the image a t t r a c t i o n (to diffuse at random) when; 

e l , kT 
4fi* 

So that, f o r E^ = 0, the ' c r i t i c a l distance' * t o i s given by; 

~ t o = » (2) 
4iIkT) 
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The f i e l d a t x . i s 4 ( — ) 2 - = E ( i n the direction of the cathode), 
co e e co 

For hexane at room temperature E c q i s ~ 32KV.cm~''" (see Sec. 3«l)» 

The maximum applied f i e l d i n the range of measurements was 3KV»om 

so that E A «*3c .E .. Consequently; oc ,for our purposes, i s nearly 
CO CO 

independent of Efl; and oc^ >^0' 

The plane x. = x. i s regarded as a ' c r i t i c a l boundary' ( c f . Sec. 3«1 
CO 

f o r Onsager's ' c r i t i c a l radius'). Electrons at distances greater than 

at from the cathode can be considered to be 'free 1 to di f f u s e . Since co 
the position of t h i s boundary i s fi x e d (which„ as has been indicated, 

holds f o r E E ) the rate of 'injection' of 'free' electrons can be co 
taken as independent of Efl. Furthermore, the plane * = oc^ ( f o r 

E A = 3KV.cm ^) i s *v 450$ from the cathode; even the most energetic 

electrons are l i k e l y to be thermalised at distances much less than t h i s , 

and the d r i f t w i l l be predominantly towards the cathode. The conduction 

may now be estimated by considering the rate of recombination of the 

'free' electrons with the cathode, i . e . the d r i f t towards the cathode 
at = 3c ( c f . Langevin's equation, Sec. f.l.l). co 

Suppose that the rate of i n j e c t i o n through Of. = oc constitutes a 
co 

current I . I f the (steady state) anode current i s I«, then the 
S H 

accumulation of charges (N per u n i t volume) at JC = J C must be such 
Co 

t h a t 1 2 5 ; 

I a - N Aer + 1^ (3) 

where 'r' i s a v e l o c i t y expressing the rate at which electrons disappear 

at the cathode (area 'A'). This v e l o c i t y i s given by 
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r = p . ( E C O - E Q ) (4) 

where E replaces E - , to include the effects of space charges (see 
o 

Sec. 3^3). I f the concentration N i s large enough to supply the anode 

current by d i f f u s i o n alone, then 0 (because of the concentration 

gradient i n the positive * - d i r e c t i o n ) and the current i s space-charge 

l i m i t e d . However, i f I f l increases so that E Q — E ^ then there must 

be a minimum concentration N at x.=x to balance I . with I . The 
O CO * s 

(reverse) f i e l d a t j t = 3 ^ o by a thermalised (negative)charge density 
v • v 1 2 6 N q i s given by; 

• - (5) 

so that 

E = E - E (6) 

Substitution of (4) and (6) i n t o (3) with the proviso that 
2N kT 1 

E c o » *«-rirr>leads to; 

I a = N o A e p ' ^ E c o " E « + + Xf\ = c o n s t (°r n e a r l v s°) • 
with I N AeuE ( c f . Sec. 7.1.1). 

s o 1 C O ' 
The observed current I f l becomes; 

\ = V e > i (E« - E«) = i rtt - I!*-, ( 7 ) 

Eco L 

where I I * i s i d e n t i f i e d as the intercept on the voltage axis of the 

'linear' part of the current-voltage characteristic (e.g. Fig. 6.34), 

Equation (7) indicates that I f l w i l l be proportional to the l i g h t 
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i n t e n s i t y (through N ) as long as E. E . Both I and N w i l l be 
0 i *c s o 

( i n d i r e c t l y ) related to the vacuum photoemission of electrons (they 

might be calculated with the use of a range-energy relationship f o r 

superthermal electrons i n hexane). IL* w i l l increase with the square 
of I and w i l l depend on the geometry of the c e l l ( i f I i s small, s s 
then the current-voltage curves w i l l be linear f o r low applied voltages). 

The upward curvature of the current-voltage relationship i s not pre­

dicted by the above derivation, but i t i s anticipated that bulk 

l i q u i d motion (and the residual effects of space-charges) can cause 

the required ( s l i g h t ) non-linearity. The current w i l l not 'saturate' 

for E^ > E c Q but w i l l approach a d i f f e r e n t gradient i n an expression 

similar to Onsager's f o r ' i n i t i a l ' recombination, since w i l l be 

nearer the cathode than x . [ I have not been able to calculate the 
Co L 

l a t t e r equation, nor a satisfactory expression f o r I ; both these 
s 

would require a knowledge of the energy d i s t r i b u t i o n of electrons 

emerging from the cathode, the effects of scattering and, of course, 

the range-energy relationship f o r hexane.] 

Curve (3) i n Fig. 6.34 cuts the voltage axis at (approximately) 
150V. The density N , derived from equation (5), corresponds to 

7 -3 
~ 2 x 10 carriers cm . The i n s e r t i o n of t h i s value i n equation (7) 

-3 2 -1 - l 
r esults i n u- ~ 10 cm .V .sec .(which i s i n agreement with 

LeBlanc's figure" 1"^). 

I t i s not p r o f i t a b l e to elaborate the analysis of the result s , 

since the experiments (and the test c e l l s ) were designed f o r 
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v e r s a t i l i t y rather than, accuracy. Precision measurements of the 

mobility (with similar photocathod.es, and degassed hexane) w i l l 
59 

shortly be published by Bloor, together with further technical 

developments. 

http://photocathod.es
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CONCLUSION 

The purpose of t h i s research, to distinguish between the 

conduction due to cathodic photoinjection and the volume photo-

ionisation i n l i q u i d hexane, has been accomplished. I n p a r t i c u l a r , 

photoinjection has been shown to proceed i n the absence of s i g n i f i ­

cant 'bulk' photoconduction provided that; (a) suitably 'activated' 

photocathodes are used, (b) radiation of wavelengths absorbed by the 

hexane are avoided at a l l times. The rate of photoinjection,into 

highly degassed hexane, may be controlled so that the conduction can 

be (approximately) space-charge-limited or emission-limited. In either 

of the l a t t e r circumstances i t should be possible to make accurate 

measurements of the mo b i l i t y of the injected charges. Simple 

calculations i n t h i s Thesis indicate that the charges enter the l i q u i d 

as 'bare' electrons, become thermalised, and then behave l i k e high-

mob i l i t y negative ions. There i s , however, a good deal of work to be 

done i n elucidating the (complicated) processes at the cathode surface; 

there might be some scope i n applying the theory of ' i n i t i a l 

recombination' i n gases, of metal-semiconductor contacts, or of 
127 

photoinjection into molecular solids. 

Future measurements might include the use of ( l ) intermediate to 

high f i e l d strengths, (2) homologues of hexane, (3) superimposed 

l i q u i d motion. I t might also be possible to employ the methods 

(E.S.R., N.M.R., and infra-red analysis) which have been successfully 

employed to investigate the 'solvated' electron i n metal solutions. 



APPENDIX I 

AUTOXIDATION OF HEXANE 

69 

Air-saturated hexane i s knovm to become contaminated af t e r 

storage (even i n coloured bottles) f o r any length of time. The 

formation of impurities may influence the e l e c t r i c a l properties, and 

so a b r i e f account of t h i s decomposition (which i s i n i t i a t e d by the 

oxygen i n the a i r ) i s included for consideration i n future i n v e s t i ­

gations . 

The C-H bonds of hexane are susceptible to attack by molecular 

oxygen, the i n i t i a l products being of the type R-O-O-H (hydroperoxide) 

or R-O-O-R' (peroxide). This reaction does not involve inflammation 

or temperatures above 100°C. The reactions are i n i t i a t e d by u l t r a -
116 -v i o l e t r a d i a t i o n , r a d i c a l sources (e.g. metals) and by the hydro-

114 
peroxide products themselves . This l a s t feature makes autoxidation 

autocatalytic,and involves an 'induction period 1 a f t e r which the 

reaction proceeds more rapid l y . I n h i b i t i o n by ra d i c a l scavengers 
(common additives to transformer o i l ) indicates a r a d i c a l mechanism 

115 
f o r the reactions . Products of autoxidation are complex because of 

side reactions. 

jjFor example, n-hexane contained 47$ of 2,5 dimethyl-tetrahydrofuran 

and 30$ 2ethyl - 4 methyloxetan on gaseous oxidation J 

Oxidation i n the l i q u i d phase has not been a popular topic of 

research because of the d i f f i c u l t y i n supplying enough oxygen f o r the 

reaction to proceed very f a r , but the products are ( i ) free radicals, 



alcohols, aldehydes, ketones, etc.^"^ 

The process proceeds as f o l l o w s ; ^ ^ 

I n i t i a t o r + R-H —*• R* + R. ( i n i t i a t i o n ) 

R. + 0 2 —*. R00» 

R00. + R-H —*• ROOH + R» (propagation) 

R00' + R. — » ROOR 
i i 

R* + R —»• R-R (termination, non rad i c a l products) 

2R00. — • ROOR + 0„ 

Some decomposition of the hydroperoxide may be expected 

(especially above 100°C) i . e . 

ROOR" — R 0 « + .OH ) 
) 

2R00H RO. + H20 + R00« ) 

The process of in t e r e s t here, i s the action of metal surfaces ( M ) 

i n catalysis of the hydroperoxide to form radicals 

e.g. ( l ) Addition of an electron 

ROOH + if1* RO. + OH" + l / n + 1 ) + -(1) 

(2) Removal of an electron 

ROOH + M ( n + 1 ) + R00- + H + + }f* -(2) 

The sum of reactions ( l ) and (2) i s equivalent to thermal 

decomposition; the r o l e of the metal surface i s genuinely c a t a l y t i c . 



Peroxides are very polar. I t i s considered that they may be 

a source of ions (0 , Og , H+, OH ) i f a high enough f i e l d i s 

applied to the l i q u i d . They may also decompose on absorbing u/v 

radiation ( i . e . may be responsible f o r the u/v absorption edge). 

On metal surfaces reactions ( l ) and (2) may predominate 

(depending on the conditions). 



APPENDIX I I 

THE PURIFICATION OF HEXANE WITH SILICA GEL 

The following f a c t s , concerned with the adsorption processes at 

s i l i c a gel surfaces, have been found i n the l i t e r a t u r e . They are 

included here f o r t h e i r possible application to future work. 

The surface of the gel i s c r i t i c a l to the method, and (depending 
117 

on the conditions) may be; 

(1) Completely hydrated. 

(2) Covered with a layer of hydroxyl groups, but with some adsorbed 

water as w e l l . 

(3) Free from a l l adsorbed water, but retaining the characteristic 

hydroxyl groups of the gel. 

I f the gel i s exposed to moist a i r at room temperature, c a p i l l a r y 

condensation produces a surface as i n ( l ) . I f the hydrated gel i s 

subjected to prolonged evacuation at ordinary temperatures (not above 

150°C) a dense coating of hydroxyl groups remains on the surface 

(condition (2)). Evacuation at above 200°C produces a strongly 

dehydrated surface r e t a i n i n g no adsorbed water (condition (3))« 

Heating the gel above 350°C destroys the c r y s t a l structure. 

The presence of a hydroxyl coating on the surface of the gel 
118 

results i n the strong adsorption of molecules which are capable of 

forming hydrogen bonds with the hydroxyl groups ( i . e . water, alcohols, 

e t c . ) . There i s also (more importantly) a sharp increase i n the 



adsorption of molecules which are non-polar as a whole, but with a 

very non-uniform electron d i s t r i b u t i o n . With favourable orientation 

of the quadrupole moment ( p a r a l l e l to the hydroxyl axis) the l a t t e r 

molecules are adsorbed i n preference to molecules of similar dimen­

sions having the same (or even higher) p o l a r i s a b i l i t y but smaller 

quadrupole moment. This quadrupole-dipole in t e r a c t i o n energy i s 

available f o r unsaturated but not f o r saturated hydrocarbons, e.g. 

the adsorption energy for benzene (10.4 K.cal.mole ^) i s much higher 

than f o r hexane (8.8 K.cal.mole "*"). The removal of dipoles from the 

surface of the gel (dehydration) results i n a f a l l of the adsorption 

energy of unsaturated, but not saturated compounds. Thus, the heats 

of adsorption of benzene and hexane w i l l become almost i d e n t i c a l 

( 8.6 K.cal.mole ^ ) , and there w i l l be p r a c t i c a l l y no separation of 

these compounds. 

I t i s seen that the hydrated g e l * i s the most suitable f o r the 

p u r i f i c a t i o n of hexane. Suitably hydrated gel i s produced by; 

( i ) Removing c a p i l l a r y moisture with a stream of dry, i n e r t , gas 

(preferably heating to not more than 150°C). 

(ii) A short evacuation (to remove occluded a i r and water vapour). 

The entire p u r i f i c a t i o n process should be conducted i n an i n e r t 

gas atmosphere (to avoid the formation of peroxide i n the hexane, 

see Appendix I ) . 

""More recently, s i l i c a gel with t r i m e t h y l s i l y l surface groupings 

has been shown to be considerably more e f f i c i e n t than the ordinary 



(hydrated) gel. Unfortunately, such 'modified 1 gel i s rather 

d i f f i c u l t to prepare, and (as yet) i s not commercially available. 
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