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H i s t o r i c a l Outline of High Frequency Discharge i n Gases. 

The expression " E l e c t r i c Discharge" for the 
conduction of e l e c t r i c i t y through a gas i s derived from an 
experiment performed by Coulomb1 i n 1785. He showed that 
a charged electroscope became discharged by the action of 
the a i r and not by defective insulation. Michael Faraday 2 

i n 1835 investigated low pressure discharges, which he 
ca l l e d "glow discharges"; similar work by R i g h i 3 i n 1876 
showed that the breakdown s t r e s s of a i r was independent 
of the material of the electrodes. 

High frequency gas discharges can now be 
conveniently divided according to th e i r mode of o s c i l l a t i o n , 
(Mehta^, Morgan^) :-

(a) The Electromagnetic discharge ("H" type 
of discharge), or as J.J.Thomson^ c a l l e d i t the "Ring 
Discharge", where the conduction current i n the gas i s a 
closed path i n form of a ring. 

(b) The E l e c t r o s t a t i c discharge ("E" type of 
discharge), or glow discharge where the conduction current 
i n the gas i s continued v i a displacement currents. 
Electrodes are present for t h i s type of discharge and may 

For t h i s and subsequent references see the end of t h i s work. 



2. 

be i n s i d e or outside the discharge vessel. 
The electromagnetic discharge was discovered by 

7 
H i t t o r f u s i n g a s p i r a l o f w i r e , round the tube c o n t a i n i n g 
the gas, and connected across a Leyden Ja r t o an i n d u c t i o n 
c o i l . Thus a series o f h i g h l y damped c u r r e n t pulses were 
sent through the c o i l causing a b r i l l i a n t glow i n the tube. 

8 9 10 11 Lehrmann , Tesla , Lecher and Steiner , 
conducted s i m i l a r experiments c l a i m i n g t h a t the discharge 
was due t o the l a r g e a l t e r n a t i n g p o t e n t i a l d i f f e r e n c e s 
which e x i s t e d between the ends of the c o i l encompassing 
the discharge tube, i . e . the discharge was e l e c t r o s t a t i c 
i n o r i g i n . 

12 
The work of J.J.Thomson , from 1391 onwards sup­

po r t e d the o r i g i n a l work of H i t t o r f t h a t t h e discharge was 
electromagnetic i n o r i g i n ( i . e . the r i n g d ischarge); he showed 
t h a t the type o f discharge obtained between two electrodes 
connected t o an a l t e r n a t i n g source o f p o t e n t i a l produced a 
discharge which has none of the p e c u l i a r i t i e s o f the r i n g 
discharge. The f i r s t a c t u a l l y t o conduct such an experiment 

13 
appear t o have been Widemann and Ebert . I t i s i n t e r e s t i n g 

1A 
t o note t h a t Thomson ^ found t h a t o r d i n a r y l i g h t when passed 
through a screen, not opaque t o u l t r a v i o l e t , caused the 
r i n g discharge t o pass more e a s i l y . The u l t r a v i o l e t l i g h t 
d i d n o t a c t u a l l y i o n i s e the gas, but, as he s t a t e s , put 
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the molecules i n a s t a t e where they are more e a s i l y 
i o n i s e d . The gases used i n these experiments were a i r , 
hydrogen, oxygen, nitrogen and the two monatomic gases 
helium and argon. 

15 
Thomson* s paper of 1927 was followed by a 

paper by Townsend and Donald s o n ^ c r i t i e i sing the 
electromagnetic theory of gas breakdown. They claimed 
that the ring discharge observed for the two gases used, 
neon and nitrogen, was due to an e l e c t r i c a l and not to 
a magnetic e f f e c t . 

With these two c o n f l i c t i n g schools o f thought 
17 

i t was only natural to find several workers, MacKinnon , i s 19 20 1 21 Knippr 8, Smith Lynch and Hilberry , Yarnold , and Brasefield , 
undertaking experiments i n an endeavour to c l a r i f y the 
position. MacKinnon showed that the mean free path o f 
an electron was the predominating faetor i n determining 
breakdown. For short mean f r e e paths the high e l e c t r o s t a t i c 
force between the electrodes causes intense ionisation, but 
the electromagnetic force present i s too small to cause any 
ring discharge; under the action of the electromagnetic 
force the electrons are unable to acquire s u f f i c i e n t 
energy between c o l l i s i o n s to cause intense ionisation. When 
t h e pressure i s reduced the mean free path becomes of the 



same order as the separation of the electrodes, and the 
discharge ceases. However i n the ring discharge the 
electrons have paths s u f f i c i e n t l y long t o acquire 
enough v e l o c i t y to cause i o n i s a t i o n . I t i s r e c a l l e d 
t h a t Thomson's work was always a t low pressure; Towns end 
and Donaldson worked over a wider range of pressures. I t 
appears t h a t both types o f discharge can occur i n the 
e l e c t r o d e l e s s discharge, the occurrence o f e i t h e r being 
dependent on the pressure; f o r example i n n i t r o g e n 
for pressures from l.lom.m. Hg. t o 0.0062m.m. Hg. the E 
type o f discharge i s obtained, while below 0.0062m.m. Hg. 
the E type ceases and the H type, or ring discharge, commences. 

Meanwhile workers were endeavouring t o e s t a b l i s h 
the breakdown stresses o f gases, i n p a r t i c u l a r a i r , under 
the action of high frequency f i e l d s up t o a frequency of 

22 
about 100 Mc/s. Clark and Ryan i n 1914 describe 
experiments for the establishment of the breakdown str e s s 
for a i r at atmospheric pressure between 7 inch copper spheres, 
for frequencies up to 600 Mc/s. The f i r s t comparison 
between true high frequency discharge voltages and 
unidirectional discharges i s given i n a paper by G i l l and 
Donaldson^in 1926, where there was a small decrease i n the 
breakdown stresses between steady conditions and the high 
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frequency discharge (2.10 5 c / s . ) ; and a s t r i k i n g decrease 
f o r a frequency of 3.6.10' c/s. These r e s u l t s should be 
t r e a t e d w i t h some reserve as the pressures were low, 1 t o 
3 m.m.Hg., and the gases could have been contaminated 
w i t h mercury vapour from the McLeod Gauge. Taylor 2^, 
H u l b e r t 2 5 , Thomson 2 6, Lassen 2* 7, K i r c h n e r 2 8 , and Rohde 2 9, 
together w i t h many other workers showed that from 0 to 10^ 
c/s. the breakdown stress diminished s l i g h t l y but steadily 
with increase of frequency, and the curve breakdown stress 
against pressure showed a single minimum. This minimum 
can be explained i n two ways depending on the frequency 
range used. (See G i l l and Donaldson, or Margenau. This 
p o i n t i s further considered on page 22). 

30 
Cambell f i r s t r e a l i s e d the double nature of the 

time lags encountered between application of the voltage 
and the breakdown of the gas. He concluded that one lag 
was irregular and connected with the presence of the casual 
e l e c t r o n , and one a regular l a g . 

A very useful summary of most work before 1932 
i s contained i n a review by Darrow*^", and the l a t e r work 

32 
up to 1950 by von Engel . I n contrast to the previous work the r e s u l t s 

•3-2 

obtained by C. and H. Gutton and t h e i r collaborators"^ are 
of considerable i n t e r e s t . The (E - -pf curves they obtained 

E * breakdown str e s s of gas 
p - gas pressure i n m.m.Hg. 
E m breakdown str e s s of gas measured i n volts.cm., and 
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f o r hydrogen using a 10 cm. discharge tube w i t h e x t e r n a l 
electrodes f o r the frequency range 50 Ke/s to 99 Mc/s 
were o f a complex nature. I n some cases there were no 
minima, and others showed maxima. They concluded that 
these p e c u l i a r i t i e s were due to a resonance phenomenon i n 
the gas. G i l l and Donaldson^ however showed t h a t the 
phenomenon could be explained i n terms of the removal, or 
non removal, of the electrons from the gap. I n the e a r l i e r 
work electrons were evidently removed to the electrodes i n 
each h a l f cycle of the f i e l d ; at the lower frequencies 
the positive ions would also be removed. As electrons 
are enormously more mobile than positive ions, the l a t t e r 
are not considered as reaching the electrodes i n a high 
frequency discharge. 

The experiments of G i l l and Donaldson were 
designed expressly to investigate the change of breakdown 
s t r e s s of a gas ( a i r ) between the conditions of non-
removal and removal of the electrons i n one h a l f cycle of 
the applied f i e l d . A long c y l i n d r i c a l discharge tube 
was arranged to be i n one of two positions, p a r a l l e l to 
the electrodes ( a ) , or at right angles to the electrodes 
(b ) . -
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A 
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I n t h e f i r s t arrangement when the e x e i t a t i o n 
was by a f i e l d a t r i g h t angles t o the long axis o f t h e 
discharge tube curves w i t h two minima were obtained, 
curve "A" f i g . 1c. I n the second o r i e n t a t i o n the minimum 
independent of frequency was only observed, curve n b H f i g . l c . 

They found the a t t r i b u t i n g o f these f a c t s t o some 
form of resonance phenomenon i n the gas d i f f i c u l t t o support. 

Explailing the results, i n the f i r s t experiment by the non-
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removal of the electrons at the higherfrequencies, that 
i s "when the electron ambit was l e s s than the diameter 
of the tube. I n the second case the minimum was the 
normal minimum observed i n most high frequency (E - p) 
curves, where the c o l l i s i o n a l frequency of the electron 
i s of the same order as the frequency of the applied f i e l d . 
They deduced from t h e i r r e s u l t s electron v e l o c i t i e s which 
gave good agreement with previously obtained values. 

This experiment by G i l l and Donaldson can be 
assumed as the starting point for the modern work on h-f 
and u-h-f gas discharges. Similar work to the above has 

35 
more recently been published by Mile. Chenot , and by 
Pirn . (See l a t e r pages for a discussion on Pim*s work) . 

I t would seem expedient to define i n the broadest 
sense the types of gas discharge obtainable before 
proceeding with a discussion of more modern work 

1. Low frequency discharge :- up to a few 
cycles per second, where neither the positive ions nor the 
electrons are removed from the gap during a h a l f cycle; and 
the peak s t r e s s values d i f f e r but s l i g h t l y from the 
unidirectional breakdown s t r e s s . 

2. High frequency discharge, (h-f) :- a region 
where a gradual decrease i n the breakdown str e s s i s observed, 
a maximum of a few per cent below the steady f i e l d value. 
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This reduction i s due to the non-removal of the slow 

moving positive ions during a h a l f cycle. The space 
charge thus produced r e s u l t s i n an increase i n the 
ioni s a t i o n and a lowering of the necessary s t r e s s to 
i n i t i a t e breakdown. 

3. Ultra-high frequency discharge (u-h-f)s-
here the movement of the electron i s so limited that there 
i s no electron removal i n one h a l f cycle of the o s c i l l a t i o n . 
Again a further lowering of the breakdown stress of 30% 
or more i s observed compared with the steady f i e l d values. 

A f u l l e r consideration of the types of discharge obtainable 
37 

i s given by Prowse . 
26 

J . Thomson i n 1930 gave an approximate theory 
for electrodeless discharge i n which he stated that a h-f 
discharge may be maintained by the io n i s a t i o n produced by 
electronic c o l l i s i o n s . The theory gave good agreement 
with experimental r e s u l t s for a i r and neon, and with the 
r e s u l t s obtained by K i r c h n e r ^ f o r oxygen. Later w o r k - i n 
1937 i n hydrogen by J . Thomson using higher frequencies, 
2 to 100 Mc/s, and p a r a l l e l plate electrodes gave curves 
si m i l a r to those obtained by C. and H.Gutton . (Double 
minima at lower frequencies and single minima at the higher 

37 
frequencies). Prowse states that the steps or minima at 
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the higher pressures correspond to the electrons j u s t 
crossing the gap i n one h a l f cycle. This work i s i n agree­
ment with that of G i l l and Donaldson and other workers. 

AO 

Seward^ working i n a i r at frequencies between 200 to 1000 
Kc/s. showed that there was a marked reduction i n the 
breakdown str e s s as the frequency increased. 

Following a chronological development, the work 
of Githens^ 1, and of Pirn 3 6, i s of i n t e r e s t . These data 
presented by Githens were the most accurate i n t h i s f i e l d 
to date; great care being used to eliminate mercury vapour 
(see Thomson^2). (The action of the hydrocarbon vapour 
produced by the discharge of Apiezon products under the 
influence of a h-f discharge i s apparently i n s u f f i c i e n t to 
influence the breakdown stress.) For frequencies 5 to 11 Mc/s 
and pressures between AO and 150 m.m.Hg. the h-f and steady 
f i e l d curves for (E - p) are l i n e a r . 

HYDROGESN. 1,000 . V 
D.C 

800 
600 
400 
200 Bd, stress 

in volts/cm. 
4 8 10 20 40 

Pressure 1B num. Hg. 

Fifc. 2 . Githens 
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The curves obtained by Githens for pressures below 4-0 m.m.Hg. 
are shown i n figure 2. The steps marked n s " again occur 
where the electrode separation becomes too short, and 
i n s u f f i c i e n t space charge i s b u i l t up to give the mode of 
breakdown found at the higher pressures. 

Pim determined the breakdown strength of a i r under 
the action of alternating e l e c t r i c f i e l d s , between 100 and 
200 Mc/s., using p a r a l l e l plane electrodes; for completeness 
the curves obtained for 1 num. gap are shown i n figure 3. 
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The curves obtained by Githens for pressures below 4,0 m.m.Hg 
are shorn i n figure 2. The steps marked n s w again occur 
•where the electrode separation becomes too short, and 
i n s u f f i c i e n t space charge i s b u i l t up to give the mode of 
breakdown found at the higher pressures. 

Pirn determined the breakdown strength of a i r under 
the action of alternating e l e c t r i c f i e l d s , between 100 and 
200 Mc/s., using p a r a l l e l plane electrodes; for completenes 
the curves obtained for 1 m.m. gap are shown i n figure 3. 
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I t can "be seen from figure 3 that as the gap 
width decreases the "breakdown s t r e s s increases, i . e . , 
between say "a" and "b" i n the curve for 100 Mc/s. An 
explanation i s offered by Prowse^ as to why breakdown 
does not transfer to the longer gap found nearer the edge 
of the electrodes. 

At very low pressures, 10~̂ m.m.Hg., G i l l and 
von E n g e l ^ found for hydrogen, a i r , helium, and mercury 
vapour that the s t a r t i n g high frequency (3 to 6 Mc/s) 
f i e l d strength was independent of the gas. At these 
pressures a c o l l i s i o n between a n electron and a molecule 
i s a rare occurrence and therefore the build up of 
ion i s a t i o n by t h i s means i s impossible. A theory i s 
developed where the secondary emission of electrons from 
the walls i s the operative factor. For various lengths 
of the discharge tube a cut off frequency i s observed, below 
which i t i s impossible to obtain breakdown. 

I n a second paper^5 the pressure range of th e i r 
experiments was extended up to 350 m.m.Hg. for hydrogen. 
The r e s u l t s showed with the increase i n pressure the nature 
of the gas became important. The startin g stress of the 
high frequency f i e l d increased with increase i n the wave­
length of the applied f i e l d up to a region where a step 
occurred i n the (E - X ) curve; t h i s step was shown to occur 
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where the electron ambit was such that the electron could 
be l o s t to the end walls of the discharge v e s s e l . (Figure 4). 

300 
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200 Bd. stress 
in v. 

100 

50 

HYDROGEN. 

0.4 D>4 

3.25m. m. Hg. 

0 50 100 150 200 
X in metres. 

Fig. 4. G i l l & von Bngel. 

Before leaving this section of the history the 
work of Lodge and Stewart^ i s of interest; where a 
q u a l i t a t i v e theory of high frequency discharge i s developed 
with special reference to the use of sleeve electrodes, on 
the assumption that the discharge i s l a r g e l y determined by 
i t s D.C. wall and space charges. The chief function of 
the high frequency f i e l d i s to maintain the electron 
temperature, leading to the conclusion that under the 

electrodes there are high negative wall space charges and 
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the positive ions are driven by a high r a d i a l f i e l d to 
the walls of the v e s s e l . Examination of the discharge 
tube wa l l s helped to substantiate the theory. 

Very few, i f any, papers were published during the 
war years. However, because of the development of 
magnetrons and klystrons for use i n radar work, much work 
has since been undertaken at centimetre wavelengths, 
(Microwaves). At these frequencies 3,000 to 10,000 Mc/s. 
the electron ambit during a h a l f cycle i s extremely limited; 
e.g. for hydrogen at breakdown str e s s at a pressure of 
115 m.m.Hg., and a frequency of 10,000 Mc/s., the ambit 
becomes 0.0025 m.m. 

A7 
Cooper1" for wavelengths of 10 cm., and 3 cm. 

using 1 usee, pulses at a r e p e t i t i o n rate of 40 p.p.s. 
has recorded the breakdown s t r e s s for a i r i n both rectangular 
and co-axial wave guides. Comparison of the r e s u l t s with 
d i r e c t current breakdown str e s s shows a reduction to about 
70$ of the unidirectional breakdown str e s s , t h i s reduction 
being independent of the gap width, or wavelength used. 
Cooper states a value for a i r of 28 Kv/cm. peak at 
atmospheric pressure. 

P o s i n ^ claimed to have found that the breakdown 
st r e s s of a gas was dependent on the duration of the microwave 
pulse, and upon the i n t e n s i t y of the i r r a d i a t i o n illuminating 
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the gap between the electrodes. However, Cooper showed 
that only the sparking probability was dependent on the 
inte n s i t y of the i r r a d i a t i o n , the onset value of the 
breakdown str e s s was fixed. 

Working i n Australia, Labrum^ determined the 
breakdown stresses for a i r , neon and argon for wavelengths 
of 10 and 3.2 cms; unfortunately only for a limited pressure 
range 1 to 30 m.m.Hg. In a i r he found l i t t l e or no 
dependence of the breakdown s t r e s s on repetition rate, or 
pulse duration; for neon an increase i n either the pulse 
rep e t i t i o n rate or the pulse length resulted i n a reduction 
i n the microwave breakdown s t r e s s . 

1.00 3 
NEON. 800 

600 Bd. stress ljasec 200pps. in Its 7&t8400 2useo 200 liisec 600. 
200 

0 10 20 30 
Pressure in nun. Hg. 

Fig. 5 . Labrum. 

The explanation offered for the effect of pulse 
re p e t i t i o n rate for neon i s the presence of residual i o n i s a t i o n 
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i n the gap between pulses. The reduction due to an 
increase i n pulse length i s more complex; neon being a 
non-attaching gas, diffusion i s assumed to be the only 
removal mechanism, but t h i s i s negligible i n the times 
involved, (microseconds), also the electron ambit i s very 
limited at such frequencies. A necessary t o t a l i o n i s a t i o n 
i s envisaged as the c r i t e r i o n for breakdown. I s no losses 
of i o n i s a t i o n are assumed one can imagine that a large 
pulse, giving more time for build up of the necessary 
electron concentration, would require a lower stress to 
produce breakdown; such i s the general argument advanced. 
(See chapter 9, Part I I ) . 

50 
Hale i n 1942 proposed a theory for the monatomic 

gases xenon, and argon, where i t i s suggested that break­
down i s determined by the electrons acquiring the necessary 
energy to produce i o n i s a t i o n at the end of one mean free 
path. Good agreement for argon was found at frequencies 
of 5 to 50 Mc/s., and with Thomson1 s 3 8 work for 100 Mc/s. 

Turning now to the considerable amount of work by 
the American school i n the microwave frequency region, B e r l i n 

51 
and Brown i n 1948 developed the "diffusion theory" where 
electron l o s s i s assumed to be only due to diffusion to the 
walls of the discharge v e s s e l . I f the volume rate of 
production of electrons per electron i s « ^ B , then the 
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c r i t e r i o n i s that the rate of electron generation i s j u s t 
greater than the rate of l o s s by diffusion, expressed 

mathematically by :-
T7-rv + (0/c)l~O 

Where Tt i s the electron concentration, and C the 
c o e f f i c i e n t of diffusion. 

Attachment and recombination are considered 
negligible, the space charge at breakdown also being low 
enough to be neglected. (Hartman^ 2). P a r t i c u l a r solutions 

for a resonator i n the TMn, mode have been given by Herlin 
51 1 

and Brown where the r a t i o r/L was small, and therefore can 
be considered a p a r a l l e l plate system, ( r - radius of 
resonator, L - length of resonator). The frequency used i n 
these experiments was 3000 Mc/s. (sustained f i e l d ) . 
Preliminary r e s u l t s i n a i r gave good agreement with theory. 

53 

The work for a i r was extended to an r/L r a t i o of 0.5, and 
to breakdown of gases under the action of non uniform f i e l d s 
between coaxial c y l i n d e r s ^ . 

The l i m i t a t i o n s of the diffusion theory are discussed 
by Brown and McDonald^; these are:-

(a) The dimensions of the gap must be small 
compared to the wavelengths used. 

(b) The electron mean free path must be l e s s than 



18. 

the gap width. 
(c) The electron ambit under the action of 

the microwave f i e l d must also be l e s s than the gap length. 
The dif f u s i o n theory has been extended to helium^ 0 

and hydrogen^, and i n both cases the r a t i o r/L was small, 
( i . e . approximately to a p a r a l l e l plate system of electrodes). 
The r e s u l t s for hydrogen gave good agreement with the work 
of Githens'^ 1 and Thomson"^, both of whom worked at much 
lower frequencies. 

58 

MacDonald^ i n 1952 further extended the theory 
to deduce the v a r i a t i o n of the mierowave breakdown stress 
for neon with gas pressure. The c o l l i s i o n cross sections 
have different functional forms to those found for helium 
and hydrogen, and lead to a more complex d i f f e r e n t i a l equation. 
Approximate solutions have been derived and show that there 
i s reasonable agreement between theory and experiment for 
small gap widths, L - 0.317 and 0.634 cms, (the value of 
r was 4*1 cms.) 

I n a l l the r e s u l t s the curves (E-p) show a minimum; 
the breakdown s t r e s s decreases with the pressure as the 
energy gained between c o l l i s i o n s increases and therefore 
more ionisa t i o n i s available to compensate for the increased 
diffusion losses at the lower pressures. However where the 
t r a n s i t i o n from many o s c i l l a t i o n s per c o l l i s i o n , to many 
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c o l l i s i o n s per o s c i l l a t i o n occurs the energy transfer i s 
no longer at i t s maximum efficiency, therefore a higher 
f i e l d i s required to compensate for the diffusion l o s s e s . 
The minimum i s not a Paschen minimum. 

A l l i s and Brown^ i n 1952 took the diffusion 
theory a stage further, presenting a simple solution 
which i s applicable to any gas, and for a wide pressure 

55 
range; the same l i m i t s as imposed by Brown and MacDonald 
s t i l l applied. Their r e s u l t s show reasonable agreement 
between theory and experiment for the E/p range of 8 to 50 
i n hydrogen. 

Using the non-attaching monatomic gas argon 
60 

Krasik, Alpert and McCoubrey found for uniform discharge 
61 

at a frequency of 3000 Mc/s. good agreement with Hoistein's 
theory of u l t r a high frequency breakdown. Hoistein showed 
that for a uniform f i e l d between p a r a l l e l plane electrodes 
and for an applied frequency l e s s than the frequency of 
e l a s t i c c o l l i s i o n s of the electrons with the gas molecules, 
the electron d i s t r i b u t i o n i n energy for the microwave f i e l d 
i s nearly the same as that for a steady f i e l d , of value equal 
to the r.m.s. value of the microwave f i e l d . 

Returning now to workers i n t h i s country Prowse 
and C o o p e r ^ 7 ' ^ obtained photographs of discharges i n a 
resonator working i n the 1Q 1 0

 m o d e at a frequency of 2,300 Mc/s. 
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The resonator was energised with 1 msec, pulses either 
individually or at a rate of 400 per second. The work 
showed that the true breakdown voltage i s unaffected by 
i r r a d i a t i o n , being i n agreement with Cooper5 e a r l i e r 
work. The i r r a d i a t i o n increased the probability of 
breakdown, especially when individual pulses were employed. 

Using a nosed i n cavity resonator energised 
with pulses from 0.25 to 2.5 usees, duration, Prowse and 
J a s i n s k i ^ have investigated e l e c t r i c a l discharge at 
2,800 Mc/s. Mid gap i r r a d i a t i o n produced the random 
electrons which i n i t i a t e d the discharge. Streamer photo­
graphs were taken of the discharges through a window i n the 
wall of the resonator. The mid gap streamer photographs 
thus obtained were c h a r a c t e r i s t i c of the gases used; a i r , 
nitrogen, oxygen, argon and neon. The breakdown o s c i l l o ­
grams of the envelope of the f i e l d i n the resonator showed 
a very rapid collapse, i n nitrogen for example l/20th usee. 
Hydrogen showed remarkable consistency i n these breakdown 
times. No a l t e r a t i o n i n breakdown stress with pulse length 
was recorded i n a i r , hydrogen, nitrogen and oxygen. 

The processes leading to electron removal are 
discussed, recombination and attachment are not considered 
to be very e f f e c t i v e methods. With regard to the American 
school, d i f f u s i o n i s not thought to have been the removal 



mechanism; for nitrogen at atmospheric pressure the 
d i f f u s i o n radius i s 0.59 m.m. for the pulse duration used 
i n these experiments. As the gap across the resonator 
was 1.4 cms. i t therefore seems that diffusion of the 
electrons to the electrodes i s not the removal mechanism 
i n pulsed high frequency breakdown. These r e s u l t s support 
the view that the u l t r a high frequency breakdown stress of 
a gas i s a true c h a r a c t e r i s t i c of the gas and i s independent 
of the gap width. 

65 
I n a subsequent paper using similar experimental 

techniques, the formative and s t a t i s t i c a l time lags of the 
four gases, a i r , hydrogen, nitrogen and oxygen were determined. 
The s t a t i s t i c a l lags for a i r and nitrogen were very similar 
but far greater than the s t a t i s t i c a l lags found for hydrogen 
and oxygen. Relative breakdown stresses for pressures 
100 m.m.Hg. to one atmosphere are given, these are based on 
a spot value of 28 K.V./cms. at atmospheric pressure as 
obtained by Cooper. 

The monatomic gases exhibited a dependence of 
breakdown str e s s on time of application of the f i e l d , i n 
support of Labrum's work, and also the work of G i l l and von 
Engel. This r e s u l t i s i n accordance with the suggestion 
that no appreciable electron removal occurs during the pulse. 
Thus the formative time i s considered to be the time 
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required to build up the desired degree of io n i s a t i o n for 
breakdown. The fa c t that no measurable formative time 
was recorded for the polyatomic gases suggests that the 
voltage stresses recorded were the minimum necessary to 
produce i n s t a b i l i t y . 

The minimum found i n (E - p) graphs has been 
investigated by several workers. G i l l and Townsend^ 
presented a general theory of e l e c t r i c a l breakdown i n which 
they assumed that an electron*s energy i s increased by 
successive c o l l i s i o n s u n t i l i t possesses s u f f i c i e n t energy 
to ionise a gas molecule. I t then loses a l l i t s energy i n 
one io n i s i n g c o l l i s i o n and the process i s repeated. Based 
on t h i s idea they developed an expression for the breakdown 
st r e s s of a gas, the solution of which gave a minimum i n 
the (E - p) curves. 

A second type of minimum i n the (E - p) curves i s 
found when considering microwave discharge, t h i s occurring 
when the frequency of the applied f i e l d (\> ) , i s of the 
same order as the c o l l i s i o n frequency of the electrons with 
the gas molecules. This has been treated mathematically by 

try 

Margenau . As the frequency of the applied f i e l d increases 
the electron w i l l no longer move completely i n phase with the 
f i e l d , and hence energy transfer becomes l e s s e f f i c i e n t , 
i . e . i o n i s a t i o n eff i c i e n c y decreases. By considering an 
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increase i n the parameter N)/p, Margenau shows t h a t the 
E - p and the E -0 curves should have a minimum where 
the a p p l i e d frequency and the c o l l i s i o n frequency are of 
the same order. 

The o r i g i n a l s i m i l a r i t y theorem proposed by 
Towns e n d ^ was extended by flolm^ and l a t e r by L l e w e l l y n -
Jones and Morgan. The l a t t e r two workers considered h - f 
breakdown between a w i r e and a c o a x i a l c y l i n d e r , f o r a 
frequency range o f 3.5 t o 70 Mc/s., at pressures below 
20 m.m.Hg. They found t h a t g e o m e t r i c a l l y s i m i l a r systems 
broke down a t the same stress (Es) provided the parameters 
a.p and N)/p were i n v a r i e n t , where a - a l i n e a r dimension. 

£ _ ^ C a P» ^ / P ) ^ = the pressure. 
5 \) « the frequency of the 

a p p l i e d f i e l d . 
T heir experiments gave general agreement f o r 

the two gases used a i r and hydrogen, provided the c o n d i t i o n s 
imposed by Brown and McDonald were observed; the h i g h 
frequency breakdown was determined by the.primary i o n i s a t i o n 
i n the gas and l o s s o f electrons by d i f f u s i o n t o the 
boundaries o f the vessel. 

71 
Further work showed t h a t the s i m i l a r i t y theorem 

also applies t o the maintenance o f h - f c u r r e n t s , but the 
dependence o f the minimum maintenance p o t e n t i a l on the 
parameters a.p and v)/p were not so w e l l defined. 
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The v a l i d i t y o f the s i m i l a r i t y theorem f o r the 

frequency range 5 t o 70 Mc/s. has also been est a b l i s h e d 
72 

by the same workers i n helium. However the theorem 
was shown t o be extremely s e n s i t i v e t o changes i n the gas 
p u r i t y . Elaborate precautions were taken t o ensure great 
p u r i t y o f the helium. Results f o r (E - p) show a progressive 
increase o f breakdown stress as the gas p u r i t y improved, 
reaching a l i m i t i n g value. These f i n a l data were used i n 
e s t a b l i s h i n g the v a l i d i t y of the s i m i l a r i t y theroem f o r 
helium. The complete f a i l u r e o f the theorem f o r impure 
helium i s accounted f o r by the occurrence of c o l l i s i o n s o f 
the second k i n d between metastable atoms o f the gas and 
molecules o f the i m p u r i t y . 

Formative time measurements by Fisher and h i s 
73 7A 75 

c o l l a b o r a t o r s ? are of considerable importance. Working 
i n a i r and n i t r o g e n w i t h p a r a l l e l p l a t e electrodes they 
found t h a t the fo r m a t i v e times were o f the order o f 100 usees, 
and longer, f o r gas pressures i n excess o f 200 m.m.flg. (The 
gap widths were between 0.3 and 1.4 m.m.) However a r a p i d 
decrease i n these times was e s t a b l i s h e d f o r s l i g h t over-
v o l t a g e s ; f o r example 2% over-voltage produced a formative 
time o f 1 usee. The time lags were independent of pressure 
f o r t he same percentage over-voltage from200 t o 760 m.m.Hg. 
in c r e a s i n g however w i t h separation o f the electrodes. Using 
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75 p o s i t i v e p o i n t corona i n a i r v a r i a t i o n i n the i n t e n s i t y 

o f the i r r a d i a t i n g u l t r a v i o l e t l i g h t produced no appreciable 
e f f e c t on the f o r m a t i v e time l a g s . 

F i n a l l y the development o f the microwave technique 
has produced a method of studying the v a r i a t i o n of e l e c t r o n 

76 
c o n c e n t r a t i o n i n a f t e r - g l o w s , ( B i o n d i and Brown ) ; t h i s 
n a t u r a l l y l e a d t o an extensive study o f the recombination pro­
cess. The method was based upon the change i n the resonant 
frequency o f a c a v i t y , i n the H 0 1q mode f o r a frequency o f 
3,000 Mc/s., enclosing the gas a t breakdown. The change 
i n the frequency was measured by means of a probing s i g n a l 
o f v a r i a b l e frequency. With t h e use o f d i f f e r e n t probing 
s i g n a l s the c a v i t y frequency a t a known time a f t e r cut o f f 
could be determined, and thus the e l e c t r o n c o n c e n t r a t i o n 
was c a l c u l a t e d . 

77 
One unusual f e a t u r e found by Biondi was t h a t the 

e l e c t r o n density i n neon and argon a c t u a l l y increased f o r 
approximately one microsecond a f t e r removal o f the u l t r a 
h i g h frequency f i e l d . C a l c u l a t i o n s showed t h a t t h i s was due 
t o i o n i s a t i o n r e s u l t i n g from c o l l i s i o n s between p a i r s of 
metastable atoms as o r i g i n a l l y suggested by H o i s t e i n . A good 
survey o f t h i s recent work on recombination processes i n 
gases i s given by Massey^ 1952. 
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GENERAL IHTEODUCTIOK. 

The research work undertaken can be broadly-
d i v i d e d i n t o two p a r t s . 

PART I . An i n v e s t i g a t i o n i n t o the v a r i a t i o n 
o f the breakdown s t r e s s o f a gas a t both microwave, 
(10,000 Mc/s.), and h i g h frequency, (11.5 Mc/s.), w i t h the 
p o s i t i o n o f the t r i g g e r i n g or i r r a d i a t i n g spark. 

PART I I . An i n v e s t i g a t i o n i n t o the v a r i a t i o n 
o f t he microwave breakdown stress o f a gas when a u n i ­
d i r e c t i o n a l or hi g h frequency f i e l d i s simultaneously 
a p p l i e d o r t h o g o n a l l y t o the microwave f i e l d . 

PART I . 

I n t r o d u c t i o n t o Pa r t I . 
65 

Prowse and J a s i n s k i e s t a b l i s h e d t h a t the 
microwave breakdown s t r e s s o f a i r , a t 760 m.m.Hg., was 
dependent on the p o s i t i o n of the t r i g g e r i n g or i r r a d i a t i n g 
spark. Graph I shows how the microwave breakdown stress 
decreased as the p o s i t i o n o f the i r r a d i a t i n g spark approached 
the resonator. (They used the E 110 mode of a nosed i n 
c a v i t y resonator and a frequency o f 2,800 Mc/s.). 
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This phenomenon was f u r t h e r i n v e s t i g a t e d a t 
79 

10,000 Mc/s. by Prowse, Laverick and J a s i n s k i . They 
constructed the present apparatus i n an e x p l o r a t o r y form, 
and e s t a b l i s h e d t h a t the distance between the i r r a d i a t i n g 
spark and the resonator, ( i . e . , gas discharge v e s s e l ) , 
i n f l u e n c e d the microwave breakdown s t r e s s of a i r . 

The work described i n t h i s t h e s i s commenced 
from t h i s p o i n t ; a d e s c r i p t i o n o f t h i s i n t i a l apparatus 
as taken over from L a v e r i c k and J a s i n s k i i s now given. 

CHAPTER I . 
V a r i a t i o n o f breakdown stress w i t h i r r a d i a t o r p o s i t i o n 

a t 10.000 Mc/s. 
1. Apparatus as taken over from L a v e r i c k and J a s i n s k i . 

1.1. Requirements of apparatus. 
1. I t was proposed t o use gases other than 

a i r , so some form of discharge chamber t h a t could be evacuated 
was necessary. 

2. The microwave electrode system had t o be 
o f such a design t h a t a u n i d i r e c t i o n a l f i e l d could be 
a p p l i e d at r i g h t angles t o the microwave f i e l d . 

3. To ensure t h a t the gas breakdown was not 
i n f l u e n c e d by the electrodes, i t was considered necessary 
t o use an e l e c t r o d e l e s s system. 
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1.2. The Microwave apparatus. 
The most s u i t a b l e way t o r e a l i s e these 

s t i p u l a t i o n s was by the employment of the r i n g e l e c t r i c 
f i e l d as present i n a c a v i t y resonator, o s c i l l a t i n g i n 
the H O i l mode. The f i e l d c o n f i g u r a t i o n f o r such a 
resonator mode i s shown i n f i g u r e 6: the e l e c t r i c f i e l d 
"Eg i s i n the form o f a closed loop. 

can be ea s i l y tuned by the movement o f one end p l a t e . The 
r e s u l t i n g c u r r e n t s i n the H O i l mode f l o w on the surface 
of the resonator, as i n d i c a t e d i n f i g u r e 7; no curr e n t 
f l o w occurs across the j u n c t i o n between the curved w a l l 
o f the resonator and the end p l a t e . The d i s t r i b u t i o n of 
the c u r r e n t f o r the H O i l mode i s t h e r e f o r e not a f f e c t e d by 
a small gap between the movable p l a t e and the sides o f the 
resonator. This gap also helps t o suppress unwanted modes, 
i n p a r t i c u l a r the H modes ( l ^ 0 ) ; I n the fl / w n modes 
cu r r e n t i s r e q u i r e d t o f l o w from the curved resonator w a l l 
t o the end p l a t e s . 

A resonator o s c i l l a t i n g i n the H O i l mode 

Piok up 
To low WQ 

Resonator. 

Wave _ 
guide. 

To i r r i a i g C I B g ^ 

resonator. I 
1 

Capsule, 

systenu • 
Pig. 9, Section of resonator. 
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This type o f resonator c o n s t r u c t i o n 
allowed the easy i n s e r t i o n of a t i g h t f i t t i n g glass 
capsule w i t h i n the resonator; ( f i g u r e 9 ) ; t h e r e f o r e 
the discharge chamber could be evacuated. The presence 
o f the glass vessel d i d not a l t e r the o s c i l l a t i o n of the 
resonator, due t o the f a c t t h a t t he e l e c t r i c f i e l d i s 
zero a t the w a l l s o f the resonator. The t u n i n g p o s i t i o n 
of the movable p l a t e , f o r resonance, i n the fl O i l mode 
was moved s l i g h t l y f u r t h e r out due t o the presence of the 
glass capsule. 

A resonator of such a design was used 
f o r these experiments, w i t h an i n t e r n a l diameter "DH 

o f 4.65 cms., and a l e n g t h "L", when tuned f o r the H O i l 
mode, of 2.80 cms. a t a frequency o f 10,000 Mc/s., ( A i r 
d i e l e c t r i c ) . The resonator was energised by magnetic 
coupling t o an H 01 wave, (generated by a magnetron), 
t r a v e l l i n g down a re c t a n g u l a r wave guide; the general 
arrangement i s shown i n f i g u r e 8. The magnetic coupling 
was achieved by means o f two holes apart. ( \^ 
being the wavelength o f the H 01 wave i n the rectangular 
guide). However, feed by means o f two holes was found t o 
be i n s u f f i c i e n t when the glass capsule was present w i t h i n 
the resonator; the capsule damped the o s c i l l a t i o n . The 

use o f a resonant s l o t between the two holes increased the 
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e l e c t r i e f i e l d w i t h i n the resonator; the coupling 
system f i n a l l y used can be seen i n f i g u r e 12. I t was 
found p o s s i b l e t o produce electrodeless gas discharge 
w i t h i n the resonator f o r a i r up t o a pressure of 130 m.m.Hg. 

The rectangular waveguide was f e d i n 
t u r n by means o f a choke coupling from a 3 cm. magnetron; 
o r i g i n a l l y a B r i t i s h CT108. (Actual frequency 9375 Mc/s., 
g i v i n g X - 3.198 cms.). The waveguide could be tuned 
by means o f two resonant stubs placed on e i t h e r side of 
the resonator, and an odd number of \ ^ ' s apart. (See 
f i g u r e 12). M a n i p u l a t i o n o f these stubs matched the 
waveguide to the magnetron, and also v a r i e d the standing 
wave system i n the wave guide. I n t h i s way the feed o f 
energy t o the resonator could be e a s i l y and e f f e c t i v e l y 
c o n t r o l l e d . 

The magnetron was energised by one 
microsecond d u r a t i o n pulses derived from the discharge o f 
a delay l i n e i n t h e modulator pulse u n i t . The r e p e t i t i o n 
r a t e o f these pulses could be v a r i e d from 4.00 t o 1200 p.p. 3. 
The magnetron output as f e d by means o f the tunable choke 
coupling t o the wave guide was t h e r e f o r e one microsecond 
pulses o f approximately 3 cms. wavelength r a d i a t i o n , at a 
r e p e t i t i o n r a t e o f 4-00 t o 1200 p.p.s. 

P r o v i s i o n was also made f o r the employment 

of n o n - r e p e t i t i v e pulses; however, due t o the low p r o b a b i l i t y 
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o f breakdown w i t h i n a microsecond at very small over-
voltages s i n g l e s l o t work was abandoned. A l l the r e s u l t s 
recorded were f o r a pulse r e p e t i t i o n r a t e o f 4,00/secs. 
unless otherwise stated* 

1.3. F i e l d measurement i n the resonator. 
I n order t o measure the energy fed i n t o 

the resonator a small magnetic p i c k up loop was i n s e r t e d 
i n t o the end w a l l of the resonator, (as shown i n f i g u r e s 
9 and 12); the output of t h i s magnetic loop fed t o a 
tunable low "Q" resonator and c r y s t a l d e t e c t o r system. 
The r e c t i f i e r was a c r y s t a l diode, CV 111. The r e c t i f i e d 
output from t h i s low "Q« resonator was f e d t o a wide band 
a m p l i f i e r o f v a r i a b l e gain, the output of which was displayed 
on a h i g h speed cathode ray o s c i l l o g r a p h . 1 c h a r a c t e r i s t i c 
t r a c e can be seen i n f i g u r e 10. Very c a r e f u l screening o f 
a l l leads was necessary i n these c i r c u i t s t o avoid spurious 
pickup. Automatic synchronisation o f the o s c i l l o s c o p e was 
achieved by means of an e a r l y warning pulse derived from 
the modulator u n i t . 

Before 
breakdown. 

Pig. 10a. 

r 
After 

breakdown. 
Fig. 10b. 
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1.4- Determination of mode of resonance of the 
resonator. 

1.4-1. R o t a t i o n o f p i c k up loop. 
When the f i e l d d i s t r i b u t i o n i n s i d e 

the resonator i s o f the form shown i n f i g u r e 6, ( t h e H O i l 
mode), maximum p i c k up by the magnetic loop i s i n d i c a t e d 
when the plane o f the loop i s perpendicular t o , and threaded 
by, the magnetic f i e l d . With the plane o f the loop i n 
l i n e , i . e . , p a r a l l e l t o the magnetic f i e l d , the p i c k up 
i s reduced t o zero. 

Upon r o t a t i n g the p i c k up loop 
through 180° i t was observed t h a t the output, as i n d i c a t e d 
by the h e i g h t o f the pulse envelope displayed on the o s c i l l o ­
scope screen, passed through a maximum f o r one p o s i t i o n o f 
the l o o p , and was n e g l i g i b l e upon a f u r t h e r 90° r o t a t i o n 
o f the loop. (An i n d i e a t o r on the i n p u t cable t o the loop 
showed the plane of the l o o p ) . This sequence of amplitudes 
i n d i c a t e d t h a t the mode present i n the resonator was the 
r e q u i r e d H O i l mode. 

1.4.2. P o s i t i o n s o f resonance. 
As the p i s t o n o f the c a v i t y resonator 

i s withdrawn resonances occur f o r various p o s i t i o n s o f the 
p i s t o n . Knowing the wavelength of the r a d i a t i o n i n f r e e 
space ( X ) , and the dimensions of the resonator, the wave­
l e n g t h o f the r a d i a t i o n f o r the H O i l mode i n the resonator 
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can be deduced ( X O i l ) . The i n i t i a l s e t t i n g of the 
p i s t o n f o r resonance i s , t h e r e f o r e , known and the a c t u a l 
p o s i t i o n i s i n t h i s neighbourhood and can be checked by 
p i c k up loop r o t a t i o n . 

An absorbing disc was placed 
behind the p i s t o n t o suppress any spurious o s c i l l a t i o n s i n 
t h i s r e g i o n . 

1.5 I n i t i a t i o n .of breakdown. 
I t can be s t a t e d g e n e r a l l y t h a t two 

c o n d i t i o n s are necessary before breakdown can occur i n a 
gas:-

1. The f i e l d s t r e n g t h must be of s u f f i c i e n t 
magnitude t o be capable of producing 
breakdown at t h e p a r t i c u l a r pressure chosen. 

2. A t r i g g e r i n g , or casual, e l e c t r o n must be 
i n a s u i t a b l e p o s i t i o n t o i n i t i a t e the 
breakdown. The s t a t i s t i c a l component of 
the time l a g preceding breakdown i s u s u a l l y 
associated w i t h the w a i t f o r t h i s casual 
e l e c t r o n . 

The f i r s t c o n d i t i o n can only be s a t i s f i e d 
i f enough energy i s a v a i l a b l e w i t h i n the resonator. 

The second c o n d i t i o n can be achieved by 
i r r a d i a t i n g the gas w i t h i n the resonator by means of a 
small i r r a d i a t i n g spark. E a r l i e r experiments by Prowse 
and J a s i n s k i ^ showed t h a t e f f e c t i v e r a d i a t i o n i s completely 
excluded by any f i l m t h i c k enough t o w i t h s t a n d the gas 
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pressure, t h e r e f o r e the i r r a d i a t i n g spark must be 

w i t h i n the gas system. 

The i r r a d i a t i n g spark, (as i t w i l l 
now be c a l l e d ) , necessary t o t r i g g e r the discharge had 
t h e r e f o r e t o s a t i s f y the f o l l o w i n g c o n d i t i o n s : -

1. S i t u a t e d w i t h i n the gas 
system. 

2. Placed i n such a p o s i t i o n 
as t o be v i s u a l l y i n l i n e 
w i t h the gas w i t h i n t h e 
resonator. 

3. Capable of movement w i t h 
respect t o the resonator 
w h i l s t s t i l l s i t u a t e d 
w i t h i n the gas system. 

The i r r a d i a t i n g system used i s shown 
i n f i g u r e 11, and depends f o r i t s o p e r a t i o n upon the 
c a p a c i t i v e coupling between the metal sleeves outside 
and i n s i d e the glass tube. The i n n e r sleeves were 
made of i r o n , t h e r e f o r e the i r r a d i a t o r could be e a s i l y 
moved by a magnet. The term i r r a d i a t o r i s used t o describe 

the system. 
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A h i g h v o l t a g e pulse, about 4- K.V., 
was a p p l i e d t o one e x t e r n a l sleeve, the second e x t e r n a l 
sleeve being earthed; a spark r e s u l t e d a t the 
i r r a d i a t o r spark gap. This spark was t h e r e f o r e w i t h i n 
the gas, and could i r r a d i a t e the gas w i t h i n the resonator. 
I n these i n i t i a l experiments the h i g h v o l t a g e pulse 
was derived from the modulator u n i t by a feed run i n 
p a r a l l e l t o the magnetron feed. This was a l t e r e d i n 
the l a t t e r experiments so as not t o a f f e c t the i n p u t 
t o the magnetron. See s e c t i o n 3.3.1. 

1.6. Apparatus as a whole. 

A block diagram of the whole apparatus 



Figs. 13 & 14, General view of apparatus. 

• 
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I s shown i n f i g u r e 12s f i g u r e s 13 and 14 show the 
general l a y out of the system. The modulator u n i t 
had i t s own power packs; a 300 v o l t D.C. power pack, 
and an 80 v o l t , high cycle, power pack; (motor 
generator). The peak power output of t h e modulator 
unit was of the order of 160 K.watts at a repetition 
r a t e of 1200 p.p.s. feeding to an output impedance 
of 76 ohms. 

The one-microsecond pulses from the 
modulator unit were transformed from 4 to 11.5 K.V. 
by a pulse transformer and applied to the magnetron; 
the l a t t e r being capable of a peak output of 7.5 watts, 
C.J. 

Great care had to be exercised i n 
earthing and screening leads to reduce interference 
between one c i r c u i t and another, p a r t i c u l a r l y from the 
pulse generator to the amplifier and oscilloscope. The 
amplifier had to be double screened. Matching r e s i s t o r s 
were placed i n the oscilloscope feed from the amplifier 
to suppress r e f l e c t e d waves: and a l l leads i n the 
detector c i r c u i t s were kept as short as possible. 
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1.7. Vacuum apparatus. 
1.7.1. General. 

The vacuum apparatus had to 
s a t i s f y the folio-wing conditions:-

1. Suitable for various gases. 
2. Provision for pipetting into the 

system small quantities of gas. 
3. Ho mercury vapour to be present within 

the system; i . e . eliminating any 
Penning* 3 0 e f f e c t . 

The f i r s t condition -was s a t i s f i e d , 
as has been stated i n section 1.2. by placing a glass 
capsule within the resonator, the capsule being constructed 
to be a snug f i t to the walls of the resonator. The 
presence of the capsule within the resonator lowered the Q 
of the resonator, so the coupling between the resonator and 
the waveguide had to be increased i f the maximum e l e c t r i c 
f i e l d was to be attained. The outlet of the glass capsule 
Joined the i r r a d i a t o r tube; t h i s coupling was o r i g i n a l l y 
a polythene sleeve. 

The i r r a d i a t o r tube i n turn was 
connected to the main vacuum plant, a diagram of which i s 
given i n figure 15 

1.7.2. Pressure measurements. 
Pressure measurements were i n i t i a l l y 
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made by means of a bellows gauge of the d i f f e r e n t i a l type. 
The action of t h i s gauge was somewhat limited and has 
since been modified. As a d i f f e r e n t i a l type of gauge no 
mercury vapour was introduced into the gas system during 
the c a l i b r a t i o n of the gauge against a mercury monometer. 
A second gauge, a modified Bourdon gauge, was also used 
but was found to be too i n s e n s i t i v e : l a t e r modifications 
made i t a r e l i a b l e d i f f e r e n t i a l gauge. The modified Bourdon 
gauge was used almost exclusively i n a l l the l a t e r experiments. 

Further d e t a i l s of the modified 
pressure gauges and th e i r c a l i b r a t i o n are given i n Appendix 1. 

A small discharge tube was used to 
give a rough ind i c a t i o n of the hardness of the vacuum. The 
tube was fed by either 7 or 15 K.V.,D.C. with s e r i e s 
r e s i s t o r s to l i m i t the current. 

2. Preliminary r e s u l t s using apparatus as taken over from 
Laverick and J a s i n s k i . 

79 
Laverick and J a s i n s k i had made i n i t i a l experiments 

on the v a r i a t i o n of breakdown stress of gas with the distance 
between the i r r a d i a t i n g spark and the resonator. I t was 
thought advisable to repeat some of these measurements to 
gain experience and to fin d how the apparatus could be modified. 

The general experimental procedure was as follows. 
The i r r a d i a t o r was set at one of i t s fixed positions with 
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respect to the resonator, that i s between 15 and 14© 
cms. from the resonator. The tuning stubs were then 
adjusted to give maximum input to the resonator; t h i s was 
evident by the height of the pulse envelope displayed on 
the oscilloscope screen. (Figure 10 l e f t hand). Naturally 
the mode of o s c i l l a t i o n of the resonator was car e f u l l y 
checked ensuring the I O i l mode: d e t a i l s of t h i s process 
have been given i n section 1.4. 

The pressure was then gradually and continuously 
reduced u n t i l breakdown occurred; t h i s was evident by the 
collapse or p a r t i a l collapse of the pulse envelope. 
(Figure 10 righ t hand). The pressures ( p ) at which 
breakdown occurred for various i r r a d i a t o r positions were 
determined. Typical graphs plotting ̂ p against the distance 
of the i r r a d i a t o r from the resonator ( d ) , and against the 
product of the pressure i n num.'s. and the distance i n cms. 
(p.d.), are shown i n graphs 2 and 3 respectively. 

The value Vp was plotted because the breakdown 
stress i s approximately proportional to the reciprocal of 
the pressure. Each point on the graphs represents a mean 
value of for at l e a s t 10 readings. 

The appartus i n i t s then present state was considered 
unsuitable for further detailed study of the variat i o n of 
breakdown s t r e s s with i r r a d i a t o r position. The reasons for 
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t h i s were -
1. To study gases other than a i r an a l l 

glass vacuum apparatus was necessary, with provision 
for proper pumping out. 

2. During these experiments i t was noticed 
that especially when the distance between the 
i r r a d i a t o r and the resonator was great, a large 
s t a t i s t i c a l lag occurred. This might have given 
r i s e to pressure overshooting, i . e . , had the pressure 
remained constant for a considerable time at a value 
higher than the one recorded for breakdown, the 
discharge might have occurred at t h i s higher pressure. 
Further evidence for t h i s possible overshoot was 
the greater scatter of the r e s u l t s for the greater 
distances. This i s c l e a r l y shown i n the graphs. I t 
was also impossible to always ensure that the pressure 
was reduced at the same constant rate. 

3. The pressure gauges were not of the 
required degree of s e n s i t i v i t y . 

4> Another d i f f i c u l t y was that, as the 
pressure varied, so did the absorption of the 
i r r a d i a t i o n from the i r r a d i a t i n g spark; these 
r e s u l t s would be therefore extremely troublesome to 
unravel. 
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The development of the apparatus can he divided 
into three stages; each step -will be discussed separately, 
together with the r e s u l t s obtained at that stage. The 
third, or f i n a l stage, includes the r e s u l t s for a l l the 
gases used, a i r , oxygen, hydrogen, nitrogen and neon. 

3. Development of apparatus and technique. 
3.1. F i r s t Improvement. 

3.1.1. Apparatus. 

The vacuum system was remade and 
extended, a l l rubber and polythene connections were removed. 
The resonator was now joined to the i r r a d i a t o r tube by means 
of a small glass cone j o i n t . A second rotary pump and a 
high vacuum pump bypass, pure gas i n l e t with pipette, 
together with a drying system for a i r were added. The 
now modified vacuum system i s shown i n figure 16. 

Both pressure gauges were remade; 
the bellows gauge now worked r e l i a b l y over a limited range. 
The Bourdon gauge was i t s e l f encased i n a vacuum tight 
cylinder with a glass end window; i t was now possible to 
cal i b r a t e t h i s d i r e c t l y against a mercury manometer without 
the i n d i r e c t method employing the bellows gauge. This 
modified Bourdon gauge functioned very s a t i s f a c t o r i l y through 
out these experiments and has been used continuously for 
almost a l l later pressure readings. An optical lever system 



•was used as a pointer. A more detailed description 
and the method of c a l i b r a t i o n of these gauges i s given 
i n Appendix 1. 

I t w i l l be seen that the lead to 
the pressure gauges i s now placed as close to the resonator 
as possible to avoid any build up of a pressure head i n the 
i r r a d i a t o r tube. 

I n t h i s state the apparatus could 
be pumped black even for a Tesla c o i l discharge and would 
maintain t h i s condition for several hours; the length of 
an experimental run. 

3.1.2. Results. 
Further r e s u l t s were obtained with 

the modified apparatus following a sim i l a r experimental 
technique to that described i n the previous section. 
(Section 2.) Typical r e s u l t s are given for dry a i r on 
graphs 2 and 3, the dotted l i n e s . The a i r was dried by 
passing i t through four wash bottles of Ĥ SÔ  and then a spray 
trap. The r e s u l t s show the same general v a r i a t i o n of the 
pressure for breakdown with respect to the distance of the 
i r r a d i a t o r from the resonator, for a fixed resonator input 
energy. 

Due to the reasons given i n paragraph 
2 of the previous section, (Section 2), i t was f e l t that the 



apparatus should be modified so that the pressure could 
remain constant, and the input to the resonator from the 
waveguide varied. 

3.2. Second Impyovement^ 
3.2.1. Apparatus. 

Over a considerable range the 
height of the pulse envelope as viewed on the oscilloscope 
i s d i r e c t l y proportional to the microwave stress i n the 
resonator. The c r y s t a l diode r e c t i f i e r and amplifier were 
found to have l i n e a r response curves; Appendix 2. By 
means of a variable backing off voltage applied to the 
X plates of the oscilloscope, the pulse envelope could be 
displaced and the voltage necessary to displace i t a 
distance equal to i t s own height recorded. This voltage 
was therefore d i r e c t l y proportional to the microwave str e s s 
i n the resonator. 

The experimental procedure now 
followed was to increase, by small steps, the energy fed 
to the resonator, allowing some two minutes between adjustments 
to account for any s t a t i s t i c a l lag. The height of the 
pulse envelope at breakdown was recorded i n t h i s manner, for 
a. p a r t i c u l a r i r r a d i a t o r position, for a known fixed pressure. 
A t y p i c a l pulse envelope as viewed on the oscilloscope has 
been shown i n figure 10. 
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3.2.2. Results. 
Using t h i s new technique 

preliminary r e s u l t s for a i r and oxygen were obtained: 
graphs 4 and 5 show the r e l a t i o n between breakdown s t r e s s , 
and the distance between the i r r a d i a t i n g spark and the 
resonator. Dried atmospheric a i r and commercial oxygen 
were used. 

I n the graphs the breakdown str e s s 
plotted i s shown i n volts per cm.: a description of the 
method used i n establishing these absolute values i s given 
below. (See Part I I , Chapter 8.) 

I t can be seen that the new 
r e s u l t s indicate a smaller increase i n the breakdown s t r e s s 
for a i r than the previous r e s u l t s , the upswing of these 
graphs now occurring at distances greater than 60 to 100 cms. 
depending on the pressure. This again agrees with the 
suggestion that i n the e a r l i e r experiments i n s u f f i c i e n t 
time allowance was made, so that the s t a t i s t i c a l lags were 
misinterpreted as an increase i n breakdown s t r e s s . 

The interim r e s u l t s of graphs 4 
and 5 serve only as a. record of the effect of the changes 
made, and as a guide to further development. A more complete 
set of r e s u l t s i s presented i n sections 3.3. and 4 below 
for the following gases; a i r , oxygen, nitrogen, hydrogen 

and neon. 



Graph 5 . OXYGEN. Breakdown Stress v. Irradiator Position. 

5,600 

5,400 

3,200 

3,000 

2.800 

2,600 Bd. stress 
in Volts/an. 

E 
2.400 

o 2,200 

2.000 
70m. ZB. Hg. 

e 1.800 

1,600 
70 60 50 40 30 20 10 

Irradiator distance in cms. (d). 



4-5. 

3-3. F i n a l development of the apparatus. 
3.3.1. Apparatus. 

To obtain greater power an American 
magnetron, (Raytheon 725A or CV 722) of the same frequency 
9,375 Mc/s. was substituted, and, to reduce the s t a t i s t i c a l 
lags the aperture into the glass capsule was increased 
from an i n t e r n a l diameter of 1.5 num. to 3.5 m.m. The 
filament of gas thus i r r a d i a t e d was increased, i . e . , the 
t o t a l flux but not the flux density was increased. J a s i n s k i 6 5 

had shown that i n h i s experiments the s i z e of the aperture 
did not a l t e r the breakdown s t r e s s . 

To ensure a steady input voltage 
to the magnetron the i r r a d i a t i n g spark pulse was now derived 
from an a u x i l i a r y trigatron, not from the trigatron feeding 
the pulse forming c i r c u i t s . The c i r c u i t diagram of t h i s 
a u x i l i a r y c i r c u i t i s given i n figure 17. One further 
advantage of the double trigatron arrangement i s that the 
a u x i l i a r y spark j u s t precedes the magnetron output pulse. _ 

1 _ _ _ — — --
1 

To 
irradiator 

65 H. 

To delay line. 

Modulator Unit. 

9.4 Kn, 

6.8 R*. puigg f r o m 
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The pulse envelope viewed on the 
o s c i l l o s c o p e screen had shown a tendency to fluctuate 
i n amplitude; by the use of an e n t i r e l y separate high 
cycle generator for the oscilloscope alone, these 
fluctuations were completely eradicated. A voltage 
r e g u l a t o r c o n t r o l was also f i t t e d on both inputs, i . e . , 
to the modulator unit and the oscilloscope; thus the 
applied voltage to either of these units could be maintained 
constant for a complete run. With these modifications to 
the modulator and recording c i r c u i t s , the amplitude of 
the pulse envelope for one p a r t i c u l a r resonator input feed 
would remain constant within the oscilloscope discrimination 
for many hours, i . e . , the length of a run, say up to seven 
hours. 

F i n a l l y the input to the low Q 
resonator from the pick up loop i n the main resonator was 
changed from an e l e c t r o s t a t i c input feed to a magnetic 
input feed, t h i s eliminated a l l the s l i g h t spurious pick 
up previously noticed on the oscilloscope trace. The 
degree of p r o j e c t i o n of the magnetic pick up loop into the 
main resonator was reduced, thus increasing the Q of the 
resonator. This was found to be possible by a redesign of 
the magnetic loop; i f the projection i s too great the 
resonator Q i s quite appreciably reduced. • 
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With these improvements to the 
e l e c t r o n i c side of the apparatus and the previous clean 
up of the vacuum p l a n t , the apparatus was now considered 
suitable for making more extensive observations; these 
are recorded separately for each gas studied. 

4* Begal.ta Jffit h . the apparatus as developed. 
4.1. Air. 

4-1.1. Variation o f breakdown str e s s 
with i r r a d i a t o r position. 
By a c a r e f u l and prolonged series 

of experiments where the breakdown stress was measured i n 
the manner described for various positions of the i r r a d i a t i n g 
spark, i t soon became evident t h a t the increase i n the break­
down st r e s s for a i r for an i r r a d i a t o r movement of some 110 cms. 
was only of the order of a few per cent. I t was therefore 
decided to measure the breakdown str e s s for the two extreme 
i r r a d i a t o r positions only, i . e . , d minimum, and d maximum. 
Some nine complete sets were taken i n a l l : a t y p i c a l complete 
set i s given i n table 1. 

The general procedure was to 
increase i n small stages (« 1%) the input feed to the 
resonator allowing i n some cases 10 minutes for s t a t i s t i c a l 
l a g : i t w i l l therefore be appreciated that a set for complete 
pressure range took many hours, and i n many cases could not 
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be completed i n one day. The percentage increases shown 
were found t o vary s l i g h t l y f o r one p a r t i c u l a r pressure but 
the maximum percentage increase recorded was never more than 
16$ and usually of the order of 5 to 1$ as shown. 

I t can thus be said there i s an 
increase i n the breakdown stress as the i r r a d i a t o r moves away 
from the resonator, but t h i s increase i s f a r smaller than 
determined previously. I n the e a r l i e r experiments the pressure 
change took place at a slow but not i n f i n i t e s i m a l rate which 
would give a greater overshoot the greater the s t a t i s t i c a l lag 
and therefore changes i n s t a t i s t i c a l lag were misinterpreted 
as changes i n pressure for breakdown. 
TABLE 1. Percentage increase of breakdown .stress...for .the 

two extreme i r r a d i a t o r positions i n air.,,, 

Pressure i n 
m.m.Hg.(p). 

5 
15 
25 
30 
35 
41 
45 
50 
55 
65 
75 
84 
94 

142 

d min. 
i n cms. 

16 
f? 
T! 
f t 
f t 
tt 
It 
tt 
f t 
It 
tt 
f t 
f t 
f t 

1 '. 

position. % increase position. 
i n breakdown 

d max. s t r e s s . 
i n cms. 

130 0 
tt 4-3 

7.6 tt 
4-3 
7.6 

f t 7.9 
tt 8.3 
tt 16.0 
tt 8.2 
it 7.8 
tt 7.6 
f t 8.2 
« 6.6 
f t 3.0 
n 1.0 
tt 3.9 
tt 3.5 



50 

40 

0 l - M . stress i n 
arbitrary units 

o I r . at 15 cms 

X Mesothorium. 
20 

10 



<4"9» 

4-.1.2. Variation of breakdown str e s s with 
•pressure for a fixed irradiator.. 
position. 
The relationship between the break­

down stress and the pressure for a constant position of 
the i r r a d i a t i n g spark, i . e . 15 cms., i s shown i n graph 6. 
The breakdown s t r e s s i s plotted i n arbitrary u n i t s , the 
values actually plotted are the voltages applied to the X 
plates of the oscilloscope to deflect the pulse envelope i t s 
own height. These graphs are only intended to show the 
general shape of the curves, and a separate chapter, ( 3 ) , 
i n Part I I i s devoted to the absolute c a l i b r a t i o n of the 
curves r e l a t i n g breakdown str e s s and pressure. The 
curvature at the high pressures was l a t e r shown to be caused 
by saturation of the amplifier. 

These r e s u l t s are r e a l l y a u x i l i a r y 
to the main experiment, but are given for completeness. 
Attention i s drawn to the upsweep of these p - E graphs for 
low pressures, (E » breakdown s t r e s s i n volts/cm.) 

A.1.3. Variation of breakdown str e s s with 
pressure using a mesothorium source 
of radiation. 
The effect of a second ionising agent 

was investigated. A r e l a t i v e l y weak X ray source was f i r s t 
t r i e d , but t h i s did not reduce the s t a t i s t i c a l l ag to a 
reasonable value; then a & ray source CO40 , which did not 
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produce breakdown. F i n a l l y 0.93 millegrammes o f 
mesothorium was used: t h i s i n i t i a t e d breakdown. On 
graph 6 i s also shown the breakdown s t r e s s recorded for 
various pressures using t h i s source o f ionisation. 

As w i l l be seen, for a i r the 
curves coincide, there being no difference between the 
breakdown stress at a p a r t i c u l a r pressure, whether the 
ionising radiation was obtained from the i r r a d i a t i n g spark 
a t 15 ems. or from the mesothorium source placed on the 
outside of the capsule. This held for a l l pressures, 
even for the low pressures, i . e . below 10 m.m.flg., where 
the curve sweeps upwards. I t was found easier to use the 
radio active source for these low pressures as the i r r a d i a t o r 
tended to produce a v i s i b l e discharge between the i r r a d i a t i n g 
spark gap and the resonator. This point was always watched, 
and the coupling between the inner and outer metal sleeves 
of the i r r a d i a t o r reduced accordingly to eliminate such a 
discharge 

¥hen using the mesothorium source 
quite long s t a t i s t i c a l lags were s t i l l encountered: a plot 
showing the d i s t r i b u t i o n of these s t a t i s t i c a l lags for eighty 
successive breakdowns, for a constant pressure and applied 
voltage, i s shown i n graph 7. 

The s t a t i s t i c a l lags for the eighty 
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successive breakdowns were recorded; these lags varied 
between 0 to 80 seconds, i . e . 0 to 3,200 t r i a l s , 
(p.r.f. - 4.00). 

Let the t o t a l number of t r i a l s be 
"N", and l e t the number of t r i a l s when breakdown occurred 
within a time n t n be n t , then the number of t r i a l s when 
breakdown did not occur within the time t was N - n t- . 
Therefore the probability of breakdown not occurring within 
the time t was , the logarithm of n^ i s plotted against 
the time i n t e r v a l n t n i n graph 7. The values of t r t " shown 
are the values of the observed lags for breakdown, the 
actual time during which the microwave f i e l d was operative 

-6 
was, of course, t.400.10" seconds, (p.r.f. = 4.00, and 
pulse duration 1 microsecond). 

I t i s interesting to note that i n 
a i r the breakdown stress recorded using either the mesothorium 
or the i r r a d i a t i n g spark as the source of the ionising 
radiation was the same, provided the i r r a d i a t i n g spark was 
situated at the minimum distance from the resonator, (15 cms.) 
The range of wave 1engths of the radiation from the i r r a d i a ­
ting spark i s very great, and there are probably quanta present 
with i n s u f f i c i e n t energy to d i r e c t l y ionise the gas molecules 
but with enough energy to r a i s e the molecules to a series of 
excited states. I t would seem probable that the lower 
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energy quanta would be more e a s i l y absorbed by the gas 
molecules between the i r r a d i a t o r and. the resonator, and 
a t l a r g e distances could p o s s i b l y be completely absorbed 
i n the i n t e r v e n i n g c y l i n d e r of gas between resonator and 
i r r a d i a t o r . This may be a part explanation of the 
lowering of the breakdown s t r e s s which occurs as the 
i r r a d i a t o r approaches the resonator. The problem i s 
more f u l l y explored i n the discussion section, ( i . e . , 
chapter 3, Part I . ) . 

On the other hand, i t would seem 
that me sothorium, being a # ray source would produce by 
ejec t i o n of electrons from the walls of the capsule, and 
possibly some by di r e c t ionisation, a limited number of 
free electrons i n the gas: i t would therefore be expected 
that the stress necessary for breakdown with t h i s form of 
i r r a d i a t i o n would be greater than that for breakdown using 
the i r r a d i a t o r at the minimum distance. This i s i n direct 
contradiction with the observations. I t i s possible that 
the s p a t i a l d i s t r i b u t i o n of the electrons i s a factor of 
some importance. 

4-1.4- E f f e c t of va r i a t i o n i n the angle of 
incidence of the ionising beam. 
I t can be assumed that the lowest 

breakdown stress w i l l occur when the ion i s a t i o n o f the gas 
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occurs i n a filament enclosing the region of maximum 
c i r c u i t a l e l e c t r i c s t r e s s , ( M E e ) . To ensure that i n 
these experiments the lowest values of the breakdown 
st r e s s were recorded for a given pressure, the piece of 
apparatus shown i n figure 13 was devised. This enabled 
the beam of ionising u l t r a - v i o l e t l i g h t to be moved about, 
within a limited s o l i d angle, thus ensuring that i n one 
position the filament of maximum c i r c u i t a l f i e l d was 
irra d i a t e d . 

To vacuum 

Capsule. Inner metal 
sleeves. 

Glass ©one. 
Outer~metal T~ 

sleeves. 1 
Fig . 18. Botating i r r a d i a t o r ^ 

Results from t h i s showed that for 
the pressure range used i n these experiments no change i n 
the breakdown s t r e s s could be detected with v a r i a t i o n i n 
the angle of the i r r a d i a t i o n . I t i s therefore to be 
concluded that the strong filament of the e l e c t r i c stress 
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had "been I r r a d i a t e d i n a l l the previous experiments. 
4-. 1.5. Recovery of a i r after breakdown. 

During the period of these 
experiments i n a i r a t r i a l set was undertaken i n oxygen, 
from which i t appeared that there was some form of residual 
i o n i s a t i o n remaining i n the gas after breakdown: t h i s 
then lowered the breakdown str e s s for subsequent breakdowns 
at the same pressure. 

A gas sample i s said to have 
"recovered" i f , after the discharge has been established 
i n the gas, the microwave f i e l d i s switched off, (the 
discharge obviously ceases), reapplication of the microwave 
f i e l d does not r e s u l t i n spontaneous breakdown, the discharge 
not reappearing u n t i l the gas i s irr a d i a t e d by either the 
i r r a d i a t o r or the mesothorium source . 

To ensure that no such mechanism 
was operative i n a i r the following experiments were undertaken. 

The capsule was recharged with fresh 
a i r and the energy input was increased i n stages, allowing 
several minutes between adjustments u n t i l the breakdown 
st r e s s was established. The gas was then allowed to recover 
and was heavily overvolted, ( i . e . , the input to the resonator 
increased above that necessary for ir r a d i a t e d breakdown), 
therefore as soon as the i r r a d i a t i n g spark was connected, the 



gas broke down. Switching off the i r r a d i a t o r and 
magnetron the a i r recovered: the voltage was then 
gradually reduced i n stages from t h i s overvolted state, 
switching on the i r r a d i a t o r each time to see i f break­
down would occur; by t h i s means a minimum breakdown stress 
was established. This value was i d e n t i c a l with the value 
determined by gradually increasing the input to the resonator. 
The experiment when the input was decreased was undertaken 
at speed, thus ensuring that, i f the previous and immediate 
history of the gas affected the future breakdown s t r e s s , 
i t would surely have been evident. This type of experiment 
was performed many times for different pressures and 
i r r a d i a t o r distances, and i n no single instance did the 
previous history of the gas affect subsequent breakdown 
stress values. 

The only r e a l recovery trouble 
encountered for a i r was for low pressures up to 10 m.m.Hg. 
when using the mesothorium as an i r r a d i a t i n g source. After 
breakdown for these low pressures the a i r would appear to 
recover: however, 1eaving the same sample of gas i n the 
capsule with the microwave f i e l d on and no i r r a d i a t i o n 
operative, the gas would breakdown after a s t a t i s t i c a l l ag 
of some 100 seconds. To obtain complete recovery for these 
pressures, i t was found necessary to reduce the microwave 
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s t r e s s below the breakdown s t r e s s , and allow the gas 
to remain under the influence of the reduced f i e l d for 
some time. Then on increasing the e l e c t r i c s t r e s s , 
even above the breakdown s t r e s s , no discharge occurred; 
of course provided the i r r a d i a t o r was not operative. 
(Naturally by switching off completely for say two minutes 
or more the gas also recovered). 

4.1.6. E f f e c t of pulse r e p e t i t i o n rate 
on breakdown s t r e s s . 
Alteration of the pulse repetition 

rate from 4°0 "to 600, 300 and 1000 pulses per second did 
not a l t e r the breakdown stress for a given pressure. 
Unfortunately the modulator unit became unstable i f the 
pulse r e p e t i t i o n rate was altered too frequently, therefore 
only two sets for two pressures were obtained, but these 
showed no v a r i a t i o n within experimental error i n the 
breakdown str e s s for a i r with pulse repetition rate. 

One f i n a l note for a i r : several 
types of I r r a d i a t o r s were used, being constructed of 
different metals, and no change i n the breakdown st r e s s , for 
a p a r t i c u l a r pressure, with any type of i r r a d i a t o r was 
recorded. 

4.2. Oxygen. 
The f i r s t gas t r i e d other than a i r was 

Oxygen, and from the early experiments with oxygen i t became 
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evident that the previous and immediate history of the 
gas affected subsequent breakdown stresses. On 
switching on the microwave f i e l d spontaneous breakdown 
o f the gas occurred, independent of the i r r a d i a t i n g 
spark, i f the gas had previously broken down and 
presumably recovered. Thus there appeared to be some 
residual effect i n the gas that caused t h i s spontaneous 
breakdown even after a minute (or more), i f the gas were 
now subjected to the microwave f i e l d with no i r r a d i a t i n g 
spark operative. 

The term spontaneous breakdown i s used 
to describe breakdown not i n i t i a t e d by the radiation 
from the i r r a d i a t i n g spark, or by the rays from the 
radio active source. Naturally i t was necessary to 
investigate f u l l y t h i s troublesome effect before proceeding 
with the main experiments. 

4.2.1. Recovery of Oxygen after breakdown. 
The application of a unidirectional 

clearing voltage along the axis of the capsule, when the 
microwave f i e l d was off, did not remove the cause, even 
for a 60 seconds application of the steady f i e l d . 

I t seemed probable that atomic 

oxygen and ozone formed during the discharge might s t i l l be 

present i n the gas within the capsule, and thus produce 

t h i s spontaneous breakdown. I n order to t e s t the 
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p o s s i b i l i t y t h a t chemical products of the discharge 
(e.g. 0 , 03 ) might s t i l l be of importance, the capsule 
was pumped out and r e f i l l e d , passing the incoming gas 
through a Tesla discharge maintained i n the f i l l i n g tube. 
However, with no i r r a d i a t i o n no spontaneous breakdown 
could be recorded however long the microwave stress was 
applied to t h i s sample of gas. This was true for the 
complete pressure range. The gas could be heavily 
overvolted and no spontaneous breakdown occurred; n a t u r a l l y 
the i r r a d i a t o r was switched off for these t e s t s . Once 
any p a r t i c u l a r sample of gas had broken down, being 
triggered by the i r r a d i a t o r , the same spontaneous break­
down effects reappeared. I t therefore seemed that the 
effect was not caused by the presence i n the gas of atomic 
oxygen or ozone. 

I t was thought that c i r c u l a t i o n 
of the gas through a glass wool trap would f i l t e r the gas 
and possibly aid the recombination processes: the 
c i r c u l a t i n g system i s shown i n figure 16. A small 
c i r c u l a t i n g pump drove the gas round t h i s closed system 
and i t was hoped that the gas would be dragged from the 
capsule by the gas movement across the capsule i n l e t . The 
gas i n t h i s c i r c u l a r path was caused to flow through a 
glass wool trap. 
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The switching on of the pump 
a f t e r a. discharge d i d help recovery but i t was not as 
successful as had been hoped. D e t a i l s of the c i r c u l a t i n g 
pump are given i n Appendix 3. 

Eventually i t was t h e r e f o r e decided 
t o pump out the gas and r e f i l l w i t h f r e s h oxygen f o r 
each measurement. Even so, l a r g e overvoltages ( t h a t i s , 
l a r g e overvoltages as compared to the breakdown stress 
r e q u i r e d when the i r r a d i a t o r was a t d minimum), d i d 
oc c a s i o n a l l y give spontaneous breakdown of the gas. This 
can probably be a t t r i b u t e d t o n a t u r a l i o n i s a t i o n , e.g. 
cosmic rays. 

To ensure t h a t the pressure on r e ­
f i l l i n g was i d e n t i c a l to the pressure before exhaustion 
the s e n s i t i v i t y of the pressure gauge was increased by 
t r i p l i n g the o p t i c a l l e v e r , hence t r i p l i n g the s e n s i t i v i t y . 
I t was then estimated t h a t the pressure could be r e s e t 
t o w e l l w i t h i n - 0 . 5 m.m.Hg. 

A.2.2.Variation of breakdown stress w i t h 
i r r a d i a t o r p o s i t i o n . 
The v a r i a t i o n of the breakdown 

stress w i t h the distance of the i r r a d i a t i n g spark from the 
resonator can be seen i n graph 8, f o r pressures between 
13 and 41•5 m.m.Hg. I n a l l cases the gas was changed 

between readings, so t h a t the previous h i s t o r y of the gas 
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did not affect the "breakdown s t r e s s . The s t a t i s t i c a l 
l a g s for oxygen were large e s p e c i a l l y f o r the greater 
values of f ! d n , up t o 120 seconds. The same experimental 
technique was used as f o r a i r ; that i s , g r a d u a l l y 
i n c r e a s i n g the resonator i n p u t , (approximately 1% s t e p s ) , 
a l l o w i n g 3 t o 5 minutes between adjustments. A p l o t 
of the s t a t i s t i c a l lag v a r i a t i o n for oxygen i s shown i n 
graph 9, for some 115 readings for a fixed pressure and 
applied voltage. The nomenclature i s i d e n t i c a l to that 
used i n the s t a t i s t i c a l lag curve for a i r . (Section 4«1»3)• 

These r e s u l t s were consistent and 
reproducible, and they show substantially the same increase 
as the e a r l i e r r e s u l t s i n the breakdown str e s s with 
position of the i r r a d i a t i n g spark. Thus, unlike a i r , the 
refined apparatus made no major difference to the r e s u l t s . 

4.2.3. Variation of breakdown stress w i t h 
pressure for a fixed i r r a d i a t o r 
position. 
Graph 10 shows the v a r i a t i o n of 

breakdown stress with pressure for a fixed i r r a d i a t o r 
position of 15 cms. As before, the breakdown stress i s 
plotted i n arbitrary u n i t s , and the graph i s j u s t intended 
to indicate the general v a r i a t i o n of stress with pressure. 
The complete voltage-pressure variation for a l l gases i s 
more f u l l y covered i n the chapter on the absolute c a l i b r a t i o n 
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of the microwave breakdown s t r e s s . (Chapter 8, Part I I ) . 
Again the gas was changed f o r each 

reading, and due allowance was made f o r s t a t i s t i c a l l a g 
which i s at i t s minimum for the near position of the 
i r r a d i a t o r . The curve over at the top of the graphs was 
l a t e r shown to be caused by amplifier saturation. 

4.2.4.. Variation of breakdown stress with 
pressure using a mesothorium source 

of i r r a d i a t i o n . 
This relationship between breakdown 

stress and pressure for oxygen i s also given i n graph 10. 
The same surprising r e s u l t emerges, that the mesothorium 
source of i r r a d i a t i o n produces breakdown at a stress not 
equal to that found for the i r r a d i a t o r at d minimum but at an 
even lower s t r e s s . 

The two sets were obtained con­
currently and the gas was changed for each individual reading 
for each method of i r r a d i a t i o n . Using the mesothorium 
source breakdown could be obtained at higher pressures than 
those obtainable using the i r r a d i a t i n g spark at d minimum. 

4.2.5. Variation i n the position of the 
mesothorium source. 
There seemed to be a p o s s i b i l i t y 

that the direction of the # ray i r r a d i a t i o n might affect the 
breakdown s t r e s s . The breakdown stresses for a series of 
positions of the mesothorium capsule were determined, and 
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the same value of the stress was found whether the 
mesothorium was placed above or at the ends of the 
resonator. Therefore the idea that the mesothorium 
produced electron t r a i l s radiating from the source i s 
considered spurious, and i t i s assumed that the t r a i l s 
would ch i e f l y be produced by secondaries. 

4.2.6. E f f e c t of v a r i a t i o n i n the angle 
of incidence of the ionising beam. 
No va r i a t i o n i n the breakdown s t r e s s 

could be detected when the angle of incidence of the 
ionising beam was varied; the apparatus was so designed 
that i n one position the filament of maximum c i r c u i t a l 
s t ress was ir r a d i a t e d . I t was therefore concluded that 
i n a l l experiments i n oxygen the filament of maximum 
c i r c u i t a l s t r e s s had been irradiated; t h i s conclusion was 
also reached for the a i r experiments. 

4.3. Nitrogen. 
Nitrogen was not used i n these experiments 

u n t i l the apparatus had reached stage 3, or the l a s t stage 
i n i t s development. The r e s u l t s for t h i s gas can be 
conveniently divided into f i v e sections. 

4.3.1. Recovery of Nitrogen after breakdown. 
As with oxygen i t became immediately 

obvious from i n i t i a l experiments that previous breakdown of 



a p a r t i c u l a r sample o f gas i n the capsule did affect the 
future "breakdown stress of the gas. The f i r s t pro hi em 
therefore was to find when i t could be assumed that the 
immediate history of the gas was not influencing the 
breakdown s t r e s s . The following r e s u l t s give a brief 
summary of these experiments. 

Preliminary experiments seemed to 
indicate that for complete recovery the magnetron had to 
be switched off for a considerable time after each break­
down; of the order of a minute. Also provided the duration 
of the discharge was short, 1 to 2 seconds, recovery was 
more e a s i l y effected than for a discharge l a s t i n g , say 
10 to 20 seconds. These r e s u l t s led to the more conclusive 
set of experiments explained below. 

1. The apparatus was f i l l e d with nitrogen and the gas 
heavily overvolted, for the pressure used, the tuning stubs 
were then locked and the pressure c a r e f u l l y recorded. The 
capsule was then evacuated and r e f i l l e d with fresh nitrogen. 
By applying the microwave f i e l d and the irradiator, breakdown 
immediately occurred; t h i s was allowed to continue for 
4 to 5 seconds. A l l was switched off, and after 5 seconds 
the microwave f i e l d reapplied (no i r r a d i a t o r operative 
however), the gas broke down spontaneously. Once again 
the capsule was evacuated and r e f i l l e d with fresh gas, and 
the whole procedure repeated, switching off for 10 seconds 



t h i s time, and so on. The t a b l e below summarises the 
r e s u l t s : i t would appear that provided the i n i t i a l 
breakdown only has a duration of a few seconds (up to 5), 
and some 55 to 60 seconds are allowed for gas recovery, 
any subsequent breakdown w i l l only occur when the gas 
i s i r r a d i a t e d . 

TABLE 2. Recovery times for nitrogen after a discharge 
of duration A to 5 seconds. 

Time apparatus i s 
switched off i n Comments. 

sees. 

5 lo recovery. 
10 ft 

15 
20 tt 

25 IT 

30 tT 

35 I T 

40 11 

45 1! 

50 Almost recovery. 
55 Complete " 
60 n I T 
65 tt n 
70 W t t 

2. I t was now decided to evacuate and r e f i l l the 
capsule with fresh nitrogen during the switch off times 
recorded i n the l a s t experiment. I f the residual effect 
could be removed by t h i s process the cause of the spontaneous 
breakdown could not be attributed to the presence of the 
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walls of the capsule. The actual duration of a 
discharge was increased t o 10 secondsto a s s i m i l a t e 
the worst p o s s i b l e c o n d i t i o n s . The t a b l e below shows 
the r e s u l t s : i t was impossible to evacuate and r e f i l l 
the capsule i n a shorter time than 10 seconds • 
TABLE 3. Recovery times for Mitrogen. r e f i l l i n g 

between t r i a l s . 

Time of switch off of 
microwave f i e l d ; 
apparatus r e f i l l e d w i t h 
fresh la. i n t h i s period 
I n seconds. 

Comments. 

Complete recovery 
on r e f i l l i n g , 
though no recovery 
before r e f i l l e d for 
the same times of 
switch off. 

The residual effect was completely removed by pumping out 
the affected gas and r e f i l l i n g ; i t would therefore seem 
that the spontaneous breakdown effect could not be 
attributed to the presence of the walls of the capsule. 
I t should be mentioned that t h i s conclusion i s not completely 
c e r t a i n as any contamination of the walls might i t s e l f 
disappear at low gas pressures. 

3. F i n a l l y , the duration of the i n i t i a l breakdown 
was varied, together with the times of switch off. I n t h i s 
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set o f observations the gas was changed f o r each t e s t 
and the applied microwave stress was the minimum stress 
necessary to give breakdown, with the i r r a d i a t o r at d 
minimum. I n paragraph 1 the microwave stress applied 
was f a r higher than the minimum breakdown str e s s for the 
given pressure; the switch off times for recovery i n the 
l a t t e r case are seen to be greater. 
TABLE ..A., Recovery times for Nitrogen varying the duration 

of the i n i t i a l breakdown. 

Duration of i n i t i a l 
breakdown i n seconds. 

Duration of switch off 
of microwave f i e l d i n 
seconds. Comments. 

1 to 2. 

! 

C 1 to 2 No recovery. 
( 3 Recovery. 
( 5 n 

(10 » 

3. (2 No recovery. 
( 3 Recovery. 
( 5 " 

A. ( 2 No recovery. 
( 3 Recovery. 
( 5 

; 3 * (3 No recovery. 
( 5 Recovery. 

10. ( 5 No recovery. 
( 7 No recovery. 
(10 Recovery. 

15. (20 No recovery. 
(25 Recovery. 
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20 . (15 
(20 
(25 
(30 

Ho recovery. 
No recovery. 
Almost « 
Recovery. 

3$ • 

20 
30 

(20 
(25 I (30 

No recovery. 
No recovery. 
Recovery. 

30. No recovery. 
No recovery. 
Recovery. 

4.0. 

I (60 

(30 
(35 
(4.0 

No recovery. 
No recovery. 
Recovery. 
Recovery. 

As a f i n a l t e s t the apparatus was again f i l l e d with 
fresh nitrogen and allowed to stand, with no i r r a d i a t i n g 
spark operative, for 5 minutes or more, and the microwave 
f i e l d f a i l e d to produce breakdown. 

I t can be seen from these observations that provided 
the i n i t i a l breakdown has a duration of the order of 1 to 
2 seconds only the switch off time of the microwave f i e l d 
for complete and absolute recovery of the gas i s very short, 
( i . e . switch off time of the order of 5 seconds). 

I t so happened that further investigations revealed 
that the v a r i a t i o n of the breakdown s t r e s s of nitrogen 
with i r r a d i a t o r position was s l i g h t , ( s i m i l a r to the r e s u l t s 
for a i r ) ; therefore only two positions of the i r r a d i a t o r 
were used, d minimum and d maximum. The same gas specimen 
was therefore used for the two positions, provided the 
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precautions o u t l i n e d above were taken. As an added 
pr e c a u t i o n the gas was changed f o r each pressure used, 
though t h i s would seem unnecessary. 

4.3.2. V a r i a t i o n of breakdown s t r e s s 
with i r r a d i a t o r position. 
These r e s u l t s are very s i m i l a r t o 

those i n a i r : only a small percentage increase i n the 
breakdown str e s s for the two extreme positionsof the 
i r r a d i a t i n g spark. The two positions of the i r r a d i a t o r 
used were 15 and 130 cms. from the resonator, and a 
pressure range from 15 to 170 m.m.Hg. 

The usual procedure was adopted; 
that i s , gradually increasing the microwave s t r e s s i n small 
steps, ( i . e . order of 1%), w h i l s t allowing several minutes 
at each adjustment for any s t a t i s t i c a l lag i n the breakdown. 
I n a l l experiments of t h i s type some l i m i t must be imposed 
on the time allowed at each adjustment as a complete run 
even with such a l i m i t takes some 9 hours or more. The 
gas was changed as discussed i n the previous section. 

A sample set of the r e s u l t s i s 
given i n Table 5 below, each reading being the mean of 
three t r i a l s at that p a r t i c u l a r pressure. 
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TABLE 5. Percentage increase of breakdown stress for the 
two extreme i r r a d i a t o r positions i n Nitrogen. 

Pressure i n Ir r a d i a t o r position. % Increase 
m.m.Hg.(p) ,——. — i n breakdown m.m.Hg.(p) 

d min. d max. st r e s s . 
i n cms. i n cms. 

15 15 130 6 
35 ti w 2*2 
56 ft tt 2. 4 
79 IS n 0 . 7 
96 w tt 4.0 

116 tf tt 1.9 
140 tt tt 4.5 
154 ' tt tt 5.5 
174 tt tt 4.0 

The greatest increase observed was 
of the order 1%. The apparent casual v a r i a t i o n of the 
percentage increase was found to be not repeatable; i t can 
be d e f i n i t e l y stated, however, that there always was a 
s l i g h t increase up to 7% maximum between the two i r r a d i a t o r 
positions. The experimental error was estimated at 1%. 
L i t t l e significance can therefore be attached to the absolute 
value of the percentage increases quoted. This remark, 
however, i s not true for a i r where the r e s u l t s showed far 
more consistency. 

4.3.3. Variation o f breakdown stress with 
pressure f o r a fixed i r r a d i a t o r 
position. 
Graph I I gives the general shape 

of the breakdown stress v a r i a t i o n (plotted i n arbitrary units) 
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w i t h pressure for a fixed position of the i r r a d i a t i n g 
spark, the near position, 15 cms: the same remarks as 
those for a i r and oxygen apply to these r e s u l t s . 

4-3.-4. Variation of .breakdown str e s s 
with pressure using a mesothorium 
source of ,,iryadiation.__ 
As for a i r , the employment of 

mesothorium as an ionising source gave substantially the 
same r e s u l t s as those for the i r r a d i a t i n g spark at a 
distance of 15 cms. from the resonator. The breakdown 
stresses recorded under the influence of the # ray source 
are also plotted on graph I I . 

4-3.5. E f f e c t of v a r i a t i o n i n the angle of 
the ionising beam. 
Once again no varia t i o n of breakdown 

str e s s with the dir e c t i o n of the u l t r a - v i o l e t beam was 
discernible, agreeing with the findings for a i r and oxygen. 

A. A.- Hydrogen. 
Experiments i n hydrogen were not under­

taken u n t i l the development of the apparatus had reached 
i t s l a s t stage. For the i n i t i a l experiments commercial 
hydrogen was used, and l a t e r pure hydrogen. No difference 
i n any of the r e s u l t s could be observed with the pure 
hydrogen. The pure hydrogen was produced by the e l e c t r o l y s i s 

38 
of barium hydroxide . See appendix 4« 

4.4.1. Recovery of hydrogen after breakdown. 
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This problem took a s l i g h t l y 
d i f f e r e n t form i n the case of hydrogen, and the spontaneous 
breakdown of the gas when overvolted seemed the p r i n c i p a l 
d i f f i c u l t y . The phrase spontaneous breakdown i s used to 
mean the breakdown of the gas without any applied 
i r r a d i a t i o n , ( i . e . no mesothorium i r r a d i a t i o n or the 
i r r a d i a t o r switch o f f ) . This spontaneous breakdown of 
the gas usually occurred when the microwave f i e l d was re­
applied to a specimen of the gas that had presumably 
recovered from a previous discharge. 

That i s , i f the breakdown st r e s s 
was set for the i r r a d i a t o r at 15 cms., say, and i t was 
then desired to measure the stress for d = 130 cms., the 
applied microwave s t r e s s had to be increased but t h i s 
increase might cause breakdown with no i r r a d i a t i o n depending 
on the immediate history of the gas. The possible increase 
i n the breakdown st r e s s with distance was masked by t h i s 
spontaneous breakdown. Changing the gas for each individual 
reading completely overcame t h i s d i f f i c u l t y , and 
in c i d e n t a l l y showed that the increase i n the breakdown 
stress with distance was small, a few per cent. 

Determination of the v a r i a t i o n of the 
breakdown stress with pressure with the i r r a d i a t o r at 
15 cms. gave the graph shown (graph 12): the gas was 

/ 



changed f o r each reading. Spontaneous breakdown o f 
hydrogen could also be obtained f o r the lower pressures; 
w i t h a f r e s h f i l l i n g of gas, the stresses observed f o r 
such discharges are also shown on graph 12; the gas was 
again changed f o r each i n d i v i d u a l observation. The 
increase i n the stress between i r r a d i a t e d and non-
i r r a d i a t e d breakdown could not be attributed to i n s u f f i c i e n t 
time allowance for s t a t i s t i c a l lags. These lags were 
subsequently shown to be small for hydrogen, and several 
minutes, (up to 10 minutes) was allowed between adjustments i n 
these experiments. 

From these r e s u l t s i t was f e l t 
that provided the breakdown stress for a p a r t i c u l a r 
pressure was approached ca r e f u l l y by gradually increasing 
the energy input to the resonator, and allowing for any 
s t a t i s t i c a l lag, the microwave breakdown stress recorded 
was for breakdown i n i t i a t e d by the i r r a d i a t o r , and not 
by any spurious e f f e c t s . As has been subsequently shown 
t h i s i s j u s t i f i a b l e for both i r r a d i a t o r positions as the 
percentage change between the two curves i n graph 12 i s 
far greater, (factor of 2 ) , than the percentage change i n 
the breakdown str e s s between the two extreme i r r a d i a t o r 
positions. However, to further v a l i d i t y of the r e s u l t s i t f 



•was decided t o r e f i l l with f r e s h gas f o r each observation. 
Use of the c i r c u l a t i n g system f o r the gas helped recovery, 
but i t was probably more expeditious t o r e f i l l each time 
w i t h fresh hydrogen. 

V a r i a t i o n o f 
4«4»2. Breakdown stress w i t h i r r a d i a t o r 

p o s i t i o n . 
The resonator input for each 

t r i a l was increased i n small stages, (e.g. 1%), allowing 
the usual time for s t a t i s t i c a l lag at each stage. The 
lags observed were small for the minimum distances, and 
somewhat longer for the position of the i r r a d i a t o r f a r 
removed from the resonator., 

The percentage increase of the 
breakdown s t r e s s between the two positions, d minimum and 
d maximum was again small, a maximum of B%z a table of 
specimen r e s u l t s i s given. The gas was changed for each 
reading and comparative breakdown stresses for three cases 
are noted: 

1. I r r a d i a t o r a t 15 cms. (d min). 
2. I r r a d i a t o r at 130 cms. (d max). 
3- Spontaneous breakdown. 

As i s seen the stress recorded 
for spontaneous breakdown was i n a l l cases considerably 
higher than that determined for the f a r i r r a d i a t o r position. 
Therefore i t can be assumed that the breakdown for t h i s 
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p o s i t i o n was i n i t i a t e d by the i r r a d i a t i n g spark. Four 
complete sets of r e s u l t s were obtained. The percentage 
variations were substantially the same i n a l l sets: each 
set took at l e a s t one day to complete. I t was estimated 
that the pressure could be reset to— 0 . 5 m.m.Hg. 
TABLE 6 . Percentage_jncrease Ql,J>zej3cMm-^iae9.s„fox.-thg 

two extreme i r r a d i a t o r positions i n hydrogen.. 

Pressure i n 
m.m.Hg.(p). 

I r r a d i a t o r 
position. 

Breakdown s t r e s s . 
Arbitrary u n i t s . 

^Increase 
of break­
down str e s s , 
d min- d max 

200. Min. 
Max. 
Ho.Ir. 

54 
B> breakdown 54 -

180. Min. 
Max. 
No. I r . 

52.0 
53.3 
No breakdown 54 

2 

158. Min. 
Max. 
I o l r . 

43 
52 
54.5 

8 

139. Min. 
Max. 
Ho i r . 

47 
50 
52 

122. Min. 
Max. 
Ho.Ir. 

45 
4 6 . 4 
52 

3 

101. Min. 
Max. 
H o . i r . 

4 0 . 8 
4 3 . 2 
51 

8 

81 . Min. 
Max. 
I o j r . 

34.9 
37.4 
47.0 

7 .5 
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1 " • 

1 3̂ ® Min. 31 
Max. 32 3 

! 
| , . . . 

No I t . 4 7 

4 3 . Min. 24-® 8 
Max. 26 • «L» 4« 5 
H o . J r . 37.2 

35. Min. 21 
Max. 22 4 L. _ No.Ir. 3 5 ? 

The use o f lower pressures was 
found impossible as a general glow discharge between the 
i r r a d i a t i n g spark and the resonator developed for d minimum. 
This could be stopped by decreasing the i r r a d i a t o r coupling 
feed but not then a true comparison of the two positions. 

4.4.3. Variation o f breakdown str e s s 
with pressure for fixed 
irradiator.,,. 
Graph 13 shows the v a r i a t i o n 

of the breakdown stress with pressure for a fixed position 
of the i r r a d i a t o r , i . e . 15 cms: the gas was changed for 
each reading, l i t t l e or no s t a t i s t i c a l lag was observed 
for t h i s i r r a d i a t o r position. To obtain the breakdown 
stress values for pressures below 33 m.m.Hg. the coupling 
to the i r r a d i a t o r had to be reduced to obviate the glow 
discharge that was otherwise established i n the i r r a d i a t o r 
tube. 
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4.-4-"4- V a r i a t i o n o f breakdown .st.re.ss, , 
w i t h ^re^s:ure,u.si.ng „a mess thorium 
•gj3urce_.o.f ra.diatign.,,. 
The # ray source produced break­

down stresses t h a t were s l i g h t l y lower than those determined 
f o r s i m i l a r pressures w i t h the i r r a d i a t o r at d minimum. 
The comparison can be seen i n graph 13. The gas recovery 
a f t e r breakdown i n i t i a t e d by the r a d i o a c t i v e source was, 
i f anything, more d i f f i c u l t than f o r breakdown i n i t i a t e d 
by the i r r a d i a t i n g spark. For t h i s reason the gas was 
again changed f o r a l l readings, and the r e s u l t s taken con­
c u r r e n t l y w i t h those f o r the i r r a d i a t o r at d minimum. A 
d i r e c t comparison was po s s i b l e . The s i g n i f i c a n c e of these 
r e s u l t s i s discussed i n Chapter I I I . 

4.4-5. E f f e c t of...variation i n . , the... angle... 
of _incidence o.f ,.the_,Jt pjnising ..beam. 
l o change was observed i n the 

breakdown stress w i t h the d i r e c t i o n o f the u l t r a - v i o l e t 
beam, and i t was t h e r e f o r e again concluded t h a t the f i l a m e n t 
of maximum c i r c u i t a l e l e c t r i c s t r e s s had been i r r a d i a t e d i n 
a l l experiments using hydrogen. 

4.5. „_Neon.T 

S p e c t r o s c o p i c a l l y pure neon was 

used f o r a f i n a l s e r i e s of r e s u l t s , the vacuum apparatus was 

thoroughly pumped black before f i l l i n g w i t h neon. A f u r t h e r 

sequence/ 

http://st.re.ss
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o f pump r e f i l l , repump r e f i l l was carried out: t h i s 
procedure o f course was adopted f o r a l l gases, together 
with leakage t e s t s , where the apparatus was l e f t for at 
l e a s t two days and the vacuum again t e s t e d . I t was 
then assumed that i f the apparatus had remained hard f o r 
such a length of time i t would ce r t a i n l y remain so for 
the time required to make a complete set of readings. 

The range of experiments with neon was 
s t r i c t l y c u r t a i l e d due to the occurrence for pressures 
below 320 m.m.Hg. of a general glow i n the i r r a d i a t o r 
tube as well as the normal i r r a d i a t i n g spark. There was, 
therefore, considerable uncertainty whether the microwave 
discharge within the resonator was being i n i t i a t e d by the 
i r r a d i a t o r spark or by the general glow due to the i r r a d i a t o r . 

4.5.1. Variation o f breakdown stress with 
pressure. 
With neon far higher pressures 

could be employed (up to 460 m.m.Hg.) due to i t s low 
s t r i k i n g voltage. Two curves are shown i n graph 14 , one 
displaying the breakdown stress v a r i a t i o n with pressure 
when the gas was i r r a d i a t e d by the i r r a d i a t i n g spark, the 
other when the K ray source was employed. 

The r e s u l t s are of considerable 
i n t e r e s t as below a pressure of 320 m.m.Hg. the breakdown 
stress recorded using the ray source i s higher than that 
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recorded under the r a d i a t i o n from the spark gap. While 
above t h i s pressure the p o s i t i o n s reverse. 

As mentioned, a general glow-
discharge i n the i r r a d i a t o r tube also accompanied the 
i r r a d i a t o r spark when the H.T. was applied t o the metal 
sleeves of the i r r a d i a t o r , t h i s was t r u e for pressures 
up to 320 m.m.Hg. Above t h i s pressure conditions seemed 
normal, i . e . j u s t a spark i n the gap of the i r r a d i a t o r 
being v i s i b l e . Again, whereas no s t a t i s t i c a l lag was 
observed for i r r a d i a t e d breakdown below 320 m.m.Hg. a 
l a g began to appear above t h i s pressure. I t w i l l also • 
be noticed that the s t r i k i n g voltages are lower above 
320 m.m.Hg. than those indicated by a continuation of the 
curves for lower pressures. No explanation can r e a l l y 
be advanced for t h i s unusual lowering of the s t r e s s . The 
graphs were reproducible together with the i r r e g u l a r i t y i n 
the curves around 300 m.m.Hg. 

I t would seem that above 320 
m.m.Hg. conditions comparable with the other gases existed. 
A very d e f i n i t e resonator input was required to produce 
breakdown for both sources of i r r a d i a t i o n for a l l pressures 
the breakdown s t r e s s was far easier to establish than for 
the other gases, mainly due to the lack of any high 
s t a t i s t i c a l lag. 
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I s i n hydrogen, i t was n o t i c e d 
t h a t the gas recovery from breakdown i n i t i a t e d by the 
i r r a d i a t i n g spark was good, but the recovery was not so 
rapid for breakdown i n i t i a t e d by the V ray source. 

-4.5.2. Spontaneous breakdown of neon. 
The microwave str e s s necessary 

to produce spontaneous breakdown i n neon gradually 
decreased for each successive t r i a l : the decrease i n 
stress tended to a minimum value. 

A t y p i c a l set for a pressure of 
463 m.m.Hg. i s tabulated below, the f i r s t value being the 
microwave s t r e s s , ( i n arbitrary u n i t s ) , determined for 
the spontaneous breakdown o f a fresh sample of gas. The 
2nd, 3rd, 4th and 5th were taken as rapidly a f t e r each 
other as possible; the gas was then allowed to stand un­
stressed f o r two minutes, a p a r t i a l recovery occurred (No.6). 
Breakdown stresses immediately following the p a r t i a l recovery 
again showed the lower values, (Nos. 7 and 8 ) . 

Cir c u l a t i o n of the gas by the 
pump appeared further to restore the gas towards i t s i n i t i a l 
state, (No. 9 ); however, the stress was again found to be 
low on a determination immediately following No. 9 . The 
gas recovery therefore seemed to be helped by i t s c i r c u l a t i o n 
through the glass wool trap. 
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Two more such sets f o r the same 
pressure confirmed t h a t the breakdown stress f o r neon f o r 
spontaneous breakdown tended towards a minimum f o r 
successive breakdowns. I t should be stated that i n the 
experiments on the variation of breakdown s t r e s s with 
pressure (4-5.1.) the spontaneous breakdown stresses were 
also recorded f o l l o w i n g each triggered discharge. These 
stresses for spontaneous breakdown were, i n a l l cases, f a r 
greater than the voltage recorded for ir r a d i a t e d discharge, 
whether ray or spark i r r a d i a t i o n . Therefore the r e s u l t s 
shown i n the previous section can be attributed to the action 
of the ray source or the i r r a d i a t o r . The immediate 
history of the gas affects the spontaneous breakdown s t r e s s , 
but does not a f f e c t the i r r a d i a t e d breakdown s t r e s s . 

NCK of Discharge. Breakdown s t r e s s 
i n arbitrary u n i t s . 

I n i t i a l breakdown 1. 37.5 
Following r a p i d l y ( 2 . 33.5 

. (3. 29.5 
after each other (4. 29.5 

(5. 30.0 
2 Minute wait. 6. 36.0 

7. 30.0 
8. 30.0 

Circ u l a t i o n by 
pump. 9. 33.5 

10. 31.0 
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U n f o r t u n a t e l y a gas leak interrupted t h i s work on neon, 
and i n the absence of a spare bottle of neon work was 
continued on to other experiments. 

5. B r i e f resume" of the microwave r e s u l t s . 
1. Examination of the r e s u l t s suggested that 

further experiments of t h i s type were not l i k e l y to lead 
to an explanation of the mechanism. 

2. The lowering of the breakdown stress with the 
closer proximity of the i r r a d i a t o r to the resonator i s 
established. Greater i n oxygen than i n hydrogen; the 
small value i n hydrogen suggests t h i s i s a useful gas as 
a reference standard. 

3. The agreement between the X ray source of 
i r r a d i a t i o n and the d minimum position of the i r r a d i a t o r 
suggests the use of the near position of the i r r a d i a t o r i n 
future experiments. This has the incidental advantage of 
short s t a t i s t i c a l lags. 

4-The main object of the work was to undertake 
experiments i n crossed f i e l d s . 

5 . I t was hoped that further work on the main 
problem might suggest l i n e s on which an explanation i s to 
be sought. 

6.The following limited conclusion r e l a t i n g to the 



mechanism can be stated, i . e . , the inadequacy of the 
simple explanation; v i z . , that interpretation of the 
action of external ionising agent i s :- (a) producing 
merely a casual electron when a weak source of 
ionisation, (b) to produce a greater number of independently 
acting casual electrons when the ionising source i s stronger. 

The following p o s s i b i l i t i e s ought to be borne 

i n mind:-
1. Int e r a c t i o n of electrons close to one 

another, i . e . , two beaten zones may 
overlap. 

2. Possible chemical effects; the diss o c i a ­
t i o n into the atomic forms, formation of 
temporary molecules such as 0 3 , N02 , H3. 

3. Concentration and space change effects 
due to the ionising beam; developing a 
cone of positive ions. 

4» Differences as between penetrating and 
non-penetrating radiation i n producing 
clumps of electrons. 

5. Introduction of components other than 
di r e c t radiation. (See Chaper I I ) . 

Not knowing of any c e r t a i n means of producing the 
id e a l condition of merely introducing a succession of non-
interacting casual electrons into the gas, i t seems best 
to use conditions i n which two differen t agents produce the 
same r e s u l t s , i . e . d minimum position of the i r r a d i a t o r , and 
the $ ray source, especia l l y as the # ray source i s suitable 
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f o r the low pressure work. 

6. Further Development. 
The main problem, the measurement of the 

microwave breakdown s t r e s s of a gas when an orthogonally 
placed second f i e l d i s also present, was then begun. 
This work necessitated the construction of a high frequency 
o s c i l l a t o r ; using t h i s o s c i l l a t o r and a conventional 
p a r a l l e l electrode system, the v a r i a t i o n of breakdown 
str e s s with i r r a d i a t o r position was further explored, t h i s 
time at the lower frequency of 11.5 Mc/s. For convenience 
these r e s u l t s i n the lower frequency f i e l d are presented 
next, although t h i s represents a departure from the 
chronological sequence of the experiments. 
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CHAPTER I I . 

V a r i a t i p n , o f breakdown s t r e s s w ith i r r a d i a t o r p o s i t i o n a t i i ~wjvr 
1- Apparatus. 

The apparatus consisted of a p a r a l l e l electrode 

system enclosed i n a vacuum chamber. The separation of 
the e l e c t r o d e s could be v a r i e d without breaking the 

vacuum. The complete apparatus i s shown i n f i g u r e 38, 

Chapter 7, Part I I . A long g l a s s s i d e tube (40 cms. x 

9 m.ms) was attached to the main vacuum chamber i n an 

approximately c e n t r a l p o s i t i o n between the e l e c t r o d e s , 

see f i g u r e 19. 

ColliMfctor. 
Metal sleeve 

Irradiator. 

IF 6 

Fife 19, Gas ehaaber & irradiator etc. 

The i r r a d i a t i n g spark gap system was of s i m i l a r c o n s t r u c t i o n 

to t h a t used i n the microwave experiments. The i r r a d i a t o r 

p u l s e was obtained by c u t t i n g o f f an i n d u c t i v e l y loaded 



pentode; i . e . , a negative pulse was ap p l i e d t o the 

g r i d o f the pentode when the H.T. pulse was requ i r e d . 

The r e p e t i t i o n r a t e of the i r r a d i a t o r pulses was c o n t r o l l e d 

by a m u l t i v i b r a t o r a t a frequency of approximately 400 

pulses per second, t h e r e f o r e s i m i l a r t o the microwave 

r e p e t i t i o n r a t e . The complete c i r c u i t diagram i s given 

i n appendix 5. The i n t e r n a l s l e e v e s of the i r r a d i a t o r 

were again constructed of i r o n : by use of an e x t e r n a l 

magnet the i r r a d i a t o r p o s i t i o n could, t h e r e f o r e , be 

v a r i e d w i t h r e s p e c t to the el e c t r o d e system. The high 

frequency o s c i l l a t o r had a frequency of 11.5 Mc/s, and 

a peak output of some 3,000 v o l t s ; the o s c i l l a t o r , together 

with the diode v o l t meter, are f u l l y d e s c r i b e d i n a l a t e r 

chapter. (Chapter 3, P a r t I I ) . 

2. Experimental R e s u l t s . 

The experiments undertaken can be conveniently 

d i v i d e d i n t o four s e c t i o n s ; each s e c t i o n w i l l be described 

s e p a r a t e l y . 

2.1. Di s t a n c e effect,, 

2.1.1. Conditions o f measurement. 

When the d r i f t o s c i l l a t i o n of an 

e l e c t r o n under the i n f l u e n c e of the applied f i e l d i n the 

t e s t gap i s l e s s than the gap width the onset of discharge 

can properly be r e f e r r e d to as u-h-f breakdown. T h i s 
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This c o n d i t i o n i s s a t i s f i e d i n the experiments t o he 

described: i t i s r e a d i l y e s t a b l i s h e d by measuring 

the breakdown volta g e as a f u n c t i o n of gap w i d t h and 

observing the step i n the r e s u l t i n g graphs. (e.g. see 

graphs 4&, 50, 52, 54, Chapter 7, Part I I ) . Despite the 

presence of the e l e c t r o d e s i n the gas v e s s e l t h i s break­

down i s e l e c t r o d e l e s s i n c h a r a c t e r provided the discharge 

s t a r t s i n the middle of the t e s t gap. T h i s c o n d i t i o n was 

observed i n these experiments, where the p r e - i o n i s a t i o n 

of the gap was provided by the r a d i a t i o n from an a u x i l i a r y 

spark. I t should be noted t h a t there i s no evidence to 

show t h a t the point from which the discharge s t a r t s a f f e c t s 

the breakdown voltage i n any way. 

No i o n i s a t i o n i s present i n the 

gas chamber (except c a s u a l i o n i s a t i o n by cosmic r a y s , e t c . ) 

u n t i l i r r a d i a t i o n , the amount i s then only small; however 

a t breakdown the d e n s i t y of i o n i s a t i o n i s high and a f t e r 

t h i s occurrence c l e a r i n g time i s needed. I t was t h e r e f o r e 

found necessary, to ensure reproducible r e s u l t s , to switch 

o f f the h-f f i e l d f o r s e v e r a l minutes between breakdowns. 

A u n i d i r e c t i o n a l sweeping f i e l d was found to reduce the 

i o n i s a t i o n c l e a r a n c e time. 

To ensure only mid gap i r r a d i a t i o n of the 

gas the r a d i a t i o n from the spark gap was c o l l i m a t e d by means 
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o f an ebonite plug 2.5 cms. long, w i t h a c e n t r a l hole 

o f 1.5 m.m.diameter: i t was l a t e r found possible to 

increase the diameter t o 2.0 m.m. and then 2.5 m.m. 

w i t h o u t a l l o w i n g i r r a d i a t i o n from the i r r a d i a t o r spark 

gap t o Impinge on e i t h e r electrode.. 

The s t a t i s t i c a l l a g s were sometimes 

long, e s p e c i a l l y when e s t a b l i s h i n g the breakdown stress 

w i t h no i r r a d i a t i o n from the spark gap. (No. I r . ) . T h i s 

I s the r e a l reason f o r the use of IfiG p.p.s. of i r r a d i a t i o n , 

i . e . r a p i d r a t e o f t r i a l s before breakdown; the use of 

i n d i v i d u a l pulses was not p r a c t i c a b l e . 

2.1.2. Air;,, lDry.1. 

The v a r i a t i o n of the breakdown 

voltage as a f u n c t i o n of d i s t a n c e 'd T between the i r r a d i a t o r 

and the a x i s of the t e s t gap i s shown i n graph 15 f o r the 

p r e s s u r e range 7 to 60 m.m.Eg; above these p r e s s u r e s no 

a l t e r a t i o n i n the s t r e s s could be detected. I t was impossible 

i n the e a r l y experiments due t o the p o s i t i o n of the c o l l i m a t o r 

to use i r r a d i a t o r distances l e s s than 7 cms. 

The r e s u l t s were obtained w i t h 

great care e s p e c i a l l y , as commented, i n ensuring c l e a r a n c e 

of the r e s i d u a l i o n i s a t i o n from the i n t e r - e l e c t r o d e space 

between breakdowns. The v o l t a g e a p p l i e d to the e l e c t r o d e s 

was i n c r e a s e d i n small stages and many minutes allowed f o r 



87. 

one s e t t i n g before no breakdown was recorded. I t can 

be s t a t e d , as a general r u l e , t h a t the s t a t i s t i c a l lags 

decreased as the i r r a d i a t o r distance from the electrode 

system decreased. Usually when the i r r a d i a t o r d i d not 

produce any r e d u c t i o n i n the breakdown stress i t d i d 

produce a r e d u c t i o n i n the l a g as compared to the non-

i r r a d i a t e d breakdown a t the same p r e s s u r e . I t can there­

f o r e be seen, as each i n d i v i d u a l reading r e q u i r e d about 

four v o l t a g e s e t t i n g s , a complete run, ( i . e . a l l d i s t a n c e s ) 

occupied s e v e r a l hours. The s t r e s s e s recorded f o r non-

i r r a d i a t e d breakdown are a l s o shown on graph 15 and 

marked thus -O- : the s t a t i s t i c a l l a g s were g r e a t e s t i n 

these t r i a l s . I t was p a r t i c u l a r l y important t h a t the 

a p p l i e d f i e l d was s u s t a i n e d over a long period compared 

w i t h the s t a t i s t i c a l time to avoid s e r i o u s o v e r v o l t i n g when 

working without a r t i f i c i a l i r r a d i a t i o n . The e r r o r i n 

measurement of the breakdown v o l t a g e was estimated as 1 to 

1.5% and the p r e s s u r e s recorded to£ 0.5 m.m.Hg., and the 

i r r a d i a t o r distances to 1 num. 

The steps shown i n the curves i n 

graph 15 were r e p r o d u c i b l e provided care was taken to c l e a r 

residue!, i o n i s a t i o n , and due allowance* made f o r s t a t i s t i c a l 

l a g . 
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A p o i n t of considerable i n t e r e s t 

i s the breakdown stress of a i r under the a c t i o n of a 

mesothorium source of i o n i s a t i o n , (0.93 mg), placed j u s t 

o u t s i d e the e l e c t r o d e chamber. The s t r e s s recorded i n a l l 

cases agreed with the upper p a r t of the step, i . e . the non 

i r r a d i a t e d breakdown s t r e s s , or the s t r e s s recorded when 

the i r r a d i a t o r was f a r removed from the t e s t gap. 

The breakdown s t r e s s obtained i n 

these experiments i s again a f u n c t i o n of the i r r a d i a t o r 

d i s t a n c e , the curves showing t h i s r e l a t i o n s h i p are of a 

d i f f e r e n t form from those obtained i n the microwave work. 

The f o l l o w i n g t a b l e shows the p.d. value ('p' i n m.m.Hg., 

'd' i n cms.) a t which the steps i n graph 15 occur, the values 

show reasonable constancy. D i s c u s s i o n of these and the 

f o l l o w i n g r e s u l t s f o r other gases has been re s e r v e d u n t i l 

Chapter 3. 

TABLE 8.. I c O u ^ s ^ ^ j O j ^ d ^ a ^ 

P r e s s u r e i n m.m.Hg. p d. 
p i n m.m.Hg. d i n cms. 

48 ( L e s s than) 275 
27 240 
22.5 205 
17.5 235 
11.5 240 
7 220 
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2.1.3. Oxygen,(Cylinder) . 
The same general procedure as 

used f o r a i r was fo l l o w e d covering the pressure range 
10.5 t o 47 m.m.Hg. The r e s u l t s are shown i n graph 16: 
a decrease i n the breakdown stress only being apparent 
f o r the lower pressures, (^.25 m.m.Hg.) The apparatus 
had been s l i g h t l y m o d ified t o allow a nearer approach of 
the i r r a d i a t o r t o the electrodes. 

The breakdown voltage recorded using 
the $ ray source was i d e n t i c a l t o the non i r r a d i a t e d 
v oltage or w i t h the i r r a d i a t o r a t i t s extreme range at the 
same pressure. ( S i m i l a r t o the r e s u l t s f o r a i r ) . The 
stresses recorded using the X ray source are shown on 
graph 16 by the symbol -0*. 

Several minutes were allowed between 
t r i a l s t o ensure the complete disappearance of r e s i d u a l 
i o n i s a t i o n i n the electrode chamber. The s t a t i s t i c a l lags 
encountered were l a r g e , (from 1 t o approximately 120 seconds), 
and the lags increased as the i r r a d i a t o r distance increased; 
e.g. f o r a pressure of 29.5 m.m.Hg. the p o s i t i o n of the 
i r r a d i a t o r d i d not a f f e c t the breakdown stress o f the gas 
but the lags decreased as shown i n the f o l l o w i n g t a b l e . The 
r e s u l t s were obtained i n the f o l l o w i n g manner. 
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1. A known stress was applied, t o the electrodes 
and the i r r a d i a t o r switched on; t h i s stress was sustained 
f o r several minutes. 

2. I f no breakdown occurred the stress was increased 
by a known amount, ( u s u a l l y of the order 1 per cent, say 
5 v o l t s i n 500 v o l t s . ) ; the st r e s s was again sustained f o r 
the same d u r a t i o n as before. 

3. This procedure was f o l l o w e d u n t i l breakdown 
occurred. Some l i m i t had t o be imposed on the time of 
d u r a t i o n of each t e s t i n order t h a t one complete run 
could be accomplished w i t h i n a reasonable time, ( i . e . 3 hours 
or more). 

4- The s t a t i s t i c a l lags shown i n the t a b l e are a 
mean of many r e s u l t s and a l l were taken following the same 
o u t l i n e d procedure. 
TABLE 9. S t a t i s t i c a l l a g v a r i a t i o n w i t h i r r a d i a t o r p o s i t i o n 

Distance d. 
i n cms. 

Stat.Lag i n 
seconds. 

6 
15 
20 
25 
30 

No I r . 
K Ray Source 

Small lags < 5 
5 t o 10 

20 t o 30 
= 4-0 
= 90 
= 120 
= 120 
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A s l i g h t overvoltage, ( i . e . greater 

than the errors of measurement), caused a l a r g e r e d u c t i o n 

i n the s t a t i s t i c a l l a g s , so n a t u r a l l y the lags were 

d i f f i c u l t t o assess. 

2.I.4,. Hydrogen, ( P u r e ) . 

The e l e c t r o d e separation was again 

chosen so t h a t the e l e c t r o n ambit under the a p p l i e d f i e l d 

a t breakdown s t r e s s was l e s s than the separation: the 

discharge could again be d e s c r i b e d as e l e c t r o d e l e s s . The 

experimental technique f o r hydrogen was as f o r the other 

two gases: time allowed f o r c l e a r a n c e of r e s i d u a l i o n i s a t i o n 

between breakdowns and f o r a reasonable s t a t i s t i c a l l a g 

( i . e . up t o 5 minutes) 

The r e s u l t s thus obtained are shown 

i n graph 17. The voltage recorded f o r breakdown when the 

gas was exposed to the i r r a d i a t i o n from the mesothorium 

agreed once more with the n o n - i r r a d i a t e d v a l u e s . I t can 

a l s o be g e n e r a l l y stated t h a t the s t a t i s t i c a l l a g increased, 

w i t h i n c r e a s i n g i r r a d i a t o r d i s t a n c e . There was a l s o an 

i n d i c a t i o n t h a t the i r r a d i a t o r a t l a r g e d i s t a n c e s caused a 

s l i g h t reduction i n the s t a t i s t i c a l l a g as compared to the 

l a g encountered f o r a n o n - i r r a d i a t e d discharge, at the same 

pr e s s u r e . The i r r a d i a t o r a t these l a r g e d i s t a n c e s did not 
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however produce any l o w e r i n g of the breakdown stress 

from t h a t found f o r the n o n - i r r a d i a t e d case. The lags 

i n v o l v e d were of the order one to t h r e e minutes so any 

marked v a r i a t i o n was d i f f i c u l t t o e s t a b l i s h . 

TABLE 10. S t a t i s t i c a l l a g v a r i a t i o n s w i t h pressure f o r 
• hydrogen. 

Pressure i n 
m.m.Hg. 

S t a t i s t i c a l lags i n seconds. Pressure i n 
m.m.Hg. No I r . I r . at 30 cms. 

9 120 90 
20.5 120 - 180 70 
46.5 120 - 180 60 - 90 
74 120 - 130 80 

2.1.5. B r i e f resume"" of the three s e t s of r e s u l t s . 

The r e s u l t s f o r a i r e x h i b i t a quite 

d i f f e r e n t c h a r a c t e r from those f o r oxygen and hydrogen. No 

steps i n the curves f o r oxygen or hydrogen are evident, these 

curves show a gradual r e d u c t i o n of the s t r e s s as the 

i r r a d i a t o r approaches the e l e c t r o d e s . 

The sharpness of the steps i n the a i r 

curves i s not of the form a s s o c i a t e d with m u l t i p l e absorption: 

the sum of s e v e r a l e x p e r i e n t i a l curves w i l l s t i l l give a 

monatomic curve. These steps occur at roughly constant 

p.d values and could i n d i c a t e p a r t i c l e absorption; the 

p a r t i c l e s having a defined range dependent on the p r e s s u r e . 
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The p r o b a b i l i t y of a p a r t i c l e o r i g i n a t i n g from the 

i r r a d i a t o r spark and t r a v e r s i n g some 20 cms. ( i n c l u d i n g 

a c o l l i m a t o r 2.5 'cms. long and o r i f i c e 1.6 num.) would 

seem very small. 

An a l t e r n a t i v e explanation could be 

the formation of a discharge (not v i s i b l e ) from the 

i r r a d i a t o r to the e l e c t r o d e s , having a maximum path which 

i t could t r a v e r s e : the l e n g t h of t h i s path i n d i c a t e d by 

the step p o s i t i o n s . 

I n an endeavour to explore the 

problem, the i n t e n s i t y as w e l l as the p o s i t i o n of the 

i r r a d i a t i n g spark was c o n t r o l l e d , as desc r i b e d below. 

2.2. V a r i a t i o n of i n t e n s i t y of i r r a d i a t i n g spark.. 

2.2.1. Apparatus. 

V a r i a t i o n of the i r r a d i a t i n g spark 

i n t e n s i t y was accomplished by a l t e r a t i o n of the anode 

cur r e n t through the i n d u c t i v e l y loaded pentode. (See 

appendix 5 ) . Anode c u r r e n t s between 9 and 19 m.a. were 

used, the greate r the c u r r e n t the gr e a t e r the apparent, 

(or v i s u a l ) i n t e n s i t y of r e s u l t i n g spark. N a t u r a l l y no 

absolute v a l u e of the spark i n t e n s i t y could be measured: 

the spark i n t e n s i t i e s have t h e r e f o r e been r e f e r r e d to by 

the v a l u e of the appropriate anode c u r r e n t . (9, 10, 12, 13, 

15 or 19 m.a.) 
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2.2.2. Results|„„Air.^nlx^ 
Two p r e s s u r e s only were used and the 

r e s u l t s are shown on graph 18. The breakdown s t r e s s 
decreased with i n c r e a s i n g spark i n t e n s i t y f o r a l l but 

the l o n g e s t d i s t a n c e s . The three l i n e s then u n i t e as i s 

c l e a r l y seen f o r a pr e s s u r e of 23 m.m.Hg. The r e s u l t s 

f o r spark i n t e n s i t i e s corresponding to 10 and 13 m.a. are 

i d e n t i c a l f o r t h i s p r e s s u r e and j o i n the 15 m.a. curve 

when the i r r a d i a t o r d i s t a n c e exceeds 20 cms. T h i s over­

l a p of the curves could i n d i c a t e t h a t the upper l i m i t of 

the curves had been reached. I t should be noted t h a t a t 

t h i s p r e s s u r e a c u r r e n t of at l e a s t 10 m.a. was r e q u i r e d 

to produce a spark a t the i r r a d i a t o r p o i n t s . 

No glow could, be seen between the 

i r r a d i a t o r and the e l e c t r o d e s a t any pressure f o r any spark 

i n t e n s i t y . The u s u a l time i n t e r v a l s had to be allowed 

f o r r e s i d u a l i o n i s a t i o n c l e a r a n c e , and f o r s t a t i s t i c a l l a g s . 

At both p r e s s u r e s only the higher 

spark i n t e n s i t i e s produced steps i n the curves, p o s s i b l y 

i n d i c a t i n g some form of discharge between the i r r a d i a t o r 

and the e l e c t r o d e s which ceases a t a c e r t a i n p d val u e , 

( i . e . a t these two p r e s s u r e s f o r l a - 19 m.a. the steps 
occurred a t - £ p ' d " 340 f o r 17 m.m.Hg.) occurred az - ( p . d , 340 f o r 23 m.m.Hg.) 
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This discharge could be p o s s i b l y o f two forms: -

1. A continuous discharge from the 
I r r a d i a t o r t o the electrodes 

or 

2. A t r a v e l l i n g discharge r e a c t i o n from 
the i r r a d i a t o r t o the electrodes. 
(Shown to be the p r e f e r r e d e x p l a n a t i o n ) . 
The presence of the c o l l i m a t o r must not 
be overlooked which because of i t s small 
o r i f i c e could p o s s i b l y cool any such 
discharge. 

2.2.3. The e f f e c t o f an e x t e r n a l metal s l e e v e : 

An e x t e r n a l metal s l e e v e ( l cm. long) 

was p l a c e d as shown i n f i g u r e 19, and the i r r a d i a t o r s e t 

a t d i s t a n c e s corresponding to the bases of the steps i n 

graph 13: I . e . a t d i s t a n c e s 15 and 20 cms. f o r the p r e s s u r e s 

17 and 23 m.m.Hg. r e s p e c t i v e l y . The p o s i t i o n s of the 

i r r a d i a t o r f o r these t r i a l s are marked w i t h an 'S? on 

graph 18. 

With the e x t e r n a l metal s l e e v e i n p o s i t i o n , 

and the i r r a d i a t o r placed as s t a t e d , the v o l t a g e s necessary 

f o r breakdown were measured when known v o l t a g e s were a p p l i e d 

to the e x t e r n a l metal s l e e v e . A summary of these r e s u l t s 

I s given i n t a b l e 11 below. The voltages a p p l i e d to t h i s 

e x t e r n a l s l e e v e were derived from a p o t e n t i a l d i v i d e r 

network fed from the i r r a d i a t o r p u l s e . 
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TABLE 11. Summa^^f J3xt e ^ 
Pressure i n m.m.Hg 
I r r a d i a t o r distance 
Anode c u r r e n t through Pentode 

lmIi§4^1'te£ej^ExtejsaL Metal Sleeve. 

I r r a d ­
i a t o r 
on f o r 
a l l 
read­
ings. 

17 
20 cms. 
19 m. a. 

23 
15 cms, 
19 m.a. 

Breakdown stress i n Volts/cm. 

(No sleeve present 
,Sleeve f l o a t i n g 
(Earthed 
.Connected t o I r r a d i a t o r 

e a r t h i 
[1/4 o f H.T.pulse applied 

t o I r . 
[1/2 do. do. 
.3/4- do. do. 
.F u l l H.T. do. 

No I r r a d i a t o n , i . e . top 
of step (graph 13) 

765, 
775* 
770 + 

770 + 

775 
770* 
705 

V i s i b l e dis­
charge t o 
electrodes 
from sleeve. 

865 

1050 
1070 
1070 
1070 
1070 
1030 
1005 
995 Tend­

i n g t o pro­
duce a v i s i b l e 
discharge from 
electrodes t o 
sleeve. 

1120 

The higher pressure, and to a smaller 
extent the lower pressure, gave a d e f i n i t e increase i n the 
str e s s necessary f o r breakdown when the earthed e x t e r n a l 
sleeve was present. Both pressures showed 0) r e d u c t i o n i n 
the stress when the applied v o l t a g e t o the sleeve exceeds 
h a l f the i r r a d i a t o r v o l t a g e; and (2) a v i s i b l e discharge 
e i t h e r from the i r r a d i a t o r t o the sleeve, or from the 
sleeve t o the electrode when the f u l l p o t e n t i a l was applied 
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t o the sleeve* The v i s i b l e glow from the sleeve i s the 
glow seen i n the gas, not any externa.! sparking along the 
surface o f the glass.' 

These r e s u l t s would again tend t o 
support the hypothesis t h a t the r e d u c t i o n i n the stres s 
necessary f o r breakdown could be p a r t l y explained by the 
a c t i o n o f some form of discharge o r i g i n a t i n g from the 
i r r a d i a t i n g spark and. progressing down the tube towards the 
electrodes. The e x t e r n a l earthed sleeve helped t o quench 
such a discharge. 

The experiments o f Prowse and 
65 

J a s i n s k i give a strong presumption t h a t u l t r a - v i o l e t 
l i g h t from a spark gap w i l l i n i t i a t e the discharge, the 
i n s e r t i o n o f t h i n f i l m s of d i f f e r e n t absorption c o e f f i c i e n t s 
a f f e c t e d the p r o b a b i l i t y o f breakdown. There i s no 
reason t o discount the a c t i o n of the u l t r a - v i o l e t l i g h t , 
but d e f i n i t e i n d i c a t i o n s of a second f a c t o r as w e l l . 

I t was hoped t o produce f u r t h e r 
evidence of these e f f e c t s by p l a c i n g w i t h i n the i r r a d i a t o r 
tube a s l i d i n g metal sleeve (see f i g u r e 1 9), so constructed 
t h a t i t could be moved between the c o l l i m a t o r and the 
i r r a d i a t o r . The sleeve could be expected to c h i l l any 
discharge w i t h o u t o b s t r u c t i n g the u l t r a - v i o l e t l i g h t , by 
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choosing a c e n t r a l hole of the r i g h t size. The 
f o l l o w i n g two experiments were proposed: •» 

1. Keep the metal sleeve f i x e d near the c o l l i m a t o r 
and determine the breakdown stress f o r known p o s i t i o n s 
of the i r r a d i a t o r . 

2. Place the i r r a d i a t o r a t a known p o s i t i o n and 
then determine the "breakdown stress f o r various p o s i t i o n s 
of the metal sleeve as i t i s moved towards the c o l l i m a t o r . 

2.3. Metal sleeve i n s i d e the i r r a d i a t o r tube,. 
2.3.1. A i r : Metal sleeve, f i x e d ; i r r a d i a t o r 

p o s i t i o n v a r i e d . 
The metal sleevewas placed between the 

c o l l i m a t o r and the i r r a d i a t o r ; the c e n t r a l hole through 
the sleeve was such t h a t i t d i d not a f f e c t the incidence of 
the u l t r a - v i o l e t on the gas between the electrodes. 
(Figure 19). The metal tube was 4»"7 cms. long w i t h a c e n t r a l 
hole o f 2.5 num. diameter. 

Three sets of r e s u l t s are given i n 
graph 19, each set being f o r three i r r a d i a t i n g spark 
i n t e n s i t i e s (9, 15 and 19 m.a.) The metal sleeve was placed 
between 6 and 10.7 cms. from the axis of the electrodes. 
A s l i g h t f a l l of breakdown stress w i t h decreasing i r r a d i a t o r 
distance was observed f o r distances l e s s than about 15 t o 
IS cms; a l l three curves f o r one pressure coincided f o r 
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greater i r r a d i a t o r distances. No steps i n the curves 
were found. The constancy of the breakdown stress as 
the i r r a d i a t o r moved away from the metal sleeve helps t o 
s u b s t a n t i a t e the hypothesis t h a t the e f f e c t i v e p o i n t o f 
i r r a d i a t i o n was now the metal sleeve, provided the plasma 
from the i r r a d i a t i n g spark could t r a v e r s e the distance 
between the sleeve and the i r r a d i a t o r . Due t o the f a c t 
t h a t the breakdown, stresses f o r a l l the i r r a d i a t e d discharges 
were considerably lower than f o r the n o n ~ i r r a d i a t e d break­
downs, i t would seem t h a t the plasma was able t o spread 
t o the sleeve from the i r r a d i a t o r at a l l pressures and 
f o r a l l i r r a d i a t o r p o s i t i o n s , ( i . e . corresponding t o the 
lower p o r t i o n o f the steps i n graph 15). 

At the near p o s i t i o n s f o r the 
pressure of 17 m.m.Hg. there tended t o be a s l i g h t d i f f u s e 
v i s u a l discharge from the i r r a d i a t o r t o the sleeve, but 
only f o r the 19 m.a. i n t e n s i t y spark. No discharge was 
v i s i b l e once 'd' exceeded 15 cms. 

2.3.?. A i r : I r r a d i a t o r f i x e d ; metal sleeve 
p o s i t i o n v a r i e d . 
The i r o n sleeve could e a s i l y be 

moved by means o f a magnet. Various i r r a d i a t o r p o s i t i o n s 
and i n t e n s i t i e s were used, these are marked beside the 
appropriate curve on graph 20. The metal sleeve distances 
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were measured from the axis of the electrode system t o 
the near edge of the sleeve.' 

L i t t l e or no stress v a r i a t i o n 
could he determined except p o s s i b l y a very s l i g h t decrease 
f o r the lower pressures when the metal sleeve was close t o 
the c o l l i m a t o r . The graphs again show no steps i n the 
breakdown stress as the sleeve distance increases. The 
values observed seemed somewhat lower than the non-
i r r a d i a t e d values f o r the lower pressure range. Discussion 
of these r e s u l t s i s reserved u n t i l Chapter 3. 

2,3.3. Hy dr og en. _ Metal,, sleeve, f I x e d t , i r r a d i at or 
p o s i t i o n v a r i e d . 
This time four spark i n t e n s i t i e s were 

used 9, 12, 15 and 19 m.a., the r e s u l t s are given i n graph 21. 
For any given distance the breakdown 

stress appeared t o depend on the i r r a d i a t i n g spark i n t e n s i t y , 
the separation of the l i n e s f o r each i n t e n s i t y of i r r a d i a t i n g 
spark i n c r e a s i n g w i t h a r e d u c t i o n i n the pressure. I s the 
i r r a d i a t o r approached the metal sleeve the breakdown stress 
decreased f o r discharges i n i t i a t e d by the l e s s intense sparks: 
the 19 m.a. r e s u l t s showed l i t t l e v a r i a t i o n w i t h distance 
except f o r the lowest pressure when discharge was seen ( f o r 
distances l e s s than 12 cms) between the i r r a d i a t o r , metal 
sleeve and the electrodes. Whenever a discharge was seen 
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t o a c t u a l l y go t o the electrodes an unsteadiness i n the 
voltmeter occurred. (A good check on t h i s p o i n t ) . 

There was q u i t e d e f i n i t e l y 
evidence t h a t f o r one p a r t i c u l a r i r r a d i a t o r p o s i t i o n 
the s t a t i s t i c a l l a g increased as the i r r a d i a t i n g spark 
i n t e n s i t y deer-eased. 

2.3.4. M^mm^^Iim^3i9£^MMs^Mi^l 
sieeye po_sition_ y a r i e d . 
Again the same fou r i n t e n s i t i e s 

o f i r r a d i a t i n g spark were used; the p o s i t i o n a t which the 
i r r a d i a t o r was f i x e d i s i n d i c a t e d on the appropriate curves, 
graph 22. 

The r a t e of decrease of the break­
down stress depended on the i n t e n s i t y of the i r r a d i a t i n g 
spark; the r a t e of decrease was greatest f o r the highest 
i n t e n s i t y spark. A l l the curves converged as the metal 
sleeve approached the i r r a d i a t o r , the breakdown stress 
values recorded i n these p o s i t i o n s were i d e n t i c a l t o the 
n o n - i r r a d i a t e d voltages necessary t o produce breakdown at 
the same pressure. 

The lowest pressure 12.5 m.m.Hg. 
was the only case where a v i s i b l e discharge could be seen 
i n the i r r a d i a t o r tube, or unsteadiness recorded i n the 
v o l t m e t e r , and t h i s only occurred f o r distances l e s s than 
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15 ems. and. f o r an i r r a d i a t o r spark i n t e n s i t y of 19 m.a. 
The graph i s marked w i t h a l e t t e r 1 at these p o i n t s , 

The "breakdown between the p a r a l l e l 
p l a t e electrodes under t h i s type of i r r a d i a t i o n , ( i . e . 
V p o s i t i o n s ) took the form of bursts of pulses f o r the near 
p o s i t i o n s , and a very d i f f u s e glow f o r the 10 and 15 cms. 
p o s i t i o n s of the metal sleeve. ( l a . = 19 m.a.) Breakdown 
ceased when the i r r a d i a t o r was switched o f f . 

2.4» A b r i e f discussion on these r e s u l t s as a 
jB^uide t o the next experiments. 
The r e l a t i v e l y f l a t curves obtained f o r a i r 

and hydrogen ( l a > 15 and 19 m.a. f o r hydrogen):, when the 
metal sleeve was f i x e d and the i r r a d i a t o r moved a l l help t o 
i n d i c a t e t h a t the e f f e c t i v e p o i n t of i r r a d i a t i o n i s now7 

the p o s i t i o n of the metal- sleeve and not the p o s i t i o n of 
the i r r a d i a t o r . Any discharge a r i s i n g from the i r r a d i a t o r 
was now quenched, or cooled, by the h i g h r a d i a l d i f f u s i o n 
r a t e w i t h i n the metal sleeve aperture. I t would t h e r e f o r e 
be expected t h a t provided the i n t e n s i t y of the i r r a d i a t i n g 
spark was h i g h enough the stress necessary f o r breakdown would 
be the seme f o r the whole range of i r r a d i a t o r p o s i t i o n s ; 
t h i s i s shown i n a i r and t o a l e s s e r degree i n hydrogen. 

The departure of the l a = 9 m.a. curve from 
the f a m i l y of curves i n hydrogen could be explained by the 

i n t e n s i t y o f the i r r a d i a t i n g spark, even a t the nearest 
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distances, being l e s s than t h a t necessary t o e s t a b l i s h 
the proposed discharge between the metal sleeve and 
the i r r a d i a t o r . • 

Again, the departure i n the opposite 
d i r e c t i o n o f the h i g h i n t e n s i t y spark l i n e ( l a 19 m.a.) 
at the lowest pressure and smallest distances could be 
due t o the discharge from the i r r a d i a t o r now being of such 
an i n t e n s i t y t h a t i t could t r a v e r s e the metal sleeve. 
This i s c l e a r l y the case when the discharge becomes v i s i b l e 
i n the i r r a d i a t o r tube. 

I f , as has been suggested, the e f f e c t i v e 
p o i n t o f i r r a d i a t i o n becomes the metal sleeve's p o s i t i o n 
movement of the metal sleeve towards the i r r a d i a t o r should 
produce the usual graphs as f i r s t discovered, graphs 15, 16 
and 17. This i s evident i n hydrogen (graph 22) but i s 
not very conclusive i n a i r , where the v a r i a t i o n i s small. 
(graph 2 0 ) . 

From a l l the r e s u l t s so f a r there seems 
to be some evidence o f a discharge down the i r r a d i a t o r tube, 
and i t was f e l t necessary t o d e f i n i t e l y prove, or disprove, 
t h i s p o i n t . The apparatus was t h e r e f o r e again modified; 
a tube being attached at r i g h t angles t o the main i r r a d i a t o r 
tube i n a h o r i z o n t a l plane. Figure 20 shows t h i s ; but f o r 
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ease o f p r e s e n t a t i o n the added side tube i s shown 
r o t a t e d through a r i g h t angle. The T j o i n t was constructed 
as n e a t l y as p o s s i b l e t o avoid any o p t i c a l r e f l e x i o n s 
of r a d i a t i o n from the i r r a d i a t i n g spark t o the electrodes. 

Irradiator. 

Ex *< •natal metal sleeve 
positions. 

2. 

i \r 

9. 5CB 
i 

«, j 
• 

Fig. 20. Ge is chamber & irradiator tube. 

Breakdown stress measurements were taken 
f o r various p o s i t i o n s of the i r r a d i a t o r i n t h i s side tube; 
no c o l l i m a t o r or metal sleeve o f any s o r t was present i n 
the main tube thus avoiding i n f l u e n c i n g any discharge t h a t 
might o r i g i n a t e from the i r r a d i a t i n g spark. 

2.5. Breakdown stress measurements: i r r a d i a t o r i n 
side tube. 
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2 . 5 . i . mAml^ 
Before discussing these r e s u l t s 

i n any d e t a i l the most important outcome of these 
experiments should be stated: namely, t h a t the i r r a d i a t i o n 
can. t r i g g e r the discharge from round the bend, also the 
i r r a d i a t i o n can s t i l l cause a lowering of the stress 
necessary f o r breakdown even when the i r r a d i a t o r i s 
s i t u a t e d some 20 cms. along the side l i m b . (Pressure 
11 num. fig. graph 23). 

The graph shows two sets o f r e s u l t s 
f o r pressures 11 and 21 m.m.Hg. fou r i n t e n s i t i e s of 
i r r a d i a t i o n were used. 

I n the higher pressure set no v i s i b l e 
discharge or unsteadiness i n the voltmeter could be detected 
not even when the i r r a d i a t o r was, only 5 cms. along the side 
l i m b , and l a = 19 m.a. The distances (a) shown on the 
graph are measured from the i r r a d i a t o r t o the f u r t h e r w a l l 
of the main i r r a d i a t o r tube. (Figure 20). 

The 11 m.m.Hg. curves need f u r t h e r 
comment, f o r l a = 19, 15 m.a. and distances l e s s than 10 cms 
and l a = 12 m.a. f o r 5 cms., the meter became unstable and 
s v i s i b l e discharge from the i r r a d i a t o r t o the electrodes 
could be seen, these voltages are t h e r e f o r e not t r u e break­
down voltages i n t h a t the gas does not breakdown e x c l u s i v e l y 
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i n the d i r e c t i o n of the a p p l i e d h i g h freauency s t r e s s . 
When the i r r a d i a t o r had. no i n f l u e n c e 

on the breakdown s t r e s s , there was s t i l l s l i g h t evidence 
of a r e d u c t i o n i n the s t a t i s t i c a l l a g , compared t o the non-
i r r a d i a t e d breakdown cases. These lags were a l l . h i g h , of 
the order t h r e e minutes, and i t was thus d i f f i c u l t t o 
e s t a b l i s h t h i s p o i n t w i t h absolute c e r t a i n t y . Hydrogen, 
as w i l l be seen i n the next s e c t i o n , gave more d e f i n i t e 
evidence on t h i s p o i n t . 

The e f f e c t o f an ex t e r n a l metal sleeve 
was next t r i e d , t h i s being placed around the i r r a d i a t o r 
tubes i n the three p o s i t i o n s i n d i c a t e d i n f i g u r e 20. 
P o s i t i o n s 1 and 2 produced no change i n the r e s u l t s , however, 
p o s i t i o n 3 was f a r more e f f e c t i v e . The breakdown stress 
was now r a i s e d to the n o n - i r r a d i a t e d l e v e l . The arrows on 
graph 23 c l e a r l y show the l e v e l s t o which the stresses f o r 
breakdown f o r the p a r t i c u l a r i r r a d i a t o r p o s i t i o n s were r a i s e d . 
The metal sleeve, (2.5 cms. long) was placed 2. cms. along 
the side tube, (a « 2 cms. f o r sleeve's near edge.) 

I n the p a r t i c u l a r case:- i r r a d i a t o r 
a t 20 cm. pressure 11 m.m.Hg. and l a - 19 m.a., the sleeve 
was placed a t successive p o s i t i o n s a l l g i v i n g the same 
value f o r breakdown. 
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p = 11 m.m.Hg ! Sleeve p o s i t i o n (a) « Breakdown 
I r . at. 20 cms. (a) 

! i n cms. stress 
I r . at. 20 cms. (a) Volts.cm. 
l a - 19 m. a. 2 610 

! Metal sleeve i n 
i p o s i t i o n 3 5 610 

10 610 
15 610 

No sleeve 4-70 
No i r r a d i a t i o n 61.0 

I f , w h i l e the metal sleeve was i n 
p o s i t i o n 3, the stress was r a i s e d above the breakdown stress 
necessary f o r no sleeve present, removal o f the sleeve 
r e s u l t e d i n immediate breakdown, a. conclusive experiment. 
The sleeve was removable being constructed i n two halves 
which hinged apart. 

F i n a l l y t o i n v e s t i g a t e i f there was 
any i n f l u e n c e on the s t a t i s t i c a l l a g when the sleeve was 
present. The lags were measured f o r breakdown w i t h and 
w i t h o u t i r r a d i a t i o n , the sleeve being i n p o s i t i o n 3: the 
r e s u l t s (Table 13 below) show t h a t when the i r r a d i a t o r was 
switched on the lags were reduced, there was as shown no 
change i n the breakdown s t r e s s . The lags shown are the 
mean of only three sets o f readings so cannot be c a l l e d 
s t a t i s t i c a l l a g s . I t was however ge n e r a l l y noted t h a t the 
i r r a d i a t o r w i t h , or w i t h o u t , the metal sleeve present reduced 
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the lags compared t o the n o n - i r r a d i a t e d measurement, 
TABLE-13. Variation i n lags .J^h_and without metal .sleeve 

for a i r . _, 

P =. 21 m.m.flg. 
I r . a t 10 cms. (a) 
l a = 19 m.a. 
Metal sleeve i n 
p o s i t i o n 3. 

No I r r a d i a t o r . I r r a d i a t o r + 
Metal Sleeve i n 
p o s i t i o n 3. 

20 15 
47 12 
25 8 
30 25 
40 30 

2.5.2 BjrdrogesJjEsrjeL. 

S i m i l a r experiments t o those made i n a i r 
were t r i e d g i v i n g much the same r e s u l t s ; i n t h a t the 
i r r a d i a t o r i n the side tube d i d ( l ) t r i g g e r the discharge, 
and (2) i n some cases produce a lowering of the breakdown 
s t r e s s . The r e s u l t s are p l o t t e d on graph 24, and as before 
at the near p o s i t i o n s and low pressures there was a 
v i s i b l e discharge from the i r r a d i a t o r t o the electrodes: 
these p o s i t i o n s are l a b e l l e d w i t h a V. 

When the i r r a d i a t o r produced no r e d u c t i o n 
i n the breakdown s t r e s s , i t d i d produce a very marked 
r e d u c t i o n i n the s t a t i s t i c a l l a g : i n some cases the lag 
was reduced t o apparently zero. 

As before the f i r s t two p o s i t i o n s of an 
earthed e x t e r n a l metal sleeve caused no change i n the stress 
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Tallies. The t h i r d p o s i t i o n , ( i . e . along the side tube) 
caused an increase i n the stress r e q u i r e d t o give 
breakdown, the increase u s u a l l y b r i n g i n g the stress up 
t o the non-irradiated value. These variations are once 
again shown by v e r t i c a l arrows on graph 24-
TABLE 1L. Variation o f breakdown st r e s s with and'without 

metal, .sleeve i n hydrogen. 

Pressure 
ra.m.Hg. 

I r 
P o s i t i o n 
'a 1 cms. 

I r r a d i a t o r 
spark i n ­
t e n s i t y 
m. a* 

Breakdown Stress Volts./cm. Pressure 
ra.m.Hg. 

I r 
P o s i t i o n 
'a 1 cms. 

I r r a d i a t o r 
spark i n ­
t e n s i t y 
m. a* No I r . I r . no s i e Ir.* sleeve 

e v e - earthed. 

34 
29 
14 

20 
20 
20 

19 
19 
19 

820 
625 
430 

770 
600 
300 

800* 
625 
430 

I f w i t h the metal sleeve i n p o s i t i o n 
a voltage was applied t o the electrodes greater than t h a t 
necessary t o produce breakdown w i t h no sleeve present, 
removal of the sleeve r e s u l t e d i n almost- instantaneous 
discharge. 

F i n a l l y when the presence of the 
metal sleeve r a i s e d the necessary stress f o r breakdown t o be 
i d e n t i c a l w i t h the n o n - i r r a d i a t e d case, the i r r a d i a t o r s t i l l 
i n f l u e n c e d the discharge by reducing the s t a t i s t i c a l l a g . 
To t e s t t h i s and t o ensure t r u e r e s u l t s the f o l l o w i n g 
experimental procedure was used f o r both hydrogen and a i r . 
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1. The h i g h frequency f i e l d and the i r r a d i a t o r 
were switched o f f f o r three minutes to allow time f o r 
complete r e s i d u a l ionisation clearance. The h - f f i e l d 
was then applied at breakdown, stress l e v e l f o r n o n - i r r a d i a t e d 
"breakdown, the l a g f o r discharge was measured. 

2. A f t e r the discharge the h - f f i e l d was again 
switched off f o r three minutes; before reapplying the h - f 
f i e l d the i r r a d i a t o r was switched on f o l l o w i n g immediately 
w i t h the h- f f i e l d , (The value of the applied stress was 
as "before) ; again the l a g was measured. 

3. The above procedure was repeated i n order, the 
l a g being measured -each time. The earthed metal sleeve was 
l e f t i n p o s i t i o n . 3 the whole time. 
TABLE 15. V a r i a t i o n i n lags w i t h and w i t h o u t metal. sleeve... 

Lag measured i n seconds. 

I r r a d i a t i o n 4- metal 
tfo i r r a d i a t i o n earthed sleeve. 

p - 14 m.m.Hg. 70 25 
I r at 20 cms. (a) 50 10 
l a * 19 m.a. 60 5 
Metsl sleeve i n p o s i t i o n 3 90 10 
Stress breakdown value 
f o r H2 a t 14 m.m.Hg. 
w i t h no i r r a d i a t i o n . 
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Discussion of the experimental r e s u l t s . 

1. Introduction. 
1-1- AsEects^^_tr4g£§^ 

The possible mechanisms by which a discharge 
may be triggered are considered below. 

1.1.1. The simplest form of triggering 
mechanism for a discharge i s the production i n the gas of 
one casual electron. This electron i s then accelerated 
by the applied f i e l d producing ionisation, and so by a 
cumulative process t h i s may lead to i n s t a b i l i t y . 

1.1.2. The next simplest mechanism i s the 
simultaneous production of randomly distributed electrons 
within the gas. These electrons are so distributed that 
mutual int e r a c t i o n i s impossible. 

1.1.3. The production of a group of electrons 
i n close proximity to each other : as such electrons d r i f t 
under the action of the applied f i e l d they could traverse 
each other's ionised zones. A mutual reinforcement of 
the i o n i s a t i o n could therefore occur; t h i s mechanism 
assumes that the breakdown stress i s a function of the 
actual i n i t i a l concentration of the electrons. 

1.1.4. The production of quasi-chemical 
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effectss for example :-
a. the dis s o c i a t i o n of molecular gases into 

the atomic form. 
b. the production of ozone i n oxygen, or nitrous 

oxide i n a i r , etc. 
c. the formation of temporary molecules such as E3 

and K*x . 

The presence of such molecules may possibly help to 
produce i n s t a b i l i t y i n a gas. 

1.1.5. The excitation of the gas molecules, 
i . e . change of species which could by successive c o l l i s i o n s lead 
to step wise i o n i s a t i o n of gas molecules. 

1.1.6. The introduction of an actual plasma 
into the t e s t gap, e.g., from another discharge, (as has 
been discussed i n the previous chapter). 

The preferred mechanism that offers the more 
conclusive explanation of the observed phenomena i s now 
indicated. The observed phenomena were seen to be, 1, the 
reduction of the breakdown str e s s (microwave, and h-f) 
with the closer proximity of the i r r a d i a t o r to the resonator, 
or electrode system, and 2, the triggering of the discharge 
by the i r r a d i a t i n g spark, even when there was no v i s u a l 
path between the i r r a d i a t o r and the gas chamber. 

As has already been suggested the preferred 
mechanism could possibly be a dual process:-
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1. Some form of discharge originating at the 
i r r a d i a t i n g spark and progressing down the i r r a d i a t o r 
tube towards the gas chamber, or into the electrode space, 

2. There I s s t i l l reason to think that the u l t r a 
v i o l e t l i g h t from the i r r a d i a t i n g spark l i b e r a t e s electrons, 
and/or, produces excited states i n the gas molecules. 

1»2. Products from the i r r a d i a t i n g spark. 
1*2.1. U l t r a - f i Q l e t Light, (a) Even i f the 

effe c t of the u l t r a v i o l e t l i g h t may be overshadowed by 
other processes there i s no reason to doubt i t s effective­
ness I n triggering discharges at a l l ranges. The 
experiments of Prowse and Jasinski°^ using various interposed 
films between the i r r a d i a t o r and the t e s t gap show c l e a r l y 
that the emission of radiation from the i r r a d i a t i n g spark 
i s the cause of the i n i t i a l i o n i s a t i o n i n the t e s t gap. 

(b) I f the 
absorption c o e f f i c i e n t i s thought to be complex ( i . e . 
consisting of several absorption c o e f f i c i e n t s ) the v a r i a t i o n 
of the in t e n s i t y of the radiation with distance w i l l s t i l l 
be a continuous decrease, with no dis c o n t i n u i t i e s . The sum 
of several exponential curves i s a monotonia curve. 

(c) At the near 
positions of the i r r a d i a t i n g spark the range of wavelengths 
of the radiation reaching the t e s t gap w i l l be large, (the 
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absorbing cylinder of gas between the resonator and the 
ir r a d i a t o r being small for d minimum). This mixture of 
wavelengths of radiation may give r i s e to the production of 

i many randomly distributed electrons, 
i i quasi-chemical changes i n the gas. and 

i i i changes i n the gas species ( i . e . excitation 
of the molecules). 

I l l of these processes could occur simultaneously. 
(d) A l l these 

radiations i n the simplest case originate at the i r r a d i a t i n g 
spark gap i t s e l f . 

1.3. EE2&SS£SLJaSdL2E£g33^ •SPark_gap. 
1.3.1. Plasma Spread. - The spread of an 

actual discharge from the spark gap down the i r r a d i a t o r tube: 
an e l e c t r i c f i e l d too weak to i n i t i a t e such a discharge may 
extend the boundaries of the discharge once the discharge 
has started. The spread of the positive column down a 
side tube, to a pump head for example, occurs i n a very weak 
f i e l d ; or impulsive discharge can send flashes down side 
tubes without electrodes. A l l these types of discharge can 
be c a l l e d plasma spread. 

1.3.2. The low energy radiation from the 
i r r a d i a t i n g spark though unable to ionise the gas molecules 
could r a i s e the molecules (as stated above), to a series of 
excited states, and may so contribute to the outward spread 
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of the plasma. 
1.3.3. I f , however, quanta with s u f f i c i e n t 

energy to ionise the gas molecules are present then by 
i n i t i a l , or p r e f e r e n t i a l , recombination reradiation could 
occur from the intervening gas, ( i . e . , the gas between 
the i r r a d i a t o r and the te s t gap), at the same frequency. 
A process of progressive radiation, at the same frequency, 
down the i r r a d i a t o r tube i s therefore possible. I n i t i a l 
recombination occurs whennegative ions are rea d i l y formed 
i n the gas, (e.g. oxygen) and i t i s more frequent at higher 

S i 
pressures, ( i . e . > 10 m m Hg) Pre f e r e n t i a l recombination 
i s where the electron returns to i t s parent positive ion, 
and i s usually associated with the absence of external f i e l d s 
and with low pressures. 
2. Experimental discrimination. 

2.1. The steps i n the a i r curves, (Graph 15), do 
not appear to admit of explanation by the action of u l t r a ­
v i o l e t radiation originating at the i r r a d i a t o r . They might 
be explained by re-radiation ( i n i t i a l or preferred re­
combination processes), or by plasma spread: but there i s 
no reason to expect a discontinuity i n the re-radiation 
processes. Assuming the effect of breakdown str e s s reduction 
i s due to some progressive form of a c t i v i t y , the a i r curves 
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show a f a i r l y d e f i n i t e range for t h i s spread. (Table 
8. —p.d varied between 220 and 275 for the step positions) 

I n these early experiments the i r r a d i a t i n g 
spark was made as intense as possible, so that any effect 
would, i t was hoped, be made more obvious; these curves 
therefore correspond to the l a 19 m.a. curves. (Later work 
confirmed t h i s - graph 18). I n the subsequent work i n 
oxygen and hydrogen the apparatus was s l i g h t l y modified 
to enable the minimum i r r a d i a t o r distance to be reduced, 
(from 7 to 4 cms). When working at these close positions, 
and the lowest pressures, i t was found necessary to reduce 
the i r r a d i a t i n g spark to obviate spark over, or the 
establishment of a v i s u a l glm between the i r r a d i a t o r and 
the electrodes. The oxygen and hydrogen curves (graphs 16 
and 17) therefore correspond to the minimum int e n s i t y curves 
i . e l a 9 or 10 m.a.) 

Subsequent work, as i t happened, (Sections 
2.3.2. and 2.3.3.) also included the effect of v a r i a t i o n 
of the in t e n s i t y of the i r r a d i a t i n g spark for hydrogen: or 
as can be seen the r e s u l t s are i n general agreement with the 
a i r r e s u l t s , a step i s evident for the lower pressure range 
and higher spark i n t e n s i t i e s , (graphs 21 and 22). 

2.2. The in t e r n a l metal sleeve experiments : i n 
hydrogen, and to a lower extent i n a i r , the position of the 



117. 

sleeve did a f f e c t the breakdown str e s s , graphs 21, 22 
and 19, 20 respectively. The high r a d i a l diffusion 
rate of a plasma within the metal sleeve might cool or 
damp the discharge; the plasma spread from the i r r a d i a t o r 
would therefore be terminated at the sleeve. The 
effective point of i r r a d i a t i o n might thus be moved from 
the i r r a d i a t o r position to the metal sl e e v e 1 s position, 
i . e . , nearer the electrode system. Movement of the 
i r r a d i a t o r away from the sleeve would not a l t e r these 
conditions u n t i l the plasma was unable to spread as far 
as the metal sleeve. I t would therefore be expected that 
the breakdown str e s s of the gas under the h-f f i e l d applied 
across the electrodes would be constant as the i r r a d i a t o r 
moved away from the fixed metal sleeve, the breakdown s t r e s s 
r i s i n g when the plasma f a i l e d to reach the sleeve. This 
was seen to be true for a i r and hydrogen: a constant h-f 
breakdown s t r e s s for a l l positions of the i r r a d i a t o r for 
a l l i n t e n s i t i e s of i r r a d i a t i n g spark was recorded for a i r . 
I t would appear for a i r that plasma spread to the metal 
sleeve from the i r r a d i a t o r occurred for a l l pressures, and 
distances between the sleeve and the i r r a d i a t o r . I n 
hydrogen for the lower i n t e n s i t y i r r a d i a t i n g spark the 
breakdown s t r e s s soon reached the valve for non-irradiated 
discharge as the i r r a d i a t o r receded from the metal sleeve. 

Plasma spread i n hydrogen for the lower intensity i r r a d i a t i n g 



118. 

spark would therefore seem very limited. 
However, control of a plasma by an 

in t e r n a l sleeve, or electrode, i s an uncertain process, 
e.g. i n a thyratron v a r i a t i o n of the grid potential w i l l 
switch on the tube but w i l l not e a s i l y switch off the gas 
relay. I t i s therefore to be expected for the near 
position of the i r r a d i a t o r that the plasma w i l l penetrate 
the metal sleeve. 

Following a sim i l a r l i n e of thought, 
movement of the metal sleeve towards the i r r a d i a t o r , (the 
i r r a d i a t o r fixed at some large valve of T d ! ) > should produce 
similar curves to the original graph showing the v a r i a t i o n 
of the breakdown s t r e s s with i r r a d i a t o r position. This 
was found to be true for hydrogen, (graphs 17 and 22): 
the a i r curves show l i t t l e v a r i a t i o n of the stress with 
sleeve position, (graph 20). 

2.3. The energy, i . e . i n t e n s i t y of the i r r a d i a t i n g 
spark, could affect both the production of u l t r a - v i o l e t 
radiation, and the spread of plasma: the anode current 
( l a ) i n the pentode controls the rate of voltage r i s e at the 
i r r a d i a t o r spark gap, and thereby voltage overshooting. 
The v a r i a t i o n i n the breakdown s t r e s s with i r r a d i a t i n g spark 
i n t e n s i t y may be explained by plasma spread, or the 
production of grouped electrons giving mutual reinforcement. 
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The u l t r a v i o l e t radiation may also produce qua si-chemical 
e f f e c t s , or stepwise i o n i s a t i o n within the gas. 

2.4. The action of an external metal sleeve 
could affect the plasma spread by controlling the pre-
breakdown f i e l d d istribution, but the r e s u l t s for a i r i n 
section 2.2.3.Chapter I I are not by themselves very c e r t a i n . 
(See discussion at the end of section 2.2.3. Chapter I I ) . 
The r e s u l t s found for the action of an external metal 
sleeve i n the side arm experiments do favour the plasma 
spread hypothesis. 

2.5. The i r r a d i a t o r i n the side arm experiments 
might have triggered the discharge by re-radiation effects, 
i . e . i n i t i a l or p r e f e r e n t i a l recombination, butthe d i s ­
criminatory effect of an external metal sleeve on the side 
arm. ( i . e . Position 3, Figure 20), i s against t h i s . 

2.6. ¥ith the i r r a d i a t o r at i t s maximum distance 
from the electrode system, no breakdown stress reduction 
from the non-irradiated case was observed. However, a 
decrease i n the s t a t i s t i c a l lag compared to the non-irradiated 
discharge was always observed, t h i s was true whether the 
i r r a d i a t o r was situated i n the main or i n the side arm. 

This decrease i n the lag was found to occur whether an earthed 

external metal sleeve was present or not. The triggering 

might be explained by the action of the u l t r a - v i o l e t 

radiation rather than plasma spread from the i r r a d i a t i n g spark. 
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3. Conclusion. 
The only process of those mentioned that s a t i s f i e s 

a l l the conditions i s plasma spread, i . e . the production 
of a progressive zone of a c t i v i t y from the i r r a d i a t i n g 
spark down the I r r a d i a t o r tube, seen to have a f a i r l y 
d efinite range i n a i r . (Graph 15). 
4« Lowering of breakdown s t r e s s . 

This i s not explained i n the foregoing: only shown 
that whatever factor produces the lowering of the break­
down str e s s can be associated with the spread of a discharge 
away from the i r r a d i a t o r . 

4.1. General re'sume' and comparison between microwave 
and h-f r e s u l t s . 
4.1.1. The r e s u l t s obtained by Prowse and 

J a s i n s k i showed that there was a reduction i n the breakdown 
stre s s for a i r as the i r r a d i a t o r approached the t e s t gap. 
(Graph l ) . This reduction was of the order 10^ for an 
ir r a d i a t o r movement of 8 cms, (d from 10 to 2 cms), and a 
pressure of 760 m.m.Hg. The frequency was 2.800 Mc/S. 

The present 10,000 Mc/S work gave a 
similar reduction, i . e . of the order 8%, but the i r r a d i a t o r 
distance change was some 115 cms, (d from 130 to 15 cms), and 
the pressure range only extended up to 75 m.m.Hg. This 
pressure range could not be extended due to power l i m i t a t i o n s . 
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Similar variations i n the breakdown stress were found for 
hydrogen and nitrogen: the r e s u l t s for a l l three gases 
were not very reproducible. 

Oxygen, however, at 10,000 Mc/S, did give 
reproducible r e s u l t s , (Graph 8 ) , showing a large increase 
i n the stress as the i r r a d i a t o r moved from 15 to 130 cms. 
The curves however exhibit an opposite curvature to the 11 
and 2,300 Mc/S curves. A further difference was noted i n 
that for 11 Mc/s no increase could be detected for pressures 
above 25 m.m.Hg and d > 5 cms (Graph 16) as opposed to 
pressures up to 4,2 m.m.Hg and d up to 75 cms. for 10,000 
Mc/s. One possible explanation may be that the 10,000 Mc/s. 
r e s u l t s correspond to one section of the curve r e l a t i n g 
breakdown str e s s with p.d, while the 2,800 Mc/s work 
corresponds to a second portion of the curve exhibiting an 
opposite curvature. 

4.1.2. Flux density var i a t i o n . Prowse and 
J a s i n s k i also extablished that a l t e r a t i o n s i n the aperture 
admitting the u l t r a - v i o l e t radiation altered the probability 
( i e. s t a t i s t i c a l lag) of breakdown only, and not the 
breakdown s t r e s s at a given pressure: these findings were 
confirmed at 11 and 10,000 Mc/s. (Section 2.1.1. Chapter 11, 
and Section 3.3.1. Chapter 1 re s p e c t i v e l y ) . A general 
decrease i n the s t a t i s t i c a l l ag was noted as the aperture 



s i z e increased. 
No absolute values of the s t a t i s t i c a l 

lags for 11 or 10,000, Mc/s for a p a r t i c u l a r aperture s i z e 
were determined! a l l that can be stated i s that there 
was a reduction i n the lag as the aperture size was 
increased but no change i n the breakdown stress for a given 
i r r a d i a t o r position and pressure. This l a t t e r point i s 
corroborated by the reproducibility of the p - E curves 
over a period of many months. 

4.2.2. Ef f e c t of radio active source. 
A contrast between the microwave and h - f r e s u l t s i s found: 
for microwave the breakdown stress values recorded using 
a y ray source for the i r r a d i a t i n g system were substantially 
the same as the stresses determined with i r r a d i a t o r at d 
minimum. The opposite i s true for the 11 Mc/s work, where 
the breakdown s t r e s s using the mesothorium radiation was 
i d e n t i c a l to the s t r e s s for non-irradiated discharge, or 
for the i r r a d i a t o r at d maximum. This i s c l e a r l y seen i n 
a i r , the step graphs (Graph 15). The pressure ranges for 
the microwave and h - f work were substantially the same, 
(5 to 100 m.m.Hg) . 

The agreement i n the s t r e s s for 
breakdown i n i t i a t e d by the Jf ray source or the i r r a d i a t o r 
i n i t s near position, ( i . e . at 10,000 Mc/s), suggests 
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the formation of grouped electrons: mutual reinforcement 
could therefore be operative, i . e . t h i s assumes that 
breakdown i s a function of the actual concentration of 
electrons. (Section 1.1.3.) There i s no reason to think 
that the # ray source could make any measurable contribution 
to the quasi-chemical e f f e c t s . (Section 1.1.4-) 

Where the breakdown str e s s recorded 
with the i r r a d i a t o r at the near position f a l l s below the 
stre s s for a discharge i n i t i a t e d by the # ray source, there 
i s a presumption that quasi-chemical effects, excitation 
of the gas molecules, and plasma spread i n the t e s t gap, are 
contributing. 
5. Possible causes of the lowering of the breakdown s t r e s s . 

The possible causes of the reduction i n the break­
down stress of a gas as the i r r a d i a t i n g spark approaches 
the resonator, or electrode system, are fourfold. 

5.1. The formation of grouped electrons which 
w i l l give mutual reinforcement: breakdown i s a function of 
the actual concentration of electrons. 

5.2. The disso c i a t i o n of molecular gases into 
atomic form: quasi-chemical ef f e c t s or the formation of 
temporary molecules, e.g. E 3 ) . Passing oxygen through a 
Tesla discharge before i t entered the gas chamber did not 
however produce any lowering i n the breakdown s t r e s s . The 
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time of decay of the created molecules (03 etc.) may be 
important here. 

5.3. The production of excited states within 
the gas: these excited states might be produced by 
quanta from the i r r a d i a t i n g spark, or by electrons. 

65 
I t has been suggested that the production 

of i n s t a b i l i t y i n a gas at microwave frequencies i s partly 
due to the electron moving i n an activated atmosphere. 
(Where activated atmosphere refe r s to a region i n which 
some of the gas molecules have been raised by i n e l a s t i c 
c o l l i s i o n s with electrons to a se r i e s of excited s t a t e s ) . 
I n a microwave f i e l d an electron d r i f t s back and forth 
along some defined track, being only dispersed by diffusion, 
and could thus return into i t s own activated zone. An 
electron of lower energy than the i o n i s a t i o n l e v e l could 
therefore produce a further electron by a c o l l i s i o n with 
an excited molecule. Thus the random velo c i t y to produce 
ionisa t i o n would not have to be that necessary for direct 
ionisation, but some lower v e l o c i t y . As the random velocity 
i s dependent on the applied s t r e s s , the s t r e s s necessary 
to produce i o n i s a t i o n of an excited molecule w i l l be lower 
than that necessary for d i r e c t i o n i s a t i o n of a molecule. 
The l i f e of a mole cole i n the excited state i s short 10 

-7 
to 10 sees., i . e . i t rapidly returns to i t s ground state. 



These excited states i n the molecules 
might also be produced by quanta from the i r r a d i a t i n g 
spark, (these quanta having i n s u f f i c i e n t energy for 
d i r e c t ionisatiora). 

Considering the v a r i a t i o n of breakdown 
st r e s s with the position of the i r r a d i a t o r : the production 
of these excited states by the quanta from the i r r a d i a t i n g 
spark w i l l be greater for near positions of the i r r a d i a t o r as 
compared to the f a r positions. I n the distent i r r a d i a t o r 
positions a proportion of the quanta capable of producing 
excited l e v e l s i n the gas molecules w i l l be absorbed 
i n the gas column situated between the i r r a d i a t o r and the 
resonator. Therefore to produce the necessary electron 
concentration for i n s t a b i l i t y the random velocity of the 
o s c i l l a t i n g electrons must be increased: i . e . increase i n 
the applied s t r e s s . 

5.4* F i n a l l y the reduction i n the breakdown 
stress of a gas as the i r r a d i a t o r approaches the resonator 
could be caused by plasma spread from the i r r a d i a t o r down 
the i r r a d i a t o r tube, as already enunciated. 
6. Frequency effect. 

I t has been suggested that the i r r a d i a t o r may be 
the source of two types of stimuli ~ 

1 U l t r a - v i o l e t radiation 
2 A spreading discharge reaction ( i . e . the 
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penetration of the t e s t gap by a plasma). 
At d i f f e r e n t frequencies the r e l a t i v e importance 

of these two s t i m u l i i s l i k e l y to be d i f f e r e n t , but i n the 
most s t r i k i n g case, (10 Mc/s to 10,000 Mc/s), frequency 
i s not the only fa c t o r changed. Notably at 10,000 Mc/s. 
the communication tube from the i r r a d i a t o r passes through 
an earthed metal sleeve ( i . e . resonator end pl a t e , f i g u r e 9) 
I t seems that t h i s w i l l l i m i t plasma spread, but not 
necessarily k i l l i t . At lower frequencies the electron 
ambit i s proportionally greater so that : 

(a) the decay of excited states i n the gas molecule 
and (b) the reduced probability of an electron re-

s t r i k i n g a given molecule may reduce the importance of the 
excited atmosphere, i . e . the storage of energy i n excited 
molecule states may only be important at a high l e v e l of 
activation, i n which case the r e l a t i v e l y small contribution 
of the u l t r a - v i o l e t may be unimportant. 

I t can be stated that for the special conditions 
of these experiments (only) plasma spread as compared with 
ionisation by quanta i s l i k e l y to be more important i n the 
lower frequency region, ( l to 11 Mc/s.) 
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PART I I . 

An electron moving under the influence of a 
microwave f i e l d w i l l f o l l o w an o s c i l l a t o r y path; the 
amplitude of o s c i l l a t i o n w i l l be dependent on the 
frequency and magnitude of the applied f i e l d ; the electron 
displacement i s also dependent on the gas pressure. At 
the frequency used i n these experiments, 10,000 Mc/s., and 
w i t h i n the pressure range 5 to 160 m.m.flg., these electron 
displacements are small compared with the resonator 
dimensions.. An electron moving under such conditions 
w i l l produce excited molecules i n the gas by non-ionising 
c o l l i s i o n s along i t s path? i t can therefore be envisaged 
that the electron moves back and f o r t h through i t s own 
excited atmosphere. Therefore by successive c o l l i s i o n s 
the production of a fu r t h e r electron can occur, even though 
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the o r i g i n a l electron did not possess s u f f i c i e n t energy 
to ionise by a single c o l l i s i o n w i t h a gas molecule. 
This second electron moves into an excited atmosphere and 
i n turn r a i s e s the l e v e l of the stored energy. I t has 

65 
been suggested that such a cumulative process can lead 
to breakdown of the gas, the e l e c t r i c stress necessary 
for t h i s microwave discharge being somewhat lower than 
that required for a low frequency, or steady f i e l d , discharge 
at the same gas pressure. 

Diffusion to the w a l l s of the discharge chamber 
appears to be the chief electron removal mechanism i n a 
non-attaching gas; volume recombination i s dependent on the 
square of the i o n i c concentration and w i l l not therefore be 
ef f e c t i v e . Removal of electrons by attachment to gas 
molecules only applies to a i r and oxygen, for the other 
gases used i n these experiments, hydrogen, nitrogen and neon, 
t h i s removal mechanism cannot be assumed to be generally 
operative; a more widely applicable mechanism i s required. 

The American diffusion theory has already been 
outlined i n the h i s t o r i c a l introduction (page 16), the time 
necessary to e s t a b l i s h such an equilibrium process i s far 
too long to be applicable to one microsecond pulsed breakdown. 
The diffusion theory also requires the breakdown stress of a 
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gas to be a function of the electrode separation. Pirn's 
r e s u l t s i n a i r for frequencies 100 to 300 Mc/s. and gap 
widths 0.3 to 0.85 m.m. showed a constant breakdown s t r e s s 
for a given gas pressure; these r e s u l t s agree with 
C o o p e r ' v a l u e s for pulsed breakdown at 2,800 and 10,000 
Mc/s. This would suggest that a i r has a unique value of 
breakdown stress dependent only on the gas pressure. 
Unfortunately no comparative r e s u l t s are available for 
other gases. 

The following experiments were therefore under­
taken to explore the mechanism operative i n the establishment 
of a microwave discharge i n a gas. 

By the application of a unidirectional f i e l d at 
right angles to the microwave f i e l d i t was envisaged that the 
electron concentration i n the gas would be reduced. The 
electron path w i l l now become extended to form a zig-zag, 
thereby removing the electron from i t s own excited atmosphere. 
I t would thus seem that with the simultaneous application 
of a steady f i e l d at r i g h t angles to the microwave f i e l d , 
the breakdown str e s s of the gas under the microwave f i e l d 
would be changed. Experiments of t h i s nature are described 
i n Part I I of t h i s t h e s i s . 
Previous work undertaken with combined f i e l d s . 

Kirehner 2^ and V a r e l a 8 2 both established that a 
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unidirectional f i e l d applied p a r a l l e l to the high 
frequency f i e l d either caused the high frequency discharge 
to vanish, or impeded i t s formation; a greater high 
frequency f i e l d was necessary to i n i t i a t e the discharge. 
Varela employed 5 microsecond pulses of 120 Mc/s. o s c i l l a t i o n 
at a pulse r e p e t i t i o n rate of 4.00 pulses per second; the 
increase i n the high frequency f i e l d necessary to produce 
breakdown was attributed to an increase i n the deionisation 
of the gas. (Hydrogen at 50 m.m.Hg.) As the unidirectional 
f i e l d was operative continuously the deionisation of the 
gas was a continuous process as opposed to the increase i n 
io n i s a t i o n due to the steady f i e l d during the 5 microsecond 
high frequency pulses. 

Similar r e s u l t s i n a i r at 150 Mc/s. continuous wave, 
at 760 m.m.Hg. are recorded by Pinr*^; once again the un-
dire c t i o n a l f i e l d was applied p a r a l l e l to the high frequency 
f i e l d . The evidence of Pim* s experiments supports the 
idea that breakdown i s the r e s u l t of the formation of a 
c r i t i c a l concentration of positive ions within the gap. 

I n a l l these experiments the two f i e l d s were 
applied i n the same direction: i t would appear that no work 
has been recorded for orthogonal e l e c t r i c f i e l d s . 
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CHAPTER I . , 

The Apparatus, 

1. The Problem. 

I t was again considered expedient to use a 
resonator i n the H* j j mode as the most suitable means 
of investigating the electrodeless discharge of a gas, 
when under the combined influence of a microwave and a 
unidirectional f i e l d . The problem amounted to applying 
at right angles to the e l e c t r i c ring, ( E a ) , a unidirectional 
f i e l d , the l a t t e r to be directed along the 2 axis of the 
resonator, ( i . e . along the axis of the c y l i n d e r ) . 

The effect of a unidirectional f i e l d was f i r s t 
explored with the resonator described i n Part I ; the 
steady voltage was applied to the movable piston of the 
resonator. The construction of the resonator was such that 
the movable piston was car r i e d on an insulated rod, and had 
no e l e c t r i c a l contact with the curved walls of the resonator. 
Neither the application of a steady voltage of 7 K. v o l t s 
to the movable piston nor the application of a potential of 
approximately 4 I vol t s (derived from the magnetron H.T. 
pulse) caused any observable reduction i n the microwave stress 
necessary for breakdown. 
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However the f i e l d d i s t r i b u t i o n for the applied 
voltage was not of the required magnitude or direction 
with respect to the microwave f i e l d . Later work using 
an e l e c t r o l y t i c tank to plot the equipotential l i n e s 
for the steady f i e l d confirmed t h i s ; a t y p i c a l plot i s 
shown i n figure 27. 

The conditions of the proposed investigation were 
not s a t i s f i e d : a new resonator was therefore designed to 
give the necessary f i e l d d i s t r i b u t i o n at the filament where 
the c i r c u i t a l microwave s t r e s s was a maximum. 
2. Apparatus. 

2.1. Requirements to be s a t i s f i e d by resonator. 
2.1.1. The resonator must be so constructed 

that a unidirectional f i e l d could be applied i n such a 
manner as to be at righ t angles to the ring of maximum 
e l e c t r i c microwave s t r e s s , and p a r a l l e l to the longitudinal 
axis of the resonator, (the 2 a x i s . ) . 

2.1.2. Magnetic coupling between the resonator 
and the wave guide was again envisaged. This was 
accomplished by means of two holes, as shown i n figure 29-
This type of coupling requires the holes to be separated by 
a distance equal to , ( ̂ , wavelength of the H 0 | wave i n 
the wave guide), the two coupling apertures then appear 
opposite the positions of maximum longitudinal magnetic f i e l d 

i n the wave guide. 
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2.1.3. I t was farther argued that i f the 
two coupling holes were opposite the position of maximum 
c i r c u i t a l s tress i n the resonator, the maximum possible 
coupling efficiency would be achieved. Therefore the 
diameter of the ring of maximum e l e c t r i c s t r e s s , R. 
must be equal to h a l f the distance between the coupling 
holes. 

i . e . 

2.1.4* The resonator had therefore to 
conform to the following conditions :-

(a) Must be designed so that a steady f i e l d could 
be applied at right angles to E e and p a r a l l e l to the Z axis. 

(b) Separation of the coupling holes must equal X^y 
(c) Radius to maximum c i r c u i t a l s t r e s s , R must he^a, 

2.2. ^LgSSaL^BOa^OSBLQlJBig^oU XSLsasator^ 
2.2.1. General Theory. Using the polar 

co-ordinatesZ> r and 6, the f i e l d equations for a 
83 

c y l i n d r i c a l resonator working i n the H o n mode are :-

, E r - o 
E l e c t r i c ( Ee==-7o (2 *Q..T\ S^TT Z Components ( ° \ -p J £ 
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H r = I t 

Magnetic 
H a Components. 

To (3 xo,..rj H 

¥here L - length of the resonator. 
D = diameter -do™ 
Xoi - F i r s t root of JJ (x) = 0 . 

I n such a resonator the resultant 
e l e c t r i c , and magnetic, f i e l d patterns o s c i l l a t e i n quadra­
ture; also at the position of maximum c i r c u i t a l e l e c t r i c 
s t r e s s , ( E 6 maximum), the longitudinal magnetic f i e l d l z , 
w i l l be a minimum; i . e . H z = 0. 

Therefore by equating Ez to zero the 
position of E a maximum can be obtained:-

2 DCoi I. To (l Xot t) Si*. TZJZ, = o 

* jm+$y \35 / L 

For t h i s condition either 1. Si*, t r Z = o 
L. 

How:- ( l ) Gives o ; L ; not the condition required. 
(2) This can be evaluated e a s i l y ; knowing ID 
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there i s a ser i e s of values for T , where E 0 i s a maximum, 
( i . e . a series of values of R), of these values only one 
i s admissible. 

Assuming a wave guide of 
Standard B r i t i s h Xband cross section, i . e . 2.54 cms. X 1.27 
cms., the value of \^ can be obtained from:-

where \^- wavelength of fl0| wave i n wave guide. 
w " T.E.M. wave i n free space. 

\ ~ cut off wavelength, i . e . 2. x 2.54 cms. 

For the frequency used, namely 
9375 Mc/s, )k = 3.198 cms., and the value of \<j becomes 4.275 
cms. for the given waveguide. 

X i s determined by the magnetron 
frequency, so that )\<j i s also fixed. 

As stated i n section 2.1. the 
conditions to s a t i s f y are:-

Xa = 2 1 = separation of coupling holes. 
2 

Therefore R i s fixed and i s 
equal to 1.069 cms. Using t h i s value i n Jo ( ZS2£SLR ) - 0, 
a s e r i e s of possible values for JJ can be obtained, the 

diameter of the resonator 4. 
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©f the relationship 

the corresponding value of L, the length of the resonator 
can also he determined. Thus knowing 3 and L, the necessary 
dimensions, the resonator can he constructed to s a t i s f y 
two of the three given conditions. The thir d requirement, 
i . e . to be constructed to allow the application of a 
longitudinal f i e l d i s discussed i n a l a t e r section, (Section 
/c! • 3 • ) 

2 . 2 . 2 . A p p l i c a t i o n of theory to given 
waveguide. A series of values for I D can be determined for 
the given dimensions of the Standard B r i t i s h X band waveguide 
however using these values o f D the value of L becomes an 
imaginary quantity. Therefore i t i s impossible to s a t i s f y 
the given conditions using a waveguide of these dimensions. 
The values of I D so calculated are :- 3 . 4 ° 6 cms., 1 .434 cms., 
0.94-7 cms., etc. 

I t can e a s i l y be shown that for 
re a l values of L, the value of IP must be greater than 3-902 

cms., which i n t u r n means that 7\<j must exceed 4*898 cms. 
To i n c r e a s e d , V m u s t be increased 

For a given value of J), by means 

/WW 
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which i s readily accomplished by a suitable adjustment, 
(a reduction), to the larger dimension, A, of the waveguide. 

2.2.3. The Limiting Case. As shown, 
to s a t i s f y the given conditions, we must have:-

I> =̂  3-902 ems. (For r e a l values of L) 
which gives:- * ̂  1.225 cms. 

4.893 cms. 
and \ 4*224 cms. 
or F\ 2.112 cms. 

The table below summarises the results obtained using values 

of A of 1.8, 1.9 and 2 cms; a series of sketches of 
corresponding resonator dimensions i s given i n figure 23. 

TABLE 16. Summary of possible .resonator dimensions, etc. 

A. 

1.8 
I 1.9 
I 2 . 0 

Limiting 6ase<-2.112 

6.966 
5.921 
5.325 

D. .AJL-L 02ns» 

5.549 2 .249 
4.717 2.845 
4* 242 4 .075 

•3*3.902 Imaginary. 

2 . 2 . 4 . Variation of Ha i n waveguide 
with <j . 

The v a r i a t i o n of the longitudinal component of the magnetic 
f i e l d H ̂  , i n the waveguide i s given by:-

Hi "J H - i /— • K A ™ t V 
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Cross section of 
waveguide. 

frig. 24 * Axes for waveguide. 

Where, £ = permittivity 
of guide 
f i l l i n g . 

^/X. = permeability. 
to «• angular 

frequency. 

Choosing a point -where ^ = A, i . e . 
at the edge of the wave guide the equation reduces to:-

The distance £ of int e r e s t down the 
guide i s the position opposite the coupling holes, ( i . e . 
at 1^, maximum), or an int e g r a l number n of ̂ g ! s down the 
guide, n. . We can therefore volte •£ >^ as £ 
or a constant f o r a given position down the guide. 

t\ H^= ) j\|= K € = a constant for 
a given point down the guide. 

The r a t i o of (at a given position 
i n the guide), for two differen t waveguides i s thus the 
ra t i o of , where Af and Az are the respective dimensions 

i n the ̂  axis, i . e . ,H * — f\i 
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This r a t i o for the Standard 
B r i t i s h X Band wave guide, and a wave guide of cross 
section 1.9 x 1.27 cms. i s 1 : 1.6, i . e . the wave guide 
of cross section 1.9 x 1.27 cms. shows an increase 60$ i n 
the value of 1 'z . 

The coupling efficiency increases 
with increasing H a n d w i l l therefore he increased by a 
reduction i n the larger dimension of the wave guide. 

2.2.5- Variation of the Fovnting Flux 
down the waveguide due to a 
change i n A. 
I t i s e a s i l y shown that an 

approximate reduction of 7% i s caused i n the Poynting Flux 
by reducing the waveguide dimensions from 2.54 x 1.27 cms. 
to 1.9 x 1.27 cms. 

2.2.6. F i n a l choice of dimensions. I t 
was eventually decided to use a waveguide of dimensions 1.9 x 
1.27 cms. for these experiments. Using a waveguide of these 
dimensions a resonator could therefore be constructed that 
conformed to the o r i g i n a l condition. This choice r e s u l t s i n 
a s l i g h t reduction i n the Poynting Flux, but there i s an 
appreciable increase i n the f i e l d component i n the guide. 
The value of A chosen i s 0.212 cms below the c r i t i c a l size 
( i . e . where L becomes imaginary) which allows for s l i g h t 
differences between calculation and practice. F i n a l l y i f 
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A were chosen too small the cross section "would approach 
a square section, and a pure H 0i wave would tend to 
become distorted i n transmission down the guide. To avoid 
extremely d i f f i c u l t machining of the waveguide i t was 
decided to only reduce one dimension. 

The f i n a l dimensions were therefore: -
A = 1.9 cms. 
B s 1.27 cms. 

which gave D = 2^.717 cms. 
and L = 2.845 cms. at resonance Hon mode, 

a i r d i e l e c t r i c . 
2«3. gteady f i e l d d i s t r i b u t i o n within resonator. 

I t was then necessary to s a t i s f y the most important 
condition of the design: that a unidirectional f i e l d could 
be applied at right angle to the ring of maximum e l e c t r i c 
s t r e s s , and be directed along the % axis of the resonator. 

This was accomplished by constructing the 
resonator of three sections, (the two ends and the c y l i n d r i c a l 
w a l l ) ; each section insulated from i t s neighbour. As no 
current flow occurs i n the fi olt mode between the end plates and 
the curved wall such a design was possible. (Current flow 
diagram given i n figure 7, Part I ) . 

However before construction of such a resonator 
was undertaken, the di s t r i b u t i o n of the unidirectional f i e l d 
was explored by means of an e l e c t r o l y t i c tank. A three 
times enlarged sectional model of the resonator was 
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constructed,, the section being taken along the Zt axis of 
the resonator. The applied voltage was distributed so 
that h a l f the voltage was applied between the movable 
piston and the cylinder, the remainder between the cylinder 
and the fixed end plate. (Figure 25). Using such an 
arrangement the di s t r i b u t i o n of equipotential l i n e s , as 
shown i n figure 26, was obtained; graph 25 shows a voltage 
plot along the Z axis, and along the l i n e of maximum 
c i r c u i t a l s t r e s s , (CC*). I t can be seen that the di s t r i b u t i o n 
of the f i e l d i n the filament of maximum c i r c u i t a l s t r e s s , 
(shaded area), i s directed along the £ axis of the resonator. 
The voltage plot taken down the centre line£2'gives an even 
f i e l d d i stribution; the departure along the l i n e cc'is small 
and i s i t s e l f l i n e a r for the central portion, where E d has 
I t s maximum value. 

3 Re son itor. SX^ 

8,000, 
o/s. , 

Input. 
Variable 

pot exit iomete: Probe, 

Headphones. 

Fig. 25 .Electrolytic tank circuit. 

I t was therefore considered that the f i e l d 
d i s t r i b u t i o n was s u f f i c i e n t l y uniform for the proposed 
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constructed, the section being taken along the "Zi axis of 
the resonator. The applied voltage "was distributed so 
that h a l f the voltage was applied between the movable 
piston and the cylinder, the remainder between the cylinder 
and the fixed end plate. (Figure 25). Using such an 
arrangement the d i s t r i b u t i o n of equipotential l i n e s , as 
shown i n figure 26, was obtained; graph 25 shows a voltage 
plot along the Z axis, and along the l i n e of maximum 
c i r c u i t a l s t r e s s , (££)• I t can be seen that the di s t r i b u t i o n 
of the f i e l d i n the filament of maximum c i r c u i t a l s t r e s s , 
(shaded area), i s directed along the 2* axis of the resonator. 
The voltage plot taken down the centre line£2'gives an even 
f i e l d distribution; the departure along the l i n e cc'is small 
and i s i t s e l f l i n e a r for the central portion, where E d has 
i t s maximum value. 
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Fig. 25 .Kleotrolytlo tank circuit. 

I t was therefore considered that the f i e l d 
d i s t r i b u t i o n was s u f f i c i e n t l y uniform for the proposed 
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experiments, and the unidirectional f i e l d value could 
e a s i l y he calculated for any required position. 

An equipotential plot has also been 
included for the o r i g i n a l type of resonator, where the f u l l 
voltage was applied to the movable piston, the other end 
and the curved wall were i n e l e c t r i c a l contact and earthed. 
I t can be seen that the f i e l d i s directed almost at right 
angles to the required direction. (Figure 27). 

2.4. C o n s t r u c t i o n ^ 
The resonator can be divided into three 

sections the end plate, (A), r i g i d l y attached to the wave­
guide, the c y l i n d r i c a l portion, (B), separated from the end 
plate by a polythene washer and screwed ebonite ring. 
F i n a l l y the movable piston, (C), carried as i n the previous 
resonator on an ebonite rod. This plate i s therefore 
insulated from the other two sections; i t s position i s 
readily adjustable by means of the micrometer head. The 
resonator i n section i s shown i n figure 28. 

Two input ports were necessary i n the end 
plate A, one for the magnetic pick up loop, the second for 
the capsule outlet tube, these two holes were also d r i l l e d as to 
be situated on the same c i r c l e , (concentric with the curved 
wall of the resonator) which also included the two coupling 
holes. I n t h i s way only the minimum number of the c i r c u i t a l 



it Mioroaeter drive. 

Hole for D.O. oondaotor. 

tr 
Flbro dasning blook. 

Ebonite support 
for dlso. 

B: 

nite ring. 
lythene ring. 

•per of 
Waveguide. apHtwarejgld^ 

Wig. 28. Plan of resonator. 

t i o piokup 
port. 

Energising 

Capsule input 
port. 

**igi 2 9 i Eloratlon of resonator. 



143. 

current flow l i n e s i n the end plate were interrupted. 
(When working i n the Hon mode) . 

2.5. The other microwave components. 
2.5.1. The tapering waveguide section. 

I n order to permit easy access to the 
coupling holes a special length of waveguide was constructed, 
s p l i t longitudinally•by a central cut p a r a l l e l to the E 
direction i n the waveguide^" . As there i s no current flow 
across the longitudinal s p l i t the arrangement did not affect 
the transmission of the fl0i waveguide down the guide. 

The taper i n the waveguide from 2.54 cms 
to 1.9 cms. was gradual, the sloping faces exceeding 2 \y 
i n length, thus reducing backward re f l e c t i o n s to a minimum . 

2.5.2. The tuning stub sections. 
These were two short pieces of standard 

B r i t i s h waveguide 2.54 cms. x 1.27 cms. with tuning stubs as 
shown i n figure 31, and separated from each other by an odd 
number of quarter wavelengths, ( i . e . ) • To J o i n these 
sections to the resonator waveguide section a special design 
of choke coupling was employed. This coupling served two 
purposes; to j o i n the two sections of waveguide ( i . e . 
tuning stub and resonator sections), and to j o i n the two 
halves of the resonator waveguide section. 

2.5.3. The choke couplings (Figure 30). 

The depth of the slo t i n these couplers 
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was ^ thus the standing wave has an antinode of magnetic 
f i e l d i n the s l o t entrance, and i s continuous with the 
magnetic f i e l d i n the wave guide. The section of the 
coupler ( a ) , attached to the tuning stub section was i n 
one piece; whilst the other side of the coupler, (b) , was 
divided i n a v e r t i c a l direction, ( i . e . cut i n a l i n e 
p a r a l l e l to the E f i e l d direction i n the waveguide). 
The two portions (b) were attached to the s p l i t section 
of waveguide and slotted into the single portion of the 
coupler attached to the tuning stub section of the 
waveguide ( a ) ; thus the two halves of the waveguide i n 
the resonator section were t i g h t l y pressed together. 

I t w i l l be noticed that the j o i n 
i n the coupling comes at a distance ty^ from the waveguide, 
the current flow i s a minimum here, and a maximum at the end 
of the sl o t ( ^ ) . 

I n a l l the waveguide and resonator 
j o i n t s care had t© be exercised to avoid spurious sparking; 
i t was found expedient to place a layer of thi n lead or 
metal f o i l between the j o i n t s i n the couplers. 

2.5.4* The magnetron load and feed sections. 
The d i s s i p a t i v e load consisted of a 

tapering block of wood, the sloping edges again being greater 
than i . ̂ * t o reduce backward r e f l e c t i o n to a minimum. 



Figs. 52 & 53. Exploded view of •mxarommm apparatus. 
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The complete microwave system was 
coupled to the magnetron output by means of an adjustable 
choice coupling when using the B r i t i s h magnetron, and a 
fixed choke coupling i n the American model. 

The load and magnetron sections were 
themselves joined to the tuning stubs sections by standard 
couplers. 

A diagram of the microwave layout 
i s given i n figure 31, and the two photographs, figures 32 
and 33, show the apparatus i n an exploded form. 

The measurement of the e l e c t r i c stress 
within the resonator was again accomplished by means of a 
small magnetic pick up loop, the output of which was 
displayed on an oscilloscope. The general arrangement was 
i d e n t i c a l with that used i n Part I . 

2.6. Coupling adjustments and i n i t i a l use of apparatus. 
Orig i n a l l y coupling between the resonator and 

the waveguide was accomplished by means of two holes apart. 
I t was .found that coupling holes large enough to energise the 
empty resonator were too small when the glass capsule was 
inserted, probably because of d i e l e c t r i c losses i n the 
glass. The necessary increase of coupling was accomplished 
by elongating the holes. (Figure 29). The increase i n the 
d i e l e c t r i c constant due to the i n s e r t i o n of the capsule 
moved the position of the movable piston for resonance 
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i n the H 0„ mode s l i g h t l y further out. 
The system was so designed that the radiation 

from the i r r a d i a t i n g spark, t h i s time, intersected the 
filament of maximum c i r c u i t a l e l e c t r i c s t r e s s . 

I n i t i a l experiments were conducted with 
the B r i t i s h magnetron, and breakdown i n a i r could be 
achieved up to a pressure of about 50 m.m.Hg, a s l i g h t l y 
lower l i m i t than the previous resonator. However changing 
to the American magnetron breakdown could be produced 
up to about 70 m.m.Hg i n a i r . (This represents about 
40 K.volts round the 1 9 r i n g ) . 

2.7. The unidirectional f i e l d . 
2.7.1. General. 

I n the presence of a unidirectional 
f i e l d , the ions resulting from one discharge might be 
expected to form a coating on the walls of the glass capsule, 
and tend to neutralise the steady f i e l d across the capsule. 
I n order to avoid this d i f f i c u l t y , the unidirectional f i e l d 
was applied i n the form of pulses derived from the modulator 
supplying the magnetron. The pulse was obtained by means of 
a potential divider network; the f u l l voltage was applied 
to the movable piston, h a l f voltage to the c i r c u l a r walls 
of the resonator, the other end of the divider was connected 
to the fixed end wall of the resonator and earthed. The 
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H.T. pulse was negative. 
2.7.2. Measurement of the steady..pulse magnitude. 

The magnitude of the u n i d i r e c t i o n a l pulse 
was measured by feeding a known f r a c t i o n , (by means of a 
divider network), to a calibrated oscilloscope. The 
r e s u l t i n g pulse amplitude was found to have a maximum of 
3.71.volts. The incorporation of a p o t e n t i a l divider 
network allowed the applied pulse to the resonator to be 
varied i n twenty steps: to a minimum of 185 v o l t s . 

The length of the resonator, L, at 
resonance with the gle.ss capsule i n position was 3.1 cms., and 
the unidirectional f i e l d produced at the position of maximum 
microwave c i r c u i t a l s tress was therefore 1200 volts/cms., 
and could be reduced to a minimum of 60 volts.cm. The 
potential divider network was checked for l i n e o r i t y . 
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CHAPTER 2. 

Grossed f i e l d s , microwave and .unidirectional 
f i e l d s . 

1• I n i t i a l r e s u l t s i n a i r and hydrogen. 
Exploratory experiments were undertaken using 

dry a i r , measuring the v a r i a t i o n between the values of 
breakdown stress f o r the microwave f i e l d with ardwithout 
the steady f i e l d present. Two positions of the i r r a d i a t o r 
were used and at f i r s t j u s t the maximum value of the u n i ­
d i r e c t i o n a l f i e l d , i . e . 1200 volts/cm. I n a l l cases for 
p > 2 2 m.m.Hg. when the steady f i e l d was applied an increase 
i n the value of the microwave f i e l d was necessary to produce 
breakdowns; t h i s percentage increase with respect to pressure 
i s shown i n graph 26 for the two positions of the i r r a d i a t o r , 

Similar r e s u l t s were found for cylinder hydrogen, 
and the reduction i n stress for the lower pressures was more 
noticeable i n hydrogen than a i r . The hydrogen r e s u l t s are 
also shown i n graph 26 for two i r r a d i a t o r positions. I n 
both gases recovery after a discharge was f a r more d i f f i c u l t 
when the u n i d i r e c t i o n a l f i e l d was l e f t switched on; i . e . 
switching off the microwave f i e l d and the i r r a d i a t o r , but 
on re-applying the microwave f i e l d the gas tended to break­
down spontaneously. A period up to t h i r t y seconds or 

more had to be allowed to ensure complete gas recovery when 
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the steady f i e l d remained applied. This was not found 
to be the case when the steady f i e l d was also removed, 
the recovery i n a i r then being instantaneous, and far 
quicker i n hydrogen. The recovery troubles encountered 
i n Part I f o r hydrogen were not found provided the f i e l d s 
were removed for a reasonable period of time, i . e . 30 
seconds to one minute say. Time i n a l l readings of up to 
2 to 3 minutes was allowed between adjustments for 
s t a t i s t i c a l lags. 

There also appeared to be a decrease i n the 
s t a t i s t i c a l l ag recorded for a i r , when both f i e l d s were 
operative, for both i r r a d i a t o r positions. Such lag 
variations were d i f f i c u l t to establish because of the length 
of the experiments. 

I t was f e l t that for quantitative purposes the 
variat i o n of the microwave str e s s necessary for discharge 
with varying unidirectional f i e l d s would be easier to under­
stand. Accordingly experiments of t h i s type were performed: 
the r e s u l t s for each gas are considered separately. 
2. Air (Dry). . 

Variation of the microwave f i e l d required to 
produce breakdown with the application of different uni­
dir e c t i o n a l f i e l d s i s shown i n graph 27. Four steady f i e l d 
values were chosen and several such sets, taken over a 
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period of four months, gave similar microwave stress 
variations with applied unidirectional f i e l d s . For 
pressures l e s s than about 20 m.m.Hg. a maximum i n the 
curves became apparent, and the value of the steady f i e l d 
would seem to be almost high enough to produce normal 
steady discharge. This i s more noticeable i n the hydrogen 
r e s u l t s given i n the next section. 

Two types of breakdown were observed for the 
higher pressures i n a i r , and these can be described as 
the fF* and 'A' type of discharge: -

tF t type. or f l i c k breakdown, when the pulse 
envelope was observed to collapse for a short duration, 
( l to 2 seconds) and then r e c o v e r ; t h i s f i e l d collapse 
recurred every 40 to 60 seconds. Switching off the 
i r r a d i a t o r stopped t h i s type of discharge. (The pulse 
envelope r e f e r s to the envelope viewed on the oscilloscope 
screen). 

TA' type, or absolute type, where complete collapse 
of the pulse envelope occurred remaining eollapsed when 
the i r r a d i a t o r was switched off. 

Variations between these two types were also 
occasionally observed, but they a l l only appeared for the 
higher pressures, and higher values of the applied uni­
dire c t i o n a l f i e l d . 
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These r e s u l t s i n a i r were recorded with the 
i r r a d i a t o r positioned at a distance of 19 cms. from the 
resonator. The usual time allowance was made between 
resonator input adjustments for s t a t i s t i c a l l a g . 
3. Hydrogen. 

The experiments i n hydrogen were more extensive 
and were undertaken at three different times. The i n i t i a l 
r e s u l t s , shown i n graph 23, are substantially similar to 
the a i r r e s u l t s . T i e peaks i n the curves occur at higher 
pressures, of the order 50 a.m.flg. 

A more detailed study revealed that, as for a i r 
various types of breakdown were apparent, four quite separate 
types were distinguished, and have been c a l l e d the 'F', 'C, 
'M' and 'A' types. 

'F' type, a ' f l i c k ' was observed i n the pulse 
envelope as viewed on the oscilloscope screen, not a complete 
collapse, could be described as an occasional collapse 
seen inside the main pulse envelope. Ve r i f i e d by v i s u a l 
observation along the capsule i n l e t tube. 

'C type, complete collapse of the pulse envelope, 
not maintained when the i r r a d i a t o r i s switched off. 

TM' type T remains collapsed when the i r r a d i a t o r 
i s switched off, but does sometimes recover after several 
seconds. 
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'A*, type,no recovery at a l l a f t e r breakdown 
when i r r a d i a t o r i s switched off. 

The separation of the four types of discharge 
became more apparent at the lower pressures, and higher 
values of the applied unidirectional f i e l d . A l l pressures 
j u s t gave the fA f type for microwave breakdown with no 
applied steady field.. I t can generally be stated that 
the four types gradually became indistinguishable from the 
' Af type as the pressure increased, and the applied uni­
dire c t i o n a l f i e l d decreased. The table below summarises 
the r e s u l t s ; the microwave stresses are i n an arbitrary 
scale. (The actual values shown are the displacement 
voltages required to displace the pulse envelopes a distance 
equal to th e i r own heights; see section 3.2.1. Part I ) . The 
i r r a d i a t o r was situated at a distance of 19 cms. from the 
resonator. 
TABLE 17. Microwave breakdown stresses, both f i e l d s operative. 

m.m.Hg.No.D.C. 
irolts/cm. volts/cm. 

4 610 305 
3 / 4 
915 

I F u l l . 
1220 v o l t s / 

v o l t s / em. cm. 
Micrwave breakdown s t r e s s i n arbitrary u n i t s . 

11. A 19.7 A 21 
F 24 
C 25 

F 18 
C 27 A 20.5 

M 28.5 
A 31 

M 37 
A 40 

30.5 A 22.5 
F+C 24-5 F 25.0 
M+A 25.5 C 29.0 

M 31.5 
A 31.5 

F 26 .0 F 24 
C 33 .0 C 32.0 
M 42 .0 M 44-0 
A 42 .0 A 44 .0 
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50.5 A 29 

r -

A 30.5 
F 33 
C 39 
M 45 
A 45 

F 35 
C 40.5 
M 49.0 
A 49.0 

F 34-5 
C 45.0 
M 50 .0 
A 50.0 

80 A 38.5 A 39 .0 
F 40 
A 41.5 

F 42 
C 44.5 
A 45.0 

F 43.0 
C 46.5 
A 48.5 

119 A 45.5 A 45.5 A 47.0 
F 48 .0 
A 4S.5 

F 48.5 
C 49.0 
A 50 

156 A 49.5 A 49.5 A 50.0 A 50.5 
F 5 1 ~ ! 
A 52 

175 A 51.0 A 51.0 A 51.5 A 52.0 F 52.3 
A 52.5 

Results obtained with the i r r a d i a t o r at d maximum, 
i . e . 130 cms. showed that the separation of the types of breai 
down was not distinguishable u n t i l lower pressures, and 
higher unidirectional f i e l d s than the r e s u l t s with the 
i r r a d i a t o r at 19 cms. 

Variation of the microwave breakdown s t r e s s with 
applied unidirectional f i e l d was also explored using the 
mesothorium source as the ionising mechanism, the curves 
(Graph 29) follow the same general trend as the curves 
obtained with the i r r a d i a t o r at 19 and 130 cms. With the 
mesothorium source of ionisation the separation of the types 
of breakdown did not become noticeable u n t i l the lower 
pressures, and the higher values of the unidirectional f i e l d ; 
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usually only the F and A types of breakdown were observed. 
The mesothorium r e s u l t s were therefore e s s e n t i a l l y 
similar i n t h i s respect to the r e s u l t s with the i r r a d i a t o r 
at 130 cms. 

I t i s interesting to notice that the mesothorium 
values shown i n graph 29 agree with the I r = 19 cms. r e s u l t s 
for breakdown with no unidirectional f i e l d applied; but 
are greater than the I r =* 19 cms r e s u l t s for the higher 
values of the applied steady f i e l d . The mesothorium 
r e s u l t s exceed the values recorded with the i r r a d i a t o r at 
130 cms. when the peak i n the graph has been reached, t h i s 
i s shown for both pressures 12 and 34 m.m.Hg. 

An analysis of the s t a t i s t i c a l lags recorded i n 
these experiments shows that no general trends can be deduced: 
the lags seem quite random, except that they increase with 
i r r a d i a t o r distance, i . e . , between I r - 19 and 130 cms; 
also the mesothorium r e s u l t s showed greater lags than the 
I r ~ 19 cms r e s u l t s . 

F i n a l l y for hydrogen, because of the somewhat 
unsafisfactory nature of the two sets of r e s u l t s presented 
above, a further check was undertaken at a l a t e r date. 
Care and precision were observed, graph 30 shows the r e s u l t s ; 
again the same increase i n the microwave stress with increase 
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i n the steady f i e l d i s apparent. Only at the highest 
voltages and lover pressures did the various separate 
forms of breakdown occur. Then only the F and A types 
could be distinguished, the other variations i f present 
could not be resolved. 

Many sets of r e s u l t s were taken during t h i s 
f i n a l period, and the r e s u l t s observed i n pure hydrogen 
and cylinder hydrogen, were always found to be i d e n t i c a l . 

No explanation for the non-appearance of the 
four types of breakdown i n the l a t t e r work i s apparent, 
except that the l a t t e r work was mostly i n pure hydrogen, 
while the e a r l i e r r e s u l t s were a l l obtained using cylinder 
hydrogen, apart from t h i s a l l else was i d e n t i c a l . I t was 
f e l t that no more time could u s e f u l l y be spared for further 
experiments of t h i s type i n hydrogen. 
4* Oxygen. (Cylinder). 

A set of curves for oxygen i s shorn i n graph 31, 
where the i r r a d i a t o r was placed at 19 cms., only A and F 
types of discharge could be distinguished; these became 
more apparent at the higher pressures, ( s i m i l a r to the a i r 
r e s u l t s ) . The experimental technique was as for the other 
two gases, due allowance being made for s t a t i s t i c a l lag at 
each microwave f i e l d adjustment. No gas recovery trouble 
was encountered provided the microwave f i e l d was switched 
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off for a minute or so after a discharge. 
5. Neon. (Pure). 

Spectroscopically pure neon gave the curves 
shown i n graph 32 for the v a r i a t i o n of the microwave 
breakdown s t r e s s with the value of the applied uni­
directional f i e l d . The i r r a d i a t o r was i n the near 
position, 19 cms; only the A type of breakdown could 
be detected, and the discharge was extremely sharp giving 
complete recovery on switching off the microwave f i e l d . 

The position of interception of the graphs 
with the steady f i e l d axis was given by the value of the 
steady f i e l d which i t s e l f produced breakdown, when the 
gas was ir r a d i a t e d , (the microwave f i e l d not being 
present). An increase i n the breakdown s t r e s s for the 
lower pressures, ( < • 21 m.m.Hg) i s c l e a r l y shown both 
for the microwave and steady f i e l d discharges. 
6. Biscussion. 

I n interpretation of these r e s u l t s i t i s recogni 
that electrons may simply be moved by the unidirectional 
f i e l d out of the zone of maximum c i r c u i t a l e l e c t r i c s t r e s s 
( E a ) . 

Consider three regions i n the gas, A. B and G. 
The region A i s a zone where the c i r c u i t a l e l e c t r i c stress 
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i s a maximum and sensibly 
constant over the area; 

B. A. C. B and C two neighbouring 
zones where the e l e c t r i c 

field*. 
Steady 

stress i s l e s s than 
U.h.f 
f i e l d maximum. I n electron 

therefore moving from zones 
Fig 34 

B, to A, to C, w i l l not 
produce as many new 

electrons by c o l l i s i o n as an electron remaining i n A. Also 
a population of electrons d r i f t i n g under the influence of 
the unidirectional f i e l d through A w i l l not produce as many 
new electrons as a stationary population, of the same density, 
i n zone A. The a u x i l i a r y f i e l d may therefore cause a 
reduction i n the ionising power i f i t displaces electrons a 
distance greater than that within which the microwave 
f i e l d i s sensibly uniform. An increase i n the microwave 
f i e l d would therefore be necessary for breakdown, when the 
a u x i l i a r y f i e l d was present, compared to the stress necessary 
for breakdown under the microwave f i e l d alone. 

A s l i g h t l y d i f f e r e n t approach to the problem i s to 
consider the electron movement i n one microsecond under the 
influence of the unidirectional f i e l d . One microsecond was 
the duration of the unidirectional pulses applied orthogonally 
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to the microwave f i e l d . The values quoted below are 
calculated "by the methods f u l l y explained i n Chapter 6, 
Part I I . 

Hydrogen:pressure 115 m.m.Hg, and a steady f i e l d 
of 305 volts/cm the electron movement i s of the 
order 1G num. i n one microsecond, t h i s value 
rapidly increases on increasing the steady f i e l d 
or decreasing the pressure. 

(The electron ambit under the microwave 
f i e l d for pressures 5 to 115 m.m.Hg. i s 
approximately 0 .014 m.m. to 0.0025 m.m. i n one 
hal f cycle of the microwave f i e l d ) . 

Neon:at pressures greater than 180 m.m.Hg. and 
a steady f i e l d of 305 volts/cm. the electron 
movement i s l e s s than 30 num., and for the maximum 
pressure used i n these experiments 323 m.m.Hg 
the electron movement i s of the order 25 m.m. I n 
one microsecond,. ' 

(The electron ambit under the microwave 
f i e l d for pressures 13 to 323 m.m.Hg., i s 0.016 
to 0.0013 m.m. approximately). 
Air; the highest pressure, £1 m.m.Hg. gives an 
electron movement under a steady f i e l d of 305 v o l t s / 
cm. of 35 m.m. i n one microsecond. 
Oxygen; for a pressure of 53.5 m.m.Hg. the electron 
movement under the unidirectional f i e l d of 305 v o l t s / 
cm. i s of the order 30 m.m. i n one microsecond. 

The length of the resonator was 31 m.m. at resonance 
and the i n t e r n a l length of the glass capsule, 22 m.m.; i t can 
therefore be seen that even for the highest pressures the 
electron movement under the action of the steady f i e l d i s of 
the same order as the capsule length. The electrons might 
therefore be swept to the capsule walls, ( i . e . clean up) 
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during the steady pulse. 
The p o s s i b l e explanations of the increase 

r e q u i r e d i n t h e microwave stress to produce "breakdown, 
when a steady f i e l d was simultaneously applied to the 
gas, suggested the use o f an alternating f i e l d i n place 
of the steady f i e l d . The e l e c t r i c ambit would therefore 
be c o n t r o l l e d by the choice o f frequency of the alternating 
f i e l d . Experiments were next conducted with alternating 
f i e l d s of three frequencies; 1, 3 and 10 Mc/s; these are 
described i n the following three chapters. The order 
given, i . e . 1,3 and 10 Mc/s. i s not h i s t o r i c a l l y correct, 
"but they are discussed i n t h i s sequence so that the 
development of the problem can be more ea s i l y followed. 
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CHAPTER 3. 

Crossed f i e l d s , microwave and Q.S6 Mc/s. 
f i e l d s . 

1. Introduction. 
The slowest alternating f i e l d applied at right 

angles t o the microwave f i e l d had a frequency of approximate] 
1 Mc/s; two gases were studied under the action of the 
crossed f i e l d s , hydrogen and neon. Each gas i s discussed 
separately. 
2. Apparatus. 

2.1. The o s c i l l a t o r . 
The one megacycle o s c i l l a t o r was e s s e n t i a l l y 

a tuned anode tuned grid o s c i l l a t o r , with two pentodes 
working i n push-pull. Due to the heavy anode current, 
(200 m.a.), ten 60 watt e l e c t r i c l i g h t bulbs formed the anode 
load. The bulbs could be switched out of c i r c u i t i n pair s , 
thus f a c i l i t a t i n g an easy control of the anode voltage. 

The "resonator can be represented by two 
condensers i n s e r i e s , one between the movable piston and the 
c y l i n d r i c a l w a l l , (C.B.), the other between the c y l i n d r i c a l 
wall and the fixed end plate, (A.B.). (Figure 35). Thus 
by making the resonator one of the components i n the tuned 
c i r c u i t , and loosely coupling t h i s c i r c u i t to the o s c i l l a t o r , 
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an a l t e r n a t i n g v o l t a g e could be produced across the 
resonator. To ensure the required even voltage d i s ­
tribution, as discussed i n the previous chapter, the 
central section of the resonator was connected to a 
suitable point on trie c o i l i n t h i s i s o l a t e d tuned c i r c u i t , 
as shown i n the diagram. This position was chosen so 
that the voltage between B and A was h a l f the voltage 
between C and A. Variation of the coupling between the 
tuned c i r c u i t and the anode tuned c i r c u i t of the o s c i l l a t o r 
varied the applied voltage across the resonator. 

The three c o i l s used consisted of some 45 
turns, 15 S.W.G-. copper wire wound as a pancake c o i l on 
a wooden former, (diameter of c o i l 4," to 8")j the inductance 
was of the order 320 uH. A l l connecting wires i n the 
o s c i l l a t o r , and tuned c i r c u i t , were made of thick copper 
wire to obtain a high Q. The o s c i l l a t o r produced a peak 
voltage of about 30C0 volts across the resonator, i . e . a 
maximum of approximately 1000 volts/cm at a frequency of 
0.86 Mc/s. 

2.2. Voltage measurement., 
The voltmeter was similar to that used by 

G i l l and von E n g e l ^ employing two diodes, (VR 78), and an 
e l e c t r o s t a t i c voltmeter, the reading of the meter being h a l f 
the peak voltage. 
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The centre p o i n t between the two resistances 
i s at a potential equal to h a l f the applied potential t o 
the voltmeter; thus; connecting t h i s point to the c y l i n d r i c a l 
section o f the resonator (B), no v a r i a t i o n i n the meter 
reading should be recorded i f the voltage d i s t r i b u t i o n on 
the resonator i s t h a t required. By the inser t i o n of a 
tapping key i n t h i s l i n e a constant check could be made 
t h a t the f u l l voltage was applied to the piston, and h a l f 
voltage t o the c y l i n d r i c a l w a ll, the other end of the resonator 
was earthed. The alternating f i e l d at the position of the 
maximum microwave c i r c u i t a l f i e l d was therefore longitudinal, 
and i t s value could e a s i l y be calculated. 
3. Results. 

3.1. Pure e l e c t r o l y t i c hydrogen. 
3.1.1. Variation o_f the microwave s t r e s s with 

alternating f i e l d . 
The alternating f i e l d applied 

orthogonally to the microwave f i e l d produced an increase i n 
the stress required f o r microwave discharge, c l e a r l y shown 
i n graph 33. Two types of breakdown were again noticed 
and can s t i l l be referred to as the »F! and 'A1 types of 
breakdown. The separation of the two forms increased as 
the pressure decreased, and the alternating voltage increased. 

No r e a l recovery troubles were 

encountered provided the f i e l d s were switched off after a 
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discharge f o r the usual one t o two minutes; due allowance 
was also made f o r any s t a t i s t i c a l l a g . 

The two v e r t i c a l arrows on the 
graph,represent the breakdown stress of hydrogen under 
the a c t i o n of the a l t e r n a t i n g f i e l d alone f o r pressures o f 
10 and 18 m.m.Hg. The microwave s t r e s s values recorded to 
the right of these l i n e s were obtained by vis u a l observations, 
i . e . a general glow could be seen i n the resonator caused 
by the alternating f i e l d breakdown, but on increasing micro­
wave f i e l d t h i s glow was seen to increase suddenly; t h i s 
was taken as the point where the microwave breakdown began. 
These values, of course, are far more l i a b l e to error than 
the usual r e s u l t s to the l e f t of t h i s boundary. 

However the oscilloscope t r a c e 
dtd not collapse when the alternating discharge alone was 
present i n the resonator, and i t was found possible to s t i l l 
use the collapse of the pulse envelope as an indicat i o n of 
the microwave discharge; t h i s approximately agreed with the 
v i sual method. 

3.1.2. Auxiliary f i e l d cut off voltages. 
I f the microwave f i e l d was set so 

as to j u s t produce breakdown, with no a u x i l i a r y f i e l d operative, 
the discharge could be extinguished by applying the a u x i l i a r y 
f i e l d ; the i r r a d i a t o r could be on or off during these 
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experiments and did not vary the alternating voltage 
necessary to extinguish the discharge. A table i s now 
given showing these alternating extinction (or cut off) 
voltages for the pressure range 15 to 142 m.m.Hg. The 
electron ambits are calculated, by the method outlined i n 
Chapter 6, for a half cycle of the alternating f i e l d . 
TABLE 18. Extinction, voltages and associated electron ambits 

hydrogen. 

Microwave A.C.stress Electron amb 
p stress for for extinction for § cycle -

m.m. Hg. breakdown No.a.c. I r off or on. alternating m.m. Hg. 
f i e l d present. f i e l d 5.8 x f i e l d present. 

10"7 sees. 
Volts/cm. 7olts/cm, m.m. 

15 390 <30 2.7 
23 480 59 3.1 
35 625 153 5.2 
51 800 I 6 4 4.6 
66 960 252 5.2 
76 1070 435 7.1 
97 1345 545 6.7 

118 1520 1045 10.1 
142 1770 1180 9.9 

Length of resonator 31 m.m., length of inside of capsule 
22 m.m. 

The e f f e c t of a s l i g h t over-
voltage of the microwave f i e l d increased these extinction 
voltages, as can be c l e a r l y seen i n the following table; 
whether the i r r a d i a t o r was operative, or not, affected these 
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values, the lower values o c c u r r i n g f o r no i r r a d i a t i o n . 
TABLE 19. Exti£C^oji_jro^^ 

wave over.vo.ltage. 

p 
m.m.Hg. 

Microwave 
stress 
No a.c. f i e 
present. 

Volts/cm. 
_~ Applied 
Idf microwave 

s t r e s s . 

A l t e r n a t i n g e x t i n c t i o i 
voltages i n volts/cm. 

p 
m.m.Hg. 

Microwave 
stress 
No a.c. f i e 
present. 

Volts/cm. 
_~ Applied 
Idf microwave 

s t r e s s . I r o f f . I r on. 

10 370 370 
415 
440 
470 

< 30 
125 
154 
500 

<30 
156 
500 
N.E. 

19 425 425 
455 
470 

35 
370 
920 

35 
450 
I.E. 

61 910 910 
940, 
955 ' 
995 , 

250 
635 
660 
885 

250 
720 
885 
N.E. 

94 1260 1260 
1290 
1310 

530 
690 
980 

535 
720 
I.E. 

N.E. no e x t i n c t i o n obtained w i t h the voltage a v a i l a b l e (order 
of 1000 volts/em). 

3.1.3. G e n e r a l ^ m m e n t s ^ ^ 
The e l e c t r o n ambit under the a u x i l i a r y 

f i e l d i s such t h a t the average microwave f i e l d a c t i n g i s ( a t 
l e a s t i n some cases) m a t e r i a l l y reduced, because the movement 
i s l a r g e enough t o prevent any e l e c t r o n from remaining i n 
the strong f i l a m e n t of the r i n g e l e c t r i c f i e l d : t h i s leaves 

http://over.vo.lt
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an ambiguous explanation. I t was t h e r e f o r e proposed t o 
use a higher frequency f i e l d , i n which a given i n t e n s i t y 
i s associated with a smaller electron displacement. 

3.2. Spectroscopically pure Neon. 
3.2.1. Variation of the microwave str e s s 

with alternating f i e l d . 
I n neon a far greater pressure range 

could be covered, and graph 34 shows the variation of the 
microwave stress for breakdown when the orthogonally applied 
alternating stress i s increased. The v e r t i c a l arrows again 
give the alternating f i e l d breakdown stress for neon at 
0.86 Mc/s. The sudden r i s e of the microwave stress i n the 
f i r s t 33 volts of the applied a u x i l i a r y f i e l d was repeatable, 
for pressures l e s s than about 200 m.m.fig., for a number of 
different sets of r e s u l t s . 

The microwave stiesses recorded to the 
right of these v e r t i c a l arrows were determined v i s u a l l y , 
t h i s was f a c i l i t a t e d by the difference in appearance of the 
microwave and alternating discharge I n neon. The microwave 
discharge always showed the c h a r a c t e r i s t i c neon red colour; 
however the alternating discharge was a bright blue. There 
was such a marked change of colour that the microwave 
discharge could e a s i l y be seen within the general blue glow 
of the alternating discharge. The onset of the microwave 
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discharge was therefore e a s i l y determined v i s u a l l y , the 
onset was f a i r l y sharp. The microwave stress recorded 
t o e s t a b l i s h a discharge within the already present 
alternating discharge was not dependent on whether the 
i r r a d i a t o r was on or off. 

This blue neon discharge persisted 
down to a pressure o f about 15 m.m.Hg. where any further 
pressure reduction caused a gradual change to pink i n the 
colour of the alternating discharge, and at the s t i l l 
lower pressures red. The var i a t i o n of the breakdown str e s s 
for neon, under the 0.36 Mc/s f i e l d , with pressure i s given 
on graph 39, Chapter 4* 

3.2.2. Auxiliary f i e l d cut off voltages. 
The necessary alternating f i e l d stress 

to give extinction of an established microwave discharge was 
determined i n a similar fashion to the method used for 
hydrogen, for a pressure range 98 to 190 m.m.Hg. The micro­
wave stress was the minimum stress required to produce 
breakdown with no aux i l i a r y f i e l d present. 

TABLE 20. Extinction voltages and associated electron ambits. 

p 
m.m. Hg. 

Microwave stress 
for breakdown. No 
A.C.field present. 

volts/cm. 

A.C.stress for 
extinction. 

volts/em. 

Electron ambit 
for | cycle of 
alternating f i e 
- 5.8 x lGr se 

m.m. 
190 540 118 2.05 
H5 440 52 1.86 
98 340 45 1.35 
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These amplitudes are small i n 
comparison with the dimensions of the gas chamber; 
however i t i s interesting to compare them with the electron 
amplitudes under the a u x i l i a r y f i e l d of 33 volts/cm., 
i . e . the point where the graphs f l a t t e n out. The two sets 
of values are of the same order of magnitude. 
TABLE 21. Electron ambits under 33 volts/e:m. A.C.field. 

P 
m$.m.Hg. 

430 
369 
287 
190 
145 
98 
50 
20 
3 

Electron ambit under 33 
volts/cm. A.C.field 0.86 
Mc/s for i cycle i n m.ms. 

0.39 
0.55 
0.62 
0.78 
1.1 
1.2 
1.94 
7.5 
48 ? 

Upsweep i n 
microwave stress 
within 33 v o l t s / 
cm. A.C.field. 

3.2.3. Electron ambits under,.crossed fields..,. 
Neon. 
Graph 35 shows the electron ambits 

under the action of the alternating f i e l d when both f i e l d s 
are operative, the method of calculation i s given i n Chapter 
6. The microwave f i e l d used i n these calculations i s the 
f i e l d necessary to produce breakdown i n the presence of the 
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appropriate a l t e r n a t i n g f i e l d . The boundary, or dotted 
l i n e , on the graph marks the e l e c t r o n ambits under the 
a l t e r n a t i n g f i e l d when the stress of the a l t e r n a t i n g f i e l d 
i s s u f f i c i e n t to produce breakdown alone. 

I t can be seen that for alternating 
f i e l d values l e s s than these breakdown stresses the 
electron ambit i s small i n comparison w i t h the capsule 
length, except for low pressures. Unlike the hydrogen 
r e s u l t s no l a r g e movement of the electrons occurs due to 
the alternating f i e l d ; therefore clean up cannot account 
for the increase i n the microwave stress necessary to give 
breakdown i n the presence of an orthogonal aux i l i a r y f i e l d . 
This increase would appear to occur when the electron ambit 
under the a u x i l i a r y f i e l d exceeds 0.8 m.m. approximately. 
The flatness of the graphs i s of considerable i n t e r e s t ; 
discussion of t h i s i s reserved u n t i l a l a t e r Chapter, 
(Chapter 9 ) . 

The lowest alternating f i e l d voltage 
that could be e a s i l y read by the measuring system was 
approxtately 20 volts/cm. At a pressure of 50 m.m.Hg. the 
microwave stress necessary for breakdown with an au x i l i a r y 
f i e l d present of 20 volts/cm. was s t i l l greater than that 
required when no a u x i l i a r y f i e l d was present. The electron 
ambit under the alternating f i e l d ( i . e . 20 volts/cm) was 
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now 1.14 num. 5 i t was therefore s t i l l i n excess of the 
minimum ambit quoted above, ( i . e . 0.8 m.m.) Owing 
to the uncertainty of the measuring system for such low 
a u x i l i a r y f i e l d s further experiments were not continued. 
However, i t was considered desirable to increase the 
frequency of the a u x i l i a r y f i e l d , r e s u l t s using a 3 Mc/s 
a u x i l i a r y f i e l d are given i n the following chapter. 
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CHAPTER I. 

_Crossed f i e l d s , microwave and 2.66 Mc/s f i e l d s . 

1. Apparatus. 
The o s c i l l a t o r was modified by substituting new 

c o i l s ; these consisted of some 16 turns, 10 S.¥.G. copper 
wire with a diameter of 6 inches. The resonator feed and 
voltage measuring c i r c u i t s were as before. The o s c i l l a t o r 
frequency was 2.66 Mc/s, with a peak output across the 
resonator of 24-00 v o l t s . 

The f i v e gases, hydrogen, neon, nitrogen, oxygen 
and a i r were used at t h i s frequency,* the resu l t s for each 
gas are given separately. Hydrogen and neon were studied 
more f u l l y than the other gases. 
2. Results. 

2.1. Pure e l e c t r o l y t i c . Hydrogen. 
2.1.1. Variation of the microwave breakdown stress 

with alternating f i e l d . " 
L i t t l e or no increase i n the microwave stres 

was required to produce discharge on application of the 
au x i l i a r y f i e l d . An increase could only be established for 
pressures below about 50 m.m.Hg. The two types of discharge 
the F and A types, were also separately evident below t h i s 
pressure. (Graph 36). Once the F type of discharge had been 
established switching off the alternating f i e l d caused a 
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change t o the A type, however on re a p p l y i n g the a u x i l i a r y 
f i e l d the discharge r e v e r t e d t o the F type. 

Alternating f i e l d discharge could 
only he established f o r the two lowest pressures; shown 
by v e r t i c a l arrows on the graph. The microwave breakdown 
stresses to the r i g h t of these boundaries were obtained, as 
before, v i s u a l l y observing the sudden increase i n intensity 
of the discharge as the microwave stress was increased. 

The rectangular shape of these graphs 
i s of considerable i n t e r e s t showing an apparent complete 
independence of the two f i e l d s i n establishing their own 
discharge, (see the discussion chapter for further comments). 

The intensity of the observed discharge 
under crossed f i e l d s was lower than the microwave discharge 
alone. The aux i l i a r y f i e l d voltages at which any decre ase i n 
the i n t e n s i t y of the dischargeswas seen are marked on the 
graphs by small arrows; they would appear to coincide 
approximately with the separation of the discharge into the 
two forms, ( i . e . A and F types) . 

2.1.2. Alternating f i e l d cut o f f voltages. 
¥ith the microwave f i e l d set for the 

minimum st r e s s r e q u i r e d (with no a u x i l i a r y f i e l d present), 
to produce breakdown at a given pressure, the necessary 
au x i l i a r y f i e l d stresses to quench t h i s discharge were 
determined and are tabulated below, together with the 
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electron ambits at these values. The electron ambits 
are of the same order of magnitude as those recorded at 
0.86 Mc/s. The same general remarks apply to t h i s 
frequency as to the previous set of r e s u l t s . 
TABLE 22. Extinction voltages, and associated electron 

ambits, hydrogen. 

p Microwave A.C.stress Electron 
m.m.Hg. stre s s for for extinction.ambit for | m.m.Hg. 

breakdown. No , cycle of A.C 
A.C.field f i e l d - 1.88 
present. x 10"7 sees. 

volts/cm. volts/cm. m.ms. 

45 750 550 4.5 
26 525 120 1.8 
14.5 410 100 2.1 
9.5 390 90 2.66 

2.1.3. Electron ambits under crossed f i e l d s . 
hydrogen. 
I n the table below (table 23) the 

electron ambits i n one ha l f cycle of the alternating f i e l d 
for the maximum applied a u x i l i a r y voltage are given, the 
microwave f i e l d being at the appropriate breakdown stress for 
the applied a u x i l i a r y f i e l d . 

I t w i l l be seen that the electron 
ambits for pressures greater than 26 m.m.Hg. are well below 
h a l f the capsule length, and i t therefore seems improbable 
that electron clean up to the capsule walls i s a major 
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f a c t o r . The e l e c t r o n paths given are f o r the maximum 
ap p l i e d a u x i l i a r y f i e l d , and they decrease r a p i d l y as the 
a u x i l i a r y f i e l d i s reduced. 

X f f i l - J l f c E l e c t r o n ambits i n a l t e r n a t i n g f i e l d , hydrogen. 

p 
Microwave 

stress for 

( l type) 
volts/cm. 

A* C • f i 6 l d • 

volts/cm. 
I.o^l-:., ..1, • I. , ' « . W „< I | . . - • • 

Electron 
ambit i n 
1 cycle of 
A.C.field, 
m.ms. 

9.5 390 500 23 
14* 5 410 600 18.5 
26 525 600 8.5 
45 750 600 4« & 
71 1100 600 3.2 
89 1200 600 2.8 

113 1480 600 2.5 

2.1.4* S t a t i s t i c a l lag variations with 
au x i l i a r y f i e l d voltages. 
I t can be stated generally that 

the application of the a u x i l i a r y f i e l d , though i t might not 
produce any increase i n the microwave stress necessary for 
breakdown, did produce an increase i n the observed s t a t i s t i c a l 
X ELIJ * 

Graph 37 shows the varia t i o n i n the 
probability per pulse for breakdown with microwave f i e l d 
overvoltage for two cases; (a) no applied a u x i l i a r y f i e l d , 
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and (b) with a large applied a u x i l i a r y f i e l d . (The 
probability per pulse i s the reciprocal of the s t a t i s t i c a l 
lag, the lags measured i n seconds). I t i s shown from these 
r e s u l t s that there i s a. d e f i n i t e decrease i n the 
probability per pulse with the application of an alternating 
f i e l d applied orthogonally to the microwave f i e l d . 

2.2. Neon,Spectroscopically pure. 
2.2.1. Variation of the microwave.breakdown 

stress with alternating f i e l d . 
Application of an alternating f i e l d 

at right angles to the microwave f i e l d gave no observable 
increase i n the microwave stress necessary to i n i t i a t e break­
down, t h i s was true up to the a u x i l i a r y f i e l d breakdown 
stre s s e s . The rectangular shaped graphs c l e a r l y i l l u s t r a t e 
t h i s point, graph 38. The right hand boundaries, i . e . the 
v e r t i c a l arrows, show the au x i l i a r y f i e l d voltages necessary 
to i n i t i a t e a discharge, (no microwave f i e l d operative). 
Pressures up to 4-65 m.m.Hg. were used and these higher 
pressures gave curves similar i n general shape to the ones 
shown i n graph 38. 

Observations made with various values 
of amplifier gain gave similar graphs, thus ensuring that 
the constant microwave breakdown str e s s recorded could not 
be attributed to amplifier saturation. A slig h t increase i n 
the microwave stress with the application of the a u x i l i a r y 
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f i e l d was observed for the l o v e r pressures, but was a 
maximum of 2 to 3 per cent. I t can therefore be stated 
t h a t f o r f i v e separate sets of r e s u l t s , at a l l pressures, 
no increase i n the microwave stress necessary for break­
down with the application of the a u x i l i a r y f i e l d was 
observed, except at very low pressures. 

The neon discharge was blue i n colour 
for pressures above 30 m.m.Hg. when excited by the alternating 
f i e l d alone, ( s i m i l a r to the colour observed at 0.86 Mc/s.) 
The colour changed to pink, and then the c h a r a c t e r i s t i c 
red as the pressure was decreased below 30 m.m.Hg. 

Visual observations of the microwave 
discharge showed that as the a u x i l i a r y f i e l d was increased 
the intensity of the discharge f i r s t decreased and then 
suddenly increased. Due to the gradual reduction of the 
i n t e n s i t y as the a u x i l i a r y f i e l d increased i t was impossible 
to record at what a u x i l i a r y f i e l d voltage the i n t e n s i t y 
reduction commenced. The a u x i l i a r y voltage at which the 
int e n s i t y of the microwave discharge increased was e a s i l y 
determined. This voltage (A.C.) was i d e n t i f i e d as the 
lowest a u x i l i a r y f i e l d necessary to maintain the discharge 
on removal of the microwave s t r e s s , the points at which the 
curves branch i n graph 38 identify these voltages. (The 
aux i l i a r y voltage necessary to i n i t i a t e a discharge was 
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considerably greater than t h i s value of course)* 
The microwave stresses shown on the 

lower curve for any pressure were determined v i s u a l l y . A 
blue glow due to the alternating f i e l d discharge i n the 
resonator was f i r s t observed and as the microwave stress 
increased a red glow f a i r l y suddenly appeared within the 
blue glow; t h i s was taken as the microwave discharge. I f 
no alternating discharge was present the microwave stress 
had to reach the higher value before breakdown occurred. 

The lowest a u x i l i a r y f i e l d voltages 
that would maintain the discharge, once started, were 
r e a l l y the extinction voltages ( 'X' on graph) of the 
alternating discharge, and are plotted on graph 39. Pressure 
above 80 m.m.Hg gave a very sharp value for t h i s a u x i l i a r y 
f i e l d voltage where the increase i n the discharge i n t e n s i t y 
occurred. The auxi l i a r y voltage at which the intensity 
of microwave discharge was observed to increase (plotted as 
' on graph 39) were found to be s l i g h t l y greater than.the 
alternating f i e l d extinction voltages for pressures below 
80 m.m.Hg. However, i t was d i f f i c u l t to state at these low 
pressures the exact voltage at which the discharge i n t e n s i t y 
v i s u a l l y increased. 

The s t a t i s t i c a l lags were observed to be 
higher when the au x i l i a r y f i e l d was also operative. 
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2.2.2. Breakdown of neon under the 
aTtema^^ 
alone. 
The stress against pressure curve 

for neon breakdown under the action of the 2.66 Mc/s. 
f i e l d i s shown on graph 39, (plotted as 10') ; a l i n e a r 
relationship above about 20 m.m.Hg. These r e s u l t s 
were reproducible and agree with the boundary conditions, 
( v e r t i c a l arrows on graph 38), established i n the crossed 
f i e l d experiments. 

The curve for 0.86 Mc/s. i s also 
plotted, (plotted as '+')> and i s s l i g h t l y higher though 
p a r a l l e l to the 2.66 Mc/s curve: the microwave stress 
curve i s also shown. Attention i s drawn to the fact that 
the microwave f i e l d was pulsed while the alternating f i e l d s 
were sustained. 

2.2.3. Electron ambits under crossed f i e l d s , 
neon. 
The table below gives the electron 

ambits under crossed f i e l d at the boundary conditions 
for one ha l f cycle of the alternating f i e l d . These are 
the maximum values of the electron ambit under the 
combined f i e l d , higher aux i l i a r y f i e l d s i n i t i a t e d discharge 
alone. 
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TABLE 24. E l e c t r o n ambits i n a l t e r n a t i n g f i e l d , neon. 

p 
1 m.m.flg. 

Microwave 
stress* 

volts/cm. 

Alternating 
f i e l d s t r e s s . 
Boundary value. 

volts/cm. 

1 
Electron 
ambit i n § 
cycle of A.C. 
f i e l d - 1.88 
x 10"7 sees. 
m.m. 

465 1125 400 0.98 
I 375 930 315 0.98 

299 775 260 1.0 
235 680 210 X • 1 
187 530 185 1.2 
124 395 160 1.75 
80 290 118 2.1 
33 250 35 4.1 
9 405 105 15.5 
5.5 555 120 45 

The electron ambits are considerably 
smaller than the dimensions of the capsule except at the 
lowest pressures; thus removal of the electrons by clean up 
cannot be operative i n neon, except at the lowest pressures. 

The neon r e s u l t s again show the 
apparent independence of the two f i e l d s right up to breakdown 
conditions of either f i e l d . Further discussion i s reserved 
to a l a t e r chapter. 

2.3 Spectroscopicallv pure nitrogen. 
2.3.1* Variation of the microwave breakdown 

st r e s s with a u x i l i a r y f i e l d . 
Curves very s i m i l a r to the other two 

gases were obtained showing no general increase i n the 
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necessary microwave stress t o i n i t i a t e breakdown when the 
a l t e r n a t i n g f i e l d was ap p l i e d o r t h o g o n a l l y . At low 
pressures, below 21 m.m.Hg. a s l i g h t r i s e i n the microwave 
stress was evident; two types of breakdown were again 
observed, the F and A type, f o r these low pressures. 
(Graph 4°)• The v e r t i c a l l i n e f o r 5 m.m.Hg. represents 
the necessary a l t e r n a t i n g voltage t o produce breakdown alone; 
the microwave breakdown stress values t o the r i g h t of t h i s 
boundary and f o r the cases when the a u x i l i a r y v o l t a g e was 
greater than the e x t i n c t i o n v o l t a g e , were obtained by 
no t i n g when the pulse envelope on the os c i l l o s c o p e collapsed. 
The presence o f the a l t e r n a t i n g discharge i n the resonator 
d i d not change the magnitude, or shape, o f the pulse 
envelope; a t very low pressures a s l i g h t b l u r r i n g occurred. 

The a l t e r n a t i n g voltages at which an 
increase i n the microwave stress was necessary t o i n i t i a t e 
breakdown are of considerable i n t e r e s t , and the e l e c t r o n 
ambits at these voltages are given below. I t w i l l be seen 
t h a t the increase occurs when the e l e c t r o n ambit i s of the 
order h a l f the l e n g t h of the capsule. 

TABLE 25 E l e c t r o n ambits i n A . C . f i e l d f o r pressures 4*21 m.m.Hg. 

p 
m.m.Hg. 

A l t e r n a t i n g 
v o l t a g e 

volts/cm. 
E l e c t r o n 
ambit 
m.m. 

Hal f l e n g t h 
o f capsule. 

m.m. 
5 130 6.2 11 

11.5 190 6.3 11 
H.5 240 7.1 11 
21 360 8.5 11 
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The s t a t i s t i c a l l a g seemed t o increase 
w i t h increase i n the a p p l i e d a u x i l i a r y f i e l d ; the time taken 
t o ascertain a c t u a l values would have been p r o h i b i t i v e . The 
i n t e n s i t y o f the discharge also seemed t o decrease up t o 
the p o i n t where the a u x i l i a r y f i e l d maintained the discharge 
on removal o f the microwave f i e l d . 

minimum value necessary t o i n i t i a t e discharge (no a u x i l i a r y 
f i e l d o p e r a t i v e ) , t h i s discharge could be extinguished by 
a p p l i c a t i o n o f the a u x i l i a r y f i e l d . E x t i n c t i o n of a micro­
wave discharge could only be obtained f o r the lower pressures, 
the a u x i l i a r y f i e l d values were reasonably c o n s i s t e n t , 5% t o 
8%.. Again the e l e c t r o n ambit seems t o be of the order 
h a l f the capsule l e n g t h , ( l l m.ms.) 
TABLE 26. ELggfeoji_a&bit i n .A.C» e x t i n c t i o n f i e l d . 

2.3.2. A l t e r n a t i n g f i e l d cut o f f voltages. 
S e t t i n g the microwave stress t o the 

P 
m.m.Hg. 

Microwave 
f i e l d . 

volts/cm. 

A.C. cut 
o f f v o l t -
a g^61ts/cm. 

E l e c t r o n 
ambit i n j* 
cy cm?m°f>_ c 

( f i e l d . 

5 
11.5 
14.5 

520 
460 
500 

75 
230 
240 

4-0 
7.7 
7.4 

2.4. C y l i n d e r Oxygen. 
2.4.1. V a r i a t i o n o f the microwave breakdown 
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No observable increase could be 
establ i s h e d i n the microwave stress r e q u i r e d to produce 
breakdown w i t h an ort h o g o n a l l y applied a u x i l i a r y f i e l d 
f o r pressures greater than 12.5 m.m.Hg. The presence of 
an a l t e r n a t i n g discharge i n the capsule d i d not a l t e r the 
t u n i n g o f the resonator, and the pulse envelope was not 
d i s t u r b e d as viewed on the o s c i l l o s c o p e , hence microwave 
breakdown could be established when there was already an 
a l t e r n a t i n g discharge i n the resonator. Such microwave 
stresses are shown on the graphs by the lower curve f o r 
any p a r t i c u l a r pressure. ( A p p l i c a b l e t o pressures 13, 8 

and 4-5 m.m.Hg. only) . (Graph 4-1) • 

The s t a t i s t i c a l lags were extremely 
long i n oxygen, but an increase i n the lags could be 
establ i s h e d f o r the lower pressures as the a u x i l i a r y f i e l d 
increased, there appeared l i t t l e e f f e c t a t higher 
pressures. 

The s l i g h t increases observed i n the 
Hi 

microwave stress as the a u x i l i a r y f i e l d increases again 
appeared to occur where the e l e c t r o n ambit under the 
a l t e r n a t i n g f i e l d i s o f the order h a l f the 1ength of the 
capsule. 
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TABLE 27, E l e c t r o n ambits i n A.C. f i e l d (microwave gtreg-g 
increase).. 

p 
m.m.Hg. 

A l t e r n a t i n g 
f i e l d . 
volts/cm. 

E l e c t r o n 
ambit. 
m.m* 

4-5 160 7.4 
8.0 150 5.8 

13.0 500 9.2 

On removal o f the f i e l d s the gas 
r a p i d l y r e t u r n e d t o an unexcited s t a t e i n t h a t r e a p p l i c a t i o n 
o f the microwave stress d i d not produce spontaneous break­
down, i . e . no recovery t r o u b l e s were encountered. For the 
low pressures i t was u s u a l l y found advisable t o allow 
10 t o 20 seconds f o r complete recovery of the gas. 

Oxygen t h e r e f o r e e x h i b i t s the apparent 
complete independence of the two f i e l d s i n i n i t i a t i n g a 
discharge, except where the e l e c t r o n ambit becomes l a r g e , 
i . e . of the same order as the dimensions o f the gas chamber. 

2.5. Dry air.. 
2.51. V a r i a t i o n of the microwave breakdown 

stress w i t h a u x i l i a r y f i e l d . 
The v a r i a t i o n of the microwave stress 

f o r breakdown as the applied a l t e r n a t i n g f i e l d increases 
f o l l o w e d the same general p a t t e r n o f the other gases, and 
the r e s u l t s can be seen i n graph 42. Breakdown f o r the 
a l t e r n a t i n g f i e l d alone could only be esta b l i s h e d f o r the 
two lowest pressures, 5 and 10 m.m.Hg. A s l i g h t increase 
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i n the breakdown stress could be determined up t o a 
pressure of 21.5 m.m.Hg. The e l e c t r o n ambits appropriate 
to the a l t e r n a t i n g f i e l d stress a t which an increase i n 
the microwave stress was found necessary t o i n i t i a t e 
breakdown are given i n the t a b l e below. They again 
appear t o be the same order as h a l f the l e n g t h of the 
capsule. 

TABLE 28. Electron,,ambits Ja i n f i e l d (microwave stress 
i n c r e a s e ) . 

P A l t e r n a t i n g E l e c t r o n 
m.m.Hg. f i e l d . ambits. 

volts/cm. m.ms. 

5 155 10.7 
10 200 8.a 
15 300 9.0 
21.5 500 11.0 

The s t a t i s t i c a l lags g e n e r a l l y 
increased w i t h the ap p l i e d a u x i l i a r y f i e l d , even when the 
a p p l i c a t i o n o f the a u x i l i a r y f i e l d d i d not n e c e s s i t a t e an 
increase i n the microwave f i e l d t o produce breakdown. 

2.6. Resume' of the 2.66 Mc/s work. 

Apart from neon, the a p p l i c a t i o n of an 
orthogonal a l t e r n a t i n g f i e l d t o the microwave f i e l d d i d not 
i n general r e s u l t i n any v a r i a t i o n i n the microwave stress 
r e q u i r e d t o give breakdown. This was t r u e up t o 



185. 

a l t e r n a t i n g voltages w i t h i n 10 v o l t s of the a l t e r n a t i n g 
f i e l d breakdown v o l t a g e ; the two f i e l d s seemed t o be 
completely independent i n a c t i o n . 

A small increase i n the microwave 
st r e s s f o r breakdown became necessary at the low pressures 
as the a u x i l i a r y f i e l d increased; i t would seem t h a t 
the e l e c t r o n ambit a t t h i s p o i n t became comparable t o 
h a l f the l e n g t h o f the capsule. The a l t e r n a t i n g voltages 
necessary t o e x t i n g u i s h the microwave discharge also 
gave a r e s u l t a n t e l e c t r o n ambit o f the same order, probably 
i n d i c a t i n g e l e c t r o n capture by the capsule w a l l s . 

i 

The e l e c t r o n ambits are s t i l l r a t h e r 
l a r g e and f i n a l l y the experiments were repeated using 
a higher a u x i l i a r y f i e l d frequency, (10 Mc/s). A i r , 
hydrogen and neon were used f o r these t r i a l s ; the r e s u l t s 
are given i n the next chapter. 
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CHAPTER 5. 

Crossed f i e l d s , micro-wave and 9.7 Mc/s. f i e l d s . 

1. Apparatus. 
The c o i l s f o r the low frequency o s c i l l a t o r 

c onsisted of 9 t u r n s of 10 S.V.G. copper w i r e w i t h a diameter 
of 2 inches; t h i s gave a peak output o f 880 v o l t s a t a 
frequency o f 9.7 Mc/s. The voltage obtainable was l e s s than 
i n the previous o s c i l l a t o r s , but proved s u f f i c i e n t f o r 
these experiments. 

Three gases were subjected t o the a c t i o n o f the 
crossed f i e l d s , hydrogen, neon and a i r ; each gas i s again 
considered separately. 
2. Results. 

2.1. Pure _ e l e c t r o l y t i c hydrogen. 
2.1.1. V a r i a t i o n o f the microwave breakdown 

stress w i t h a u x i l i a r y " f i e l d . 
No v a r i a t i o n i n the microwave f i e l d 

was r e q u i r e d t o produce breakdown w i t h the 9.7 Mc/s f i e l d 
a p p l i e d o r t h o g o n a l l y ; t h i s was found t o be t r u e f o r the 
complete pressure range explored, i . e . 7.5 t o 220 m.m.Hg, 
(Graph 4-3 gives the corresponding curves) . The constancy 
o f the microwave stress p e r s i s t e d r i g h t up t o a u x i l i a r y f i e l d 
values t h a t themselves i n i t i a t e d breakdown; the rectangular 
form o f the graphs i s again evident. Two p o s i t i o n s o f the 
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I r r a d i a t o r were used w i t h s i m i l a r r e s u l t s - no v a r i a t i o n 
i n the microwave breakdown s t r e s s . 

The presence of an a l t e r n a t i n g 
discharge d i d not appear t o de-tune the resonates:, and 
the pulse envelope maintained i t s magnitude and shape. I t 
was thus p o s s i b l e t o e s t a b l i s h the microwave breakdown 
stress r e q u i r e d when an a l t e r n a t i n g f i e l d discharge was 
already present i n the resonator. When the applied a l t e r n a ­
t i n g f i e l d v oltage was above the e x t i n c t i o n v o l t a g e , the 
a l t e r n a t i n g discharge p e r s i s t e d when the microwave f i e l d 
was removed. On re-ap p l y i n g the microwave stress the 
vo l t a g e necessary f o r collapse of the pulse envelope was 
considerably lower than the microwave stres s r e q u i r e d t o 
i n i t i a t e discharge, when no a l t e r n a t i n g discharge was 
already present I n the resonator. (The lower of the two 
curves on graph 4-3 f o r the pressures 4 and 5*5 m.m.Hg. 
show these v o l t a g e s ) . 

2.1.2. E l e c t r o n ambits ..under crossed f i e l d s . 
hydrogen. 
C a l c u l a t i o n of the e l e c t r o n amplitude 

of o s c i l l a t i o n under t h e e f f e c t of the a l t e r n a t i n g f i e l d , 
when both f i e l d s were o p e r a t i v e , shows t h a t even at the 
lowest pressure and maximum a l t e r n a t i n g f i e l d the ambits 
were considerably smaller than the dimensions of the capsule. 
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TABLE 29. Electrpn. i tampits i n a l t e r n a t i n g : f i e l d , hydrogen._ 

P 
m.m.Hg. 

A l t e r n a t i n g 
v o l t a g e . 

volts/cm. 

220 
31.5 

i 9 

Bd c o n d i t i o n s (5.5 
under A . C . f i e l d ( 4 

I 

290 
290 
260 
250 
275 
250 

E l e c t r o n a m b i t j 
f o r | cycle of 
A.C . f i e l d . I 

I 
m.m. ! 

0.04 
0.S3 
1.1 
2.5 
4.9 
5.3 

I t would t h e r e f o r e seem improbab]e that 
the e l e c t r o n s are swept t o the capsule w a l l s and l o s t by the 
a c t i o n of the a l t e r n a t i n g f i e l d . 

2.2. S p e c t r o s c o p i c a l l y pure neon. 
2.2.1. V a r i a t i o n of the microwave breakdown 

s t r e s s, .with . a u x i l i a r y ^ f i e l d s 
No Increase i n the microwave stress 

necessary t o produce a discharge i n the capsule could be 
determined w i t h the a p p l i c a t i o n o f the 9.7 Mc/s f i e l d , even 
up t o the breakdown stress f o r the a u x i l i a r y f i e l d . Graph 44 

shows the curves obtained f o r the three pressures used, 6 l , 
139 and 207 m.m.Hg; the v e r t i c a l l i n e s again i n d i c a t e break­
down of the gas under the a c t i o n of th e a l t e r n a t i n g f i e l d 
alone. Values of the microwave f i e l d t o the r i g h t o f these 
boundaries could be estab l i s h e d v i s u a l l y , by the f a c t t h a t again 

the a l t e r n a t i n g discharge appeared blue, and the microwave 
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red. The microwave discharge could t h e r e f o r e be seen 
t o suddenly s t a r t w i t h i n the general blue glow o f the 
a l t e r n a t i n g f i e l d discharge. 

This procedure also enabled the values 
t o the l e f t of the boundaries where the a l t e r n a t i n g discharge 
s t i l l p e r s i s t e d (once t r i g g e r e d by the combined breakdown), 
to be established. By t h i s method the lower values, f o r a 
given pressure, o f the microwave stres s were determined; 
of course i f no a l t e r n a t i n g discharge was present i n the 
resonator then the microwave stress had t o be increased t o 
the higher values shown. This was found to be t r u e f o r a l l 
gases a t the three a u x i l i a r y frequencies. The i r r a d i a t o r 
made no d i f f e r e n c e t o the microwave stres s recorded when the 
a l t e r n a t i n g discharge was already present i n the capsule. 

2.2.2. E l e c t r o n ambits under crossed f i e l d s , 
neon,. 
The e l e c t r o n ambits are given i n the 

t a b l e below f o r the high e s t a l t e r n a t i n g voltages t h a t could 
be a p p l i e d before the a l t e r n a t i n g f i e l d i n i t i a t e d breakdown 
i t s e l f . The maximum e l e c t r o n ambit i s approximately 1 m.m. 
and thus f a r smaller than the l i n e a r dimensions of the capsule. 
TABLE 30. E l e c t r o n ambits i n a l t e r n a t i n g f i e l d , neon. 

I A l t e r n a t i n g E l e c t r o n i 
p v o l t a g e ambits. 

m.m. Hg. volts/cm." m.m. 
207 210 0.4 
139 150 . 0.5 
61 100 0.68 
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Electron removal to the walls of 
the capsule by the action of the alte r n a t i n g f i e l d can be 
considered n e g l i g i b l e . 

2.3. Dry A i r . 
2.3.1. f a r i a t i o n of the microwave breakdown 

stress with a u x i l i a r y f i e l d . 
Exactly similar results were found 

f o r a i r , no v a r i a t i o n i n the microwave f i e l d was required 
to i n i t i a t e breakdown on application of the alte r n a t i n g f i e l d 
t h i s was true even f o r the lowest pressure used, 8 m.m.Hg. 
I t was unfortunate that breakdown under the a u x i l i a r y f i e l d 
could not be reached; l a t e r work employingparallel plane 
electrodes showed a i r at 8 m.m.Hg. at a frequency of 11 Mc/s. 
to have a breakdown stress of approximately 400 volts/cm. 
However the al t e r n a t i n g voltage was high enough to reach the 
e x t i n c t i o n voltage at t h i s pressure. The presence of the 
alter n a t i n g discharge did. not appear to change the pulse 
envelope as displayed on the oscilloscope. Thus w i t h the 
alternating discharge present the microwave f i e l d could be 
increased and the onset of the microwave breakdown indicated 
by the collapse of the pulse envelope. The low values at 
t h i s pressure, (8 m.m.Hg), were determined i n t h i s manner, 
(graph 45 r e f e r s ) . With no altern a t i n g discharge present 
the higher values were necessary f o r the microwave f i e l d to 
i n i t i a t e breakdown. 
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2.3.2. .Electron., ambits under crossed 
fi_el:dsj^air._ 
Taking the two extreme pressures 

used and the maximum applied al t e r n a t i n g voltage the 
electron amplitudes of o s c i l l a t i o n were s t i l l small i n 
comparison with the dimensions of the capsule. 
TABLE 31. Electron ambits i n alt e r n a t i n g f i e l d , a i r . 

p Alternating Electron 
m.m.fig. voltage ambit. 

volts/cm. m.m. 

8 280 3.3. 
41 280 1.03 

3. Discussion. 
I t was f e l t that before any explanation, or 

hypothesis, could be advanced t o account f o r the apparent 
complete independence of the two f i e l d s , even up to 
breakdown conditions of either f i e l d , a somewhat more detailed 
study should be undertaken of the electron movement i n the 
capsule. Therefore the following experiment was undertaken: 
to set up a p a r a l l e l gap system and measure the electron 
amplitude under an alternating f i e l d of comparable frequency 
to the ones used above, and to compare the experimental and 
calculated electron ambits. The electron ambit can be 
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determined by gradually decreasing the separation of the 
p a r a l l e l plates u n t i l the electrons become captured by 
the electrodes i n one h a l f cycle; t h i s i s evident by a 
sharp r i s e i n the breakdown stress. 

These experiments have been undertaken at 
2.3 Mc/s and 11.5 Mc/s f o r hydrogen, and 11.5 Mc/s f o r 
a i r , oxygen and nitrogen; they are described i n chapter 
7 

F i r s t , however, the d i f f e r e n t methods that 
can be used f o r calculating electron amplitudes of o s c i l l a t i o n 
are compared i n chapter 6; one!method has been used i n 
a l l the calculations so f a r presented, (the method given 
i n section 2.2 chapter 6). 



CHAPTER 6. 

Calculation of electron ambits. 

1. Electron d r i f t Telocity correction under c r o s s e d f i e l d s . 
I n the combined f i e l d s a charged p a r t i c l e i n a 

viscous medium -would execute a path similar to f i g u r e 36. 
Electron movement i s complicated by d i f f u s i o n effects and 
the dependence of d r i f t v e l o c i t y on random ve l o c i t y 

< — A.C. v 
I n working out 
t y p i c a l electron 

d i f f u s i o n i s 
neglected, but 
i t i s assumed 
that the random 
vel o c i t y i s 
always that 
appropriate to 
the magnitude 
of the combined 

U.H.P.-s 

K K 
Pig. 56# Electron movement, P.H.F. + A.C. Field. 

Steady f i e l i i . 

U.H. z ax:ts 

36b *̂ 
Fig. Electron movement, U.H.F. + P.O.Field. 

f i e l d s , averaged over a time i n t e r v a l long enough to allow 
of the adjustment of the random v e l o c i t y , (e.g. random 
vel o c i t y w i l l not charge at same rate as the microwave f i e l d ) 

Let Ve random velo c i t y of electron under microwave f i e l d E 
Wg d r i f t it tt n a tt n E 

?x random tf " w « alternating »' X 
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¥ x d r i f t v e l o c i t y of electron under alternating 
and f i e l d • X 
l e t VT random " " " " the combined 

f i e l d s T 
•where T + Xs" 

Experimental values of the random and d r i f t v e l o c i t i e 
appropriate to the p a r t i c u l a r steady state of the f i e l d were 

87 
taken from the l i t e r a t u r e ; the d r i f t v e l o c i t i e s were then 
corrected by a fac t o r ̂ T

 o r 

The corrected d r i f t v e l o c i t i e s then became ¥. le 

and cSy.- ®x«l* 
¥ T 

these corrected d r i f t v e l o c i t i e s were then used i n 
calculations of the electron ambits as discussed i n the 
following sections. 
2. Calculation of electron ambits using corrected d r i f t 

v e l o c i t i e s . 
2.1. Most precise method. 

The electron ambit ' under the a c t i o n of a 
f i e l d can be w r i t t e n as :-

= j V Welt ( t , = o , uut=o) 

Therefore ambit f o r a WLf cycle of the applied 
f i e l d becomes ^ 

The value of A was determined i n the following 

manner. After correcting the d r i f t v e l o c i t i e s f o r a 
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p a r t i c u l a r case by the procedure shown i n section 1 above, 
a graph was drawn p l o t t i n g the corrected d r i f t v e o l c i t y C I X 

against f i e l d strength.)^ (See f i g u r e 37a). 

f- curve 

Drift Drift 
Vel. Vel. 

W„ curve. 
i 

Alternating Field "X*. Field. Phase of A. 
gig. 57a epical graph of Drift Velocity Fig. 57b. Typical graph of Drtft V*l 

v. A.C. Field Stress. v. Phase of A.C. Field. 

A further graph was then required of t f K a g a i n s t 6 J i h e r e 8 
i s the phase angle of the s i n u s o i d a l f i e l d XS i n 9 , the 
area under t h i s graph would then be A, ( f o r ©, O to%) . 
T h i s second graph was easily obtained by determining the 
values of c ¥ x from the f i r s t graph (37a) for each value of 
XS in©, the type of graph thus obtained i s shown i n 37b. 

The magnitude of the electron ambit under the 
action of the combined f i e l d along the Z axis of the 
resonator can therefore be determined. Each value of the 
alternating f i e l d ( i . e . low frequency f i e l d 1, 3 or 10 mc/s), 
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necessitates i t s own p a r t i c u l a r graph 37b, t h i s i s a 
lengthy procedure. 

An example of the values determined by t h i s 
procedure f o r neon at 98 m.m.Hg. and an a u x i l i a r y f i e l d 
of 0.86 Mc/s i s given below. The appropriate curve of E 
against X i s p l o t t e d on graph 34> Chapter 3. 
TABLE 32. Electron ambits, calculated as above. 

Alternating f i e l d 
0.86 Mc/s. 
X volts/cm 

i peak. 

Microwave f i e l d 
E. Volts/cm. 

peak. 
Electron 
ambit under 
alternating 
f i e l d i n \ 
cycle, m.m. 

33 395 1.25 
66 395 2.05 

100 395 3.4 133 275 4-9 
166 205 6.7 
200 190 7.9 

2.2. Sinusoidal v a r i a t i o n of cff» . 
The foregoing procedure could be considerably 

reduced i f i t i s assumed tha t the corrected d r i f t velocity 
follows the f i e l d variations precisely, i . e . , the d r i f t 
v e l o c i t y on any instant i s given by Wt = ¥ 0 Sin 6 when the 
f i e l d i s varying sinusoidally, 

Therefore q = Jt W SUx Gelt 
A* or = x \ W SCr, uolrc)b (tr,= o tr f o r | cycl 

where v) = frequency of the 
applied f i e l d . 
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The table below shows the electron ambits 
calculated using the above method f o r two cases:-

1. using W* i . e . uncorrected, and 
2. " c¥* i . e . corrected as i n section 1. 

TABLE 33. For neon at 98 m.m.Hg. and 0 « 0.86 Mc/s. 

Alternating 
f i e l d X 

Electron ambit i n m.m 1 » Alternating 
f i e l d X 2nd method 1 

Sinusoidal v a r i a t i o n ofW 
1st method 
fo r com­

Alternating 
f i e l d X 

Either or CS K 
parison. 

33 2.0 1.2 1.26 
66 2.05 2.05 

100 4.25 3.4-5 3.4 
133 6.1 5*2 4.9 
166 7.65 7.1 6.7 
200 9.15 8.5 7.9 

The discrepancy between the electron ambits using 
the sinusoidal v a r i a t i o n of the corrected d r i f t v e l o c i t i e s , 
and the more complicated f i r s t met hod i s s l i g h t . 

2.3 Using the R.M.S. value of the f i e l d . 
The value fa can be used f o r the applied f i e l d , 

and the corresponding d r i f t v e l o c i t i e s give the electron 
ambits shown i n table 34 below; again two res u l t s can be 
deduced depending i f the corrected or uncorrected d r i f t 
v e l o c i t y i s used. The divergence from the f i r s t method i s 
somewhat greater than the ambits calculated on a sinusoidal 
v a r i a t i o n of the d r i f t v e l o c i t y . 
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TABLE 34. For neon at 98 m.m.Hg ̂  - 0.86 Mcls. 

Alternating 
f i e l d X Electron ambits 

using either 
1 1st method j f o r compari­

volts/cm. or son. 
m.m. m.m. J m.m. 

33 1.44 2.85 ! 1.26 I 
66 2.3 3.95 2.05 ! 

1G0 3.75 5.2 3.4 1 133 4.9 6.85 i 4-9 j 
166 8.6 9.6 6.7 
200 10.1 10.9 7.9 

3. Conclusions. 
I t was eventually decided to adopt the following 

method: correct the d r i f t v e l o c i t i e s by the random v e l o c i t y 
correction procedure outlined i n section 1, and then assume 
the sinusoidal v a r i a t i o n of t h i s corrected d r i f t v e l o c i t y , 
(section 2.2.) This method was used i n a l l the electron ambit 
calculations presented i n t h i s thesis. For the u n i d i r e c t i o n a l 
f i e l d experiments only the random v e l o c i t y correction was used. 
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• CHAPTER 7,,, 

TfrS ,p.̂ r,aA,l.gl, ̂ e c j r q d e work, , ^ ,.gt,l^aaj„l» 5 ̂QZŜ . 

1. Iat£2*ifitiQas. 
This chapter describes the investigations i n t o 

the v a r i a t i o n of the breakdown stress of a gas with electrode 
separation at frequencies of 2.3 and 11.5 Mc/s; these 
experiments were undertaken f o r the following three main 
reasons. 

1. To t r y to establish whether the American 
d i f f u s i o n theory f o r electrodeless discharge of a gas can 
be applied to the.frequencies of the order 3 to 10 Mc/s. 
The d i f f u s i o n theory requires a dependence of the break­
down stress of a gas on the electrode separation, see 
Introduction, page 17. 

2. To check the electron ambit calculations as 
outlined i n the previous chapter. 

3. To compare the r e l a t i v e breakdown stresses of 
hydrogen, a i r , oxygen, and nitrogen at 11.5 Mc/s. with the 
r e l a t i v e stresses as determined i n the microwave experiments. 
2. toLSE&toASi 

The electrode system i s shown, i n fig u r e 38: the 
electrodes consisted of 1 cm. diameter aluminium discs, the 
lower electrode carried on a threaded rod, r o t a t i o n of which 
varied the electrode separation. This could be described 
as the coarse adjustment, and could only be used when the 
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lower cone j o i n t of the gas chamber was open. The use 
of 1 cm diameter electrodes gave a uniform f i e l d between 
the electrodes provided the separation did not exceed 

37 
30 m.m. 

The upper electrode pos i t i o n was easily varied • 
by r o t a t i o n of the glass tap. To ensure that the electrodes 
remained p a r a l l e l the aluminium rod attached to the upper 
electrode s l i d through two accurately set brass bushes, as 
shown. Electrode separate could therefore be easily varied 
without breaking the vacuum of the system; t h i s arrange­
ment worked w e l l . 

The same o s c i l l a t o r and measuring c i r c u i t s as 
used i n the previous work were employed; t h i s time the 
o s c i l l a t o r frequency was 2.3 Mc/s, or 11.5 Mc/s, w i t h a 
peak output of 2800 v o l t s 
3. Results. 

3.1. The 2»_3 Mc/s,,experiments..r 

3.1.1. Hydrogen, pure e l e c t r o l y t i c . 
E l e c t r o l y t i c a l l y produced hydrogen, 

dried by phosphorous pentoxide was the only gas used at 
t h i s frequency (2.3 Mc/s). Graph 4.6 shows the v a r i a t i o n of 
the breakdown stress of hydrogen w i t h the separation of the 
electrodes. A sharp drop i s evident as the electrode 
separation increases, the breakdown stress then remaining 
constant w i t h i n experimental area as the electrode spacing 



201, 

i s f u r t h e r increased. The experimental error "was 
estimated to be of the order± 5%. I t was concluded from 
previous work that the sharp drop i n the breakdown stress 
normally appears when the electron ambit f i l l s the i n t e r -
electrode space. Assuming t h i s to be true, calculations 
were made, the results of which are set out i n the table 
below. The electron ambits i n column !A' are calculated 
using the f i e l d strength observed j u s t before the sudden 
drop, ( i . e . the top of the step), the ambits i n column'B' 
were deduced f o r the f i e l d strength on the lower part of 
the drop, ( i . e . the bottom of the step). The electrode 
separation between which the sudden f a l l i n breakdown stress 
occurred i s shown i n the f i n a l column ' C. 
TABLE 35. Calculated and experimental electron ambits (2.3 

Mc/s). 

p 
m.m.Hg. 

Column 'A' 'B* 'C 
Electrode sepa­
rations between 
which drop 

p 
m.m.Hg. 

Using f i e l d 
strength at 
top of step. 

at 
of 

bottom 
step. 

'C 
Electrode sepa­
rations between 
which drop 

p 
m.m.Hg. 

Electror m.m. 
« 1 -i..-U..._l L — 1 ...U.UII U.-...I. 

1 ambits. observed, 
m.ms. 

73 14* 3 11 13 to 12 
70.5 14.3 11.3 13 to 12 
53 15.6 12.5 15 to 14 33 17 13 16 to 15 
29 20 14.4 16 to 15 
19 20 16.3 18 to 17 
14 17.9 20 to 19 
11.5 26.5 19.4 21 to 20 
7 28 2>2 • 3 26 to 25 
4-5 33.5 Not reached at 4-5 30 
L 37 -do-
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The experimental values i n the f i n a l 
column f a l l i n a l l cases between the calculated boundaries 
f o r the electron ambits]; thus showing that the sudden drop 
i n the breakdown stress as the electrode separation increases 
can be a t t r i b u t e d to the point where the electron ceases to 
cross the inter-electrode space i n one h a l f cycle of the 
f i e l d o s c i l l a t i o n . The electrode separation at which t h i s 
drop i n breakdown stress occurs w i l l be described as the 
c r i t i c a l gap width. 

The s t r i k i n g r e s u l t of these curves i s the 
constant value, w i t h i n experiment error, of the breakdown 
stress once the electrode separation exceeds t h i s c r i t i c a l 
value. To fu r t h e r investigate these f l a t regions of the 
curves required either an increase i n the available voltage, 
or a higher frequency, the l a t t e r course was adopted and the 
frequency increasedto 11.5 Mc/s. 

Graph 47 shows the v a r i a t i o n of the break­
down stress of hydrogen with pressure f o r gap widths greater 
than the c r i t i c a l value, and j u s t less than the c r i t i c a l gap. 
The values of breakdown stresses determined i n the e a r l i e r 
work f o r 0.36, 2.66 and 9.7 Mc/s are also shown; i t w i l l be 
remembered that these were the positions of the v e r t i c a l 
arrows on graphs 33, 36 and 43 respectively. Calculations 
establish that f o r 0.86 Mc/s and 2.66 Mc/s the electron ambits 
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a t the pressures shown were greater than the capsule length, 
i t i s t h e r e f o r e t o be expected t h a t these breakdown stress 
values would appear above the 'less than c r i t i c a l gap c u r v e 1 . 
The 9.7 Mc/s. r e s u l t s were f o r electrodeless breakdown and 

are seen to appear on the appropriate l i n e on graph 47, 

i . e . »the great e r than c r i t i c a l gap curve'. 

3.2. The 11.5 Mc/s experiments. 

3.2.1. Hydrogen. The experimental technique 
was as before and very s i m i l a r curves were obtained (Graph 48 
the drop i n the breakdown s t r e s s curves now o c c u r r i n g a t a 
smaller e l e c t r o d e separation. The c r i t i c a l gap width again 
agreed w i t h e l e c t r o n ambit c a l c u l a t i o n s , and a summary of 
such c a l c u l a t i o n s i s given i n t a b l e 36. Because of the un­
c e r t a i n t y of the top of the step i n the curves, only the 
e l e c t r o n ambit a s s o c i a t e d w i t h the s t r e s s observed at the 
lower s e c t i o n of the step could be determined. I t i s 
t h e r e f o r e to be expected t h a t the c a l c u l a t e d value would be 
somewhat lower than the observed v a l u e s . 
TABLE 36. C a l c u l a t e d and experimental ,elec.tron._.ambit^J^.3Je/ 

E l e c t r o n ambit. E l e c t r o d e separa­
p Using s t r e s s at lower t i o n between which 

m.m.Hg. pa r t of step. drop observed i n 
graphs. 

m.m. m.m. 
170 1.9 2-3 * 

163 2.0 2-3 
147 2.0 3-4 88 2.3 3-4 
63.5 2.5 3-4 
52.5 2.6 3-4 
42 2.7 3-4 
23.5 3.0 3.5 - 4-5 
XJU.5. .... .. . J.6 . . _ _ _ A = 1 _ ... .. 

http://elec.tr
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Two d i s t i n c t forms of discharge could "be 

d i s t i n g u i s h e d , t h e i r appearance dependent on the electrode 

separation. For small gaps l e s s than c r i t i c a l an i n t e n s e 

form of discharge was observed, the I type, and c o n s i s t e d 

of an i n t e n s e column o f discharge w i t h b r i g h t ends at the 

e l e c t r o d e s . The column became more d i f f u s e as the pressure 

was reduced. The I type of discharge again became manifest 

a t the very long gaps, i . e . a t the extreme r i g h t hand side 

of the graphs shown. 

At gap widths equal to and j u s t g r e a t e r than 

the c r i t i c a l gap a d i f f u s e type of discharge, D, became 

evident, q u i t e d i s t i n c t i n c h a r a c t e r from the I type. 

The D form of discharge tended to be s i t u a t e d i n the centre 

of the e l e c t r o d e space. 

The sequence as the gap width i n c r e a s e d was:-

P r e s s u r e <C C r i t i c a l gap C r i t i c a l gap > C r i t i c a l gap ^ C r i t i c a l 
( gap 

Low I type D + I 1 D D + I I 
High I " I ^ D D + I I 

T h i s sequence i n the form or appearance of the 

discharge was found f o r a l l the s e t s of r e s u l t s taken w i t h 

hydrogen a t 11.5 Mc/s. 

Other p o i n t s of d i f f e r e n c e between the two types of discharge 

were:-
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1. The i type caused a l a r g e f a l l i n the voltmeter 
reading. 

i t D i t tt tt S I B H i i t t t t « tt 

2. The I type caused a marked r e d u c t i o n i n the anode 
c u r r e n t of the o s c i l l a t o r 1 . 

11 D " " n small n i t t t 

and 3. The D type o c c a s i o n a l l y changed spontaneously to 
the I form of discharge; i n c r e a s i n g the a p p l i e d 
v o l t a g e u s u a l l y changed the D type to the I form. 

The second graph (49) shows the v a r i a t i o n of the 

breakdown s t r e s s w i t h pressure, the 2.3 Mc/s r e s u l t s are 

also p l o t t e d and they f o l l o w the same v a r i a t i o n . 

3.2.2. MMogJin-

An e x a c t l y s i m i l a r experimental 

technique was used f o r nitrogen, r e s u l t i n g i n s i m i l a r curves 

to those found f o r hydrogen. A complete independence of 

the breakdown s t r e s s was found (measured i n volts/cm) 

w i t h the gap width provided the gap width exceeded the 

c r i t i c a l v a lue and the discharge could be d e s c r i b e d as 

e l e c t r o d e l e s s i n c h a r a c t e r . 

Spectroscopical]y pure and c y l i n d e r 

n i t r o g e n gave s i m i l a r r e s u l t s . The two types of discharge 

d e s c r i b e d above were encountered, o c c u r r i n g under approxi­

mately s i m i l a r c o n d i t i o n s . The i n t e n s e form of discharge 

before the c r i t i c a l gap width was reached, f o r a gap 

gr e a t e r than c r i t i c a l the d i f f u s e form changing to a 



ssyf GraphSl . NITROGEN A.C. (11.5 Mo/s.). Breakdown StresaT v. Pressure. 
5,200 

3.000 

2.800 

2.600 

2.400 

2.200 

2.000 

1.800 >Critical gap Bd. stress 
in volt s/cm. 

1.600 

1.400 

1.200 

1.000 

X 2.66 Mo/s 800 

600 

400 

200 

0 I I 1 1 1 I , i i 11 H J - A , I 

0 10 20 30 40 SO 60 70 80 90 
Pressor* in m.m. Bg» 



Graph 52. A,C. (ll-SIfc/sl. Breakdown Stress Electrode Separation 
AH 6 

6 

L3.6 

L2.800 68SIXQ, Hg. 

IN L2.400 e e S5a.Bw Hg, 
0 

.2.000 

» O O 40m. m. Eg. 
J..600 

e-28ai.ii. Hg. 6 LI. 200 
17». m. Hg. 

LBOO 
Bd. stress 
in volts/em. 6M.B. Hg. 1400 

i i -* « « ' 1 ' -± 
t 6 8 10 12 14 16 18 20 22 24 26 28 

Electrode separation in own. 



205. 

combination of both forms as the electrode spacing was 

increased. The maximum gap widths r e s u l t e d i n the intense 

form o f discharge once again; the two forms of discharge 

were q u i t e d i s t i n c t i n appearance. 

The v a r i a t i o n of breakdown s t r e s s 

w i t h p r e s s u r e appeared l i n e a r f o r the pressure range 

explored, 5 t o 80 m.m.Hg. (graph 51). The value f o r 2.66 

Mc/s breakdown s t r e s s from the c r o s s e d f i e l d work i s a l s o 

shown; c a l c u l a t i o n showed t h a t the e l e c t r o n ambit f o r t h i s 

d i s charge was greater than the l e n g t h of the c a p s u l e , (see 

graph 40). 

S l i g h t recovery t r o u b l e a f t e r a 

discharge was encountered f o r nitrogen, but by allowing 

up to one minute between readings t h i s could be overcome. 

3.2.3. mLJMj, 
A i r i s the only gas f o r which a unique 

va l u e f o r the breakdown s t r e s s has been e s t a b l i s h e d , 

provided the discharge i s e l e c t r o d e l e s s i n c h a r a c t e r ; t h i s 

i s a g a i n upheld by the curves shown i n graph 52. A constant 

v a l u e of the s t r e s s r equired to i n i t i a t e d i s charge i s 

evident f o r gap widths exceeding the c r i t i c a l gap widths. 

The two forms of discharge were again 

seen, the i n t e n s e type c o n s i s t e d of an i n t e n s e blue glow 

around the electrodes and a f a i n t r e d d i s h i n t e r e l e c t r o d e 
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glow, w h i l e the D type consisted o f j u s t the reddish 
glow. The general v a r i a t i o n f o l l o w e d t h a t o u t l i n e d 
f o r the other gases. 

Two X against p graphs are shown, 

one f o r gaps greater than c r i t i c a l , and the other f o r gaps 
l e s s than c r i t i c a l . (See graph 53). The breakdown voltages 
from the crossed f i e l d work a t 2.66 Mc/s are also p l o t t e d , 
c a l c u l a t i o n again shows t h a t these are f o r gaps l e s s than 
the c r i t i c a l gap. (Graph 42 r e f e r s to the 2.66 Mc/s r e s u l t s ) . 

3.2.4» C y l i n d e r Oxygen. 

F i n a l l y c y l i n d e r oxygen was used, w i t h 
s i m i l a r r e s u l t s t o those found f o r the other three gasesj 
the independence of breakdown stress on e l e c t r o d e separation 
provided the e l e c t r o d e s e p a r a t i o n exceeded the c r i t i c a l v a l u e . 

The r e s u l t s f o r oxygen are shown i n graphs 54 and 55, 

the breakdown stress values f o r the 2.66 Mc/s. work are also 
shown, and again the e l e c t r o n ambit was greater than the 
capsule length, i t i s t h e r e f o r e to be expected t h a t the 

v a l u e s should be above the curve shown. 

4. Conclusions. 

The r e s u l t s of the p a r a l l e l e l e c t r o d e work can be 

summarised as f o l l o w s : -

1. Provided the separation of the electrodes i s 

g r e a t e r than the c r i t i c a l s e p a r a t i o n the s t r e s s necessary 

to i n i t i a t e a discharge was found to be independent of the 
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electrode separation; shown t o be t r u e f o r hydrogen, 

nitr o g e n , a i r and o xygen a t 11.5 Mc/s, and hydrogen a t 

2,3 Mc/s. This r e s u l t supports the idea t h a t the breakdown 
stress f o r a h i g h frequency discharge i n a uniform f i e l d 
i s a unique value, c h a r a c t e r i s t i c of the gas only. Such 
a statement has been v e r i f i e d f o r a i r by Pirn and Cooper. 
( I n t r o d u c t i o n ) . The gases used i n the present experiments 
i n c l u d e monatomic, polyatomic, non-attaching and polyatomic 
a t t a c h i n g gases, which a l l gave s i m i l a r r e s u l t s . These 
r e s u l t s are a t variance w i t h the American d i f f u s i o n 
theory o f breakdown where the breakdown stress i s a f u n c t i o n 
o f the gap widths. (See discussion, Chapter 9 ) . 

2. The f i n a l graph (56) i n t h i s chapter displays 
the X against p curves f o r a l l f o u r gases, and i t i s 
i n t e r e s t i n g to compare t h i s graph w i t h the s i m i l a r one 

found f o r the microwave discharge experiments (Graph 57) 

shown i n Chapter 8. The s e p a r a t i o n of the a i r , oxygen, 

n i t r o g e n curves i s g r e a t e r i n the l a t t e r case, but once 

again the oxygen curve f a l l s more st e e p l y than the a i r curve 

f o r the lower p r e s s u r e s . F u r t h e r comparison between the two 

s e t s of r e s u l t s has been deferred to the next chapter. 
70 

3. The S i m i l a r i t y Theorem i s upheld i n the case 

of hydrogen a t the two f r e q u e n c i e s used 2.3 and 11.5 Mc/s| 

the same va l u e s of breakdown s t r e s s were recorded f o r s i m i l a r 

p r e s s u r e s a t the two f r e q u e n c i e s . 
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4>» The experimentally determined e l e c t r o n ambits 

agreed with the c a l c u l a t e d values. 

CHAPTERS. 

Microwave breakdown s t r e s s e s . 

1 C j O i j D r j r y . o j ^ 

The c h i e f o b j e c t of the experiments was the 

e l u c i d a t i o n of discharge mechanisms, but the a c t u a l v a l u e s 

of the breakdown s t r e s s e s are of t e c h n i c a l importance, 

t h e r e f o r e an attempt was made to determine these s t r e s s e s . 

They are to be accepted w i t h r e s e r v e because of the 

d i f f i c u l t y i n a r r i v i n g a t s u i t a b l e standards of r e f e r e n c e . 

For the sake of c l e a r n e s s and b r e v i t y the curves 

showing the v a r i a t i o n of the breakdown s t r e s s w i t h p r e s s u r e 

w i l l be d e s c r i b e d as Paschen 0 curves, though the term i s not 

s t r i c t l y a p p l i c a b l e . I n p a r t i c u l a r the minimum has l i t t l e 

r e l a t i o n s h i p w i t h the Paschen minimum. 
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Very l i t t l e i n f o r m a t i o n cm the numerical 
value o f the breakdown stresses f o r any gas i s a v a i l a b l e 
at t h i s frequency (.10,000 Mc/s). Labrum measured break­
down stress f o r a i r at 10,000 Mc/s over the pressure range 
5 t o 20 m.m.Hg., somewhat s i m i l a r experiments by Cooper^ 
at the same frequency covered the pressure range 5 t o 760 

m.m.Hg; h i s r e s u l t s d i f f e r e d w i d e l y from Labrum* s r e s u l t s 
over the 5 t o 20 m.m.Hg. range. However the value 28,000 

Volts/cm. f o r a i r at 760 m.m.Hg. determined by Cooper 
36 

agreed w i t h Pirn's d e t e r m i n a t i o n f o r the lower frequency 
of 200 Mc/s. Due t o the discrepancy i n the pressure r e g i o n 
5 t© 100 m.m.Hg. i n the breakdown stress values recorded 
by several workers i t was considered u n s u i t a b l e t o 
standardise the microwave stress r e s u l t s from the a i r curves. 

6** 
However Prowse and J a s i n s k i employing a 

frequency of 2,800 Mc/s established the Paschen curve f o r 
hydrogen down t o a pressure of approximately 30 m.m.Hg; 
t h e i r curve agreed w i t h i n experimental e r r o r w i t h the 
r e s u l t s o f Githens^ 1 a t 11 Mc/s. Githens determined the 
breakdown s t r e s s o f hydrogen a t 11 Mc/s. by an absolute 
method and estimated h i s experimental e r r o r not t o exceed 2%. 
The slope o f t h i s curve agrees w i t h the slope of the 
Paschen curve established i n the present experiments a t 
10,000 Mc/s; i t was t h e r e f o r e decided t o take a spot value 
from the Prowse and J a s i n s k i r e s u l t s and thus c a l i b r a t e a l l 
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the 10,000 Mc/s curves. The spot value chosen was the 
breakdown stress of pure hydrogen a t 50 m.m.Hg., t h i s 
being 790 Volts/cm. 

The r e s u l t i n g Paschen curves f o r hydrogen, 
n i t r o g e n , a i r , oxygen and neon are shown on graph 57, the 
values shown are peak values o f the s t r e s s . A l l these 
curves, t h e r e f o r e , are dependent on the breakdown stress 
of hydrogen a t 50 m.m.Hg., they are a s e l f c o n s i s t e n t set 
of r e s u l t s . The curves were found t o be reproducible 
w i t h i n experimental e r r o r , and check p o i n t s are shown taken 
many months a f t e r the o r i g i n a l curves. The a i r , n i t r o g e n 
and hydrogen curves are l i n e a r , except f o r the lower 
p o r t i o n o f the hydrogen curve, (below 35 m.m.Hg.) 

The neon curves were not q u i t e so rep r o d u c i ­
b l e ; but over the three years of the experiments the 
v a r i a t i o n between many c a l i b r a t i o n curves of neon t o 
hydrogen never exceeded 6%. This i s considered very 
reasonable as the breakdown stress of neon i s markedly 

89 
reduced by traces of i m p u r i t y 

The a i r was thoroughly d r i e d ; oxygen was 
from commercial c y l i n d e r s . The use of s p e c t r o s c o p i c a l l y 
pure, or c y l i n d e r , n i t r o g e n d i d not a l t e r the breakdown 
stresses recorded. The hydrogen was generated by the 
e l e c t r o l y s i s of barium hydroxide as described, (Appendix 4) 
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but no v a r i a t i o n could be found between e l e c t r o l y t i c a l l y 
produced, c y l i n d e r , or s p e e t r o s c o p i c a l l y pure c y l i n d e r 
hydrogen. 

2. Comparison w i t h the 2.800 _Mc/s. r e s u l t s of Prowse and 
J a s i n s k i . 

Comparison between these curves and the curves 
found by Prowse and J a s i n s k i i s o f i n t e r e s t . I n both sets 
the breakdown stress of oxygen i s greater than the 
corresponding values f o r a i r above 50 m.m.flg., and f o r 
Ni t r o g e n f o r a l l pressures. The 10,000 Mc/s. work shows 
a r e d u c t i o n i n the oxygen breakdown stresses compared w i t h 
the corresponding values f o r a i r , below 50 m.m.Hg.; the 
2,800 Me/s. work also showed an i r r e g u l a r i t y a t these lower 
pressures. (The radius of curvature o f the graph however 
was i n the opposite sense). A r e v e r s a l i n the r e l a t i v e 
breakdown stresses f o r low pressures f o r a i r and oxygen 
was also found a t 11 Mc/s. i n the present work. (Graph 56). 

The curve f o r a i r at 10,000 Mc/s. i s somewhat 
lower than the corresponding curve found by Prowse and 
J a s i n s k i (2,800 Mc/s.). They c a l i b r a t e d a l l t h e i r curves 
from a spot value f o r a i r o f 23,000 Volts/cm. a t 760 m.m.Hg. , 
now the 10,000 Me/s. curves have been c a l i b r a t e d from the 
hydrogen curve of Prowse and J a s i n s k i , but the r e s u l t i n g a i r 
curve ( a t 10,000 Mc/s). f a l l s w e l l below the 2,800 Mc/s. curve. 
Such a comparison between the 2,800 Mc/s and the 10,000 Mc/s. 
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curves however i s only d i r e c t l y p o s s i b l e a t the extreme 
range o f e i t h e r curve, ( i . e . 10,000 mc/s from 5 to 70 
m.m.Hg. and 2,800 Mc/s. from 70 t o 760 m.m.Hg). 

A comparison i s given i n the t a b l e below 
between the 10,000 Mc/s, 11 Mc/s. and the Prowse and J a s i n s k i 
2,800 Mc/s curves, w i t h respect t o hydrogen. 

TABLE 37. Breakdown stress of various gases i n terms o f 
t h a t f o r hydrogen a t the same pressure... 

p Gases. 10,000 Mc/s. 11 Mc/s. 2,800 Mc/s. 
m.m.Hg. 

10,000 Mc/s. 2,800 Mc/s. 

( = 1 - - — 
( 1.235 . 1.54 

20 ( A i r 1.48 1.63 _ 
( o a 1.3 1.56 -
( Na 1.26 1.67 

40 ( A i r 1.66 1.78 40 
( 0 i 1.48 1.90 3.4 
( 1* 1.21 1.72 

60 ( A i r 1.66 1.82 
( ox 1.79 - 3.95 

1.24 _ 2.4 
80 ( A i r 1.02 — 3.0 

( o* _ - 4.2 

( 1.25 Extrapo­
100 ( l a t e d - 2.28 

( A i r 1.65 " — 2.8 
( _ n - 3.3 

3. C|2SaS3&SOILJ&E^ 
No comparison has y e t been drawn t o the American 

r e s u l t s o f B e r l i n and Brown^ 1 f o r a i r , and MacDonald and 
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Brown^^ f o r hydrogen. These r e s u l t s as has been sta t e d 
support the d i f f u s i o n theory; the r e s u l t s are t h e r e f o r e 
dependent on the gap w i d t h used. However, the results 
obtained f o r a i r u s i n g the greatest electrode separation, 
(0.318 cms.) c o i n c i d e almost e x a c t l y w i t h the a i r r e s u l t s 
from the present experiments; t h e i r frequency was 3,000 Mc/s. 
However f o r the smaller gaps 0.157 and 0.0635 cms. f a r 
greater stresses were recorded. The hydrogen r e s u l t s f o r the 
l a r g e electrode separations 2.5 cms. and 0.476 cms. f a l l 
below and above the hydrogen curve from the present 
experiments r e s p e c t i v e l y ; the discrepancy i s of the order 
20$. Discussion on the American r e s u l t s i s deferred u n t i l 
the next chapter. 

4* The Mmaum .pressu-re on the E - p. graphs. 
C a l c u l a t i o n of the e l e c t r o n c o l l i s i o n frequency 

at the minima on the E against j} curves reveals a consistency 
between the f i v e gases; n i t r o g e n being the only one t h a t 
d i f f e r s l a r g e l y from the r e s t . 

The c o l l i s i o n frequency i s simply the q u o t i e n t 
o f the e l e c t r o n random v e l o c i t y , V, and the mean f r e e path 
at the appropriate E/p value, i . e . f « y the data used (Lb\ 
t o c a l c u l a t e these c o l l i s i o n frequencies were obtained 
from Townsend^. 
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TABLE 38... C o l l i s i o n .Xr^aUSacjUs* 

Gas 
E min. 

Volts/cm. 
p min. 
m.m. Hg. 

f C o l l i s i o n 
frequency c/s. 

A i r 
Ht 

0* 
500 
365 
530 
400 
240 

9.5 
11.5 
12.0 
7.0 

35 

4-05 x 10*° 
4.06 « 
4.02 «« 
3.20 « 
4.08 " 

The frequency of the app l i e d f i e l d was 10,000 
to 

Mc/s, i . e . 10 c/s., i t can t h e r e f o r e be assumed t h a t the 
minimum i n the Paschen curves can be a t t r i b u t e d t o the f a c t 
t h a t the c o l l i s i o n frequency of the e l e c t r o n w i t h molecules 
i s of the same order as the frequency of the applied 
f i e l d . 

I n conclusion i t can be s t a t e d t h a t the set o f 
curves given f o r the f i v e gases i s a s e l f consistent set of 
res i z l t s a l l based on hydrogen, thus i f the value assumed 
f o r hydrogen i s , by f u t u r e experiments, found t o be i n 
e r r o r , a l l the set can be r e c a l i b r a t e d ; the r e l a t i v e 
stress values w i l l , o f course, remain constant. 
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CHAPTER 9. 

Discussion.. 

1 • Comparison ..of ..the 11 Me/s .and 10,000. Mc/s, r e s u l t s 
w i t h .the .A^§^AC-^-Diff^i^B,^-^^^•---

The American d i f f u s i o n theory ( t h i s i s a c t u a l l y 
63 x 

a q u a n t i t a t i v e account of the e a r l i e r Townsend theory) 
f o r "breakdown a t microwave frequencies, and h i g h frequencies 
demands t h a t the p r o d u c t i o n o f electrons by i o n i s i n g 
c o l l i s i o n s , between electrons and n e u t r a l gas molecules, 
replaces the l o s s of e l e c t r o n s by d i f f u s i o n t o the w a l l s 
of the discharge chamber. However as has been stated by 

A j 
Prowse and J a s i n s k i f f o r pulsed microwave discharges 
d i f f u s i o n t o the electrodes cannot be the removal mechanism; 
the short times i n v o l v e d , ( i . e . order of microseconds) so 
l i m i t the d i f f u s i o n r a d i i . 

The same conclusions apply to the present 
microwave work where the pulse l e n g t h was one microsecond. 
Assuming t h a t a d i f f u s i o n r a d i u s of 5 ra.ms. i s necessary 
before d i f f u s i o n can be considered t o be a serious removal 
mechanism; the t a b l e below gives the pressures f o r the 
f i v e gases used, below which the d i f f u s i o n r a d i i would exceed 
5 m.m. There i s a r a p i d decrease i n these r a d i i as the 
pressures increase above the values state d . 
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TABLE 39. Pres„surjjs._at_whiph d i f f u s i o n r a d i i >^0ja\.n.. 

Gases used. p, i n m.m.Hg. 

H a < 15 
l a < 13 
Cz <17 

.Air <15 
l e ^.150 

The pressure f o r neon i s considerably higher than 
the pressure f o r the polyatomic gases, but i t should be 
remembered t h a t the pressures a c t u a l l y employed f o r neon 
were r e l a t i v e l y g r e a t e r , up t o 500 m.m.Hg. 

Therefore f o r the polyatomic gases the lo s s of 
elect r o n s by d i f f u s i o n i s not s i g n i f i c a n t f o r pressures 
exceeding some 15 m.m.Hg. The d i f f u s i o n theory i s not 
t h e r e f o r e a p p l i c a b l e t o pulsed, microwave breakdown above 
these pressures. 

However i f the c r i t e r i o n f o r breakdown under a 
sustained h i g h frequency f i e l d i s the balance between the 
pro d u c t i o n of el e c t r o n s and t h e i r l o s s by d i f f u s i o n , then 
t h i s theory should apply t o the p a r a l l e l p l a t e 11 Mc/s. 
experiments. 

The d i f f u s i o n theory gives the general equation:-

(X where E,= R.M.S. Breakdown stress 
^ C f A C - D i f f u s i o n c o e f f i c i e n t of 

1 electrons i n the gas. 
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U = n e t ' e l e c t r o n production 
per e l e c t r o n per second. 

"5 i s c a l l e d the h i g h frequency 
i o n i s a t i o n c o e f f i c i e n t and i s analogous t o Townsend's 

The breakdown c o n d i t i o n can take a m o d i f i e d form 
f o r a p a r a l l e l p l a t e system :- £ -. TT 1 

where £. = separation of the electrodes 
i n cms. 

The breakdown stress o f a gas i s t h e r e f o r e a 
f u n c t i o n of the elec t r o d e separation. 

None of the 2.3 Mc/s or the 11.5 Mc/s. r e s u l t s 
f o r hydrogen, a i r , oxygen, or n i t r o g e n gives any evidence, 
provided the discharge i s electrodeless i n character, t h a t 
the breakdown stress i s a f u n c t i o n of the electrode separation. 
A constant breakdown stress was recorded, w i t h i n experimental 
e r r o r , f o r each gas at any given pressure provided the gap 
w i d t h was greater t h a n the c r i t i c a l gap w i d t h . ( I t w i l l be 
remembered t h a t the breakdown stress r a p i d l y decreased f o r 
electrode separation j u s t greater than the c r i t i c a l separation, 
and then remained constant as the gap was f u r t h e r increased, 
i . e . , the e l e c t r o n s f a i l e d t o cross the gap i n one h a l f cycle 
o f the a p p l i e d f i e l d ) . This idea from the 2.3 and 11.5 Mc/s 
work t h a t the h i g h frequency breakdown stress of a gas i s a 
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t r u e c h a r a c t e r i s t i c of the gas independent o f the gap 
w i d t h (provided the gap i s greater than the c r i t i c a l v a l u e ) , 
i s supported by the work o f Pirn , Prowse and J a s i n s k i ^ , 
Pirn working i n a i r obtained a constant breakdown stress f o r 
various gap widths a t the same pressure. I t has been 
suggested t h a t a i r being an a t t a c h i n g gas might p a r t l y 
e x p l a i n the discrepancy between the e a r l i e r r e s u l t s and the 
d i f f u s i o n theory. However the present work has been 
undertaken i n two a t t a c h i n g gases, a i r and oxygen, and two 
non-attaching gases, n i t r o g e n and hydrogen, w i t h s i m i l a r 
r e s u l t s f o r both groups. 

The c a l c u l a t i o n s of Brown and MacDonald-^ over 
a wide range o f r e s u l t s i n hydrogen l e d t o a s i n g l e curve 
r e l a t i n g S and E/j>. I t i s o f i n t e r e s t t o c a l c u l a t e the 
appropriate value of & from the 11.5 Mc/s. hydrogen r e s u l t s . 
As can be seen there are two po s s i b l e methods. 

1 s t Method using a , the r e s u l t s used i n 
t h i s c a l c u l a t i o n are taken from graph 49. 
TABLE JO ~_^cuXation ojJL_.. 

p m.m.Hg. 

13.5 
23.5 
2.0 
3.5 

88 
i 

E, If 
23.7 
19.2 
16.9 
16.2 
15.6 

£( cms. f z cms. 

1.0 2.8 9.8x10^ 1.24 x id7 

0.9 2.8 6..1 » 0.59 " 
1.0 1.8 1.98 " 0.61 « 
0.6 1.4 2.6 " 0.48 " 
0.7 1.0 1.06 " 0.52 « 
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The two values of L chosen are the values 
between which a constant breakdown stress was recorded. 
The values taken from the paper by MacDonald and Brown 
are now given f o r comparison. 
TABLE Ml. Values o f v? a f t e r MacDonald and Brown. 

E 

10 

7 X 
15 
20 
25 
30 

4 : i o - W r a ? o -
l a t e d ) . 

10 x 10 37 it 
70 " 

115 " 

These r e s u l t s (Table 4.0) demand, f o r a p l o t of J 

against E»^w a v e r t i c a l l i n e f o r each value of Ef̂ e,, 
there being no unique value o f ̂ > f o r a p a r t i c u l a r value o f 
E,^j as r e q u i r e d by MacDonald and Brown. The values determinec 
by MacDonald and Brown do, however, i n d i c a t e a very r a p i d 
increase i n ^ w i t h an increase i n Fy^> f o r the range o f 
pressures i n the present work. 

2nd Method using .s ~ C I E * ' T h i s i s a m°Te 
d i f f i c u l t procedure because of the v a r i a b l e the net 
e l e c t r o n p r o d u c t i o n r a t e per e l e c t r o n . However l e t i t be 
assumed t h a t each c o l l i s i o n between an e l e c t r o n and a gas 
molecule i s an i o n i s i n g c o l l i s i o n , which i s c e r t a i n l y 
i n c o r r e c t but may be u s e f u l i n assessing the t r e n d of the . 
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r e s u l t s . .*. 11= 
Lr 

where L^= m.f.p. of e l e c t r o n i n cms. 
f * random v e l . i n cms/sec. 

and C = V-L/' (Townsend 8 6). 

Again f o r hydrogen a t 2.3 and 11.5 Mc/s. the 
values of are t a b u l a t e d below. 

p 
m.m.Hg. lit 5 

5 37.6 1.2 
10 27.0 3.58 
20 20.5 8.65 
30 18.7 11.2 
50 17.0 15.2 
70 16.1 17.3 

100 15.5 19.6 
120 15.0 21.5 

These disagree by a f a c t o r of the order 10 w i t h 
the previous r e s u l t s , i n d i c a t i n g the assumption t h a t each 
c o l l i s i o n was an i o n i s i n g c o l l i s i o n i s f a r from the t r u t h ; 
an expected r e s u l t . The values of 5 do show an increase 
w i t h a decrease o f E,^> as opposed t o the previous c a l c u l a t e 
also the r e s u l t s i l l u s t r a t e the v e r t i c a l form of a graph 
d i s p l a y i n g S against E,^ . 

I t would t h e r e f o r e seem from t h i s work t h a t the 
d i f f u s i o n theory cannot apply t o ( l ) pulsed microwave 
breakdown a t pressures, f o r polyatomic gases, greater than 
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15 m.m.Hg; (2) the r e l a t i v e l y low frequency p a r a l l e l 
p l a t e work. The idea t h a t breakdown i s a t r u e c h a r a c t e r i s 
t i c o f the gas and independent of the gap w i d t h r e q u i r e s 

d i f f u s i o n theory gives an almost v e r t i c a l p l o t f o r 5 
against E,j^for a i r and hydrogen when the pressure i s i n 
excess of about 10 ir..m.Hg. 

The d i f f u s i o n theory might o f f e r a p o s s i b l e 
explanation o f breakdown i n the lower pressure regions but 
not a t the higher pressures, e s p e c i a l l y f o r pulsed work. 

Disregarding the neon r e s u l t s f o r the present, 
the beaten zone hypothesis f o r a h i g h frequency discharge 
i s now considered. As has been explained, t h i s hypothesi 
p o s t u l a t e s t h a t t h e e x c i t a t i o n , or a c t i v a t i o n , of the gas 
by the electrons i s a p r e r e q u i s i t e of breakdown. Thus an 
e l e c t r o n produces, by continued i n e l a s t i c c o l l i s i o n s , an 
atmosphere of e x c i t e d s t a t e s , and because of i t s d r i f t 
motion under the a c t i o n o f the microwave f i e l d , i t w i l l 
r e t u r n through i t s own e x c i t e d atmosphere thus i n c r e a s i n g 
the p r o b a b i l i t y of f u r t h e r e x c i t a t i o n and i o n i s a t i o n . 
D i f f u s i o n t o the w a l l s of the discharge chamber at the 
higher pressures i s , as has been shown, not considered t o 
produce any serious e l e c t r o n l o s s during the b u i l d up of 
the e l e c t r o n c o n c e n t r a t i o n f o r breakdown. Consideration 

an i n f i n i t e v a r i a t i o n of 5 f o r any value of E, The 
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o f the l i v e s of the e x c i t e d s t a t e s , and the frequency 
of the applied f i e l d , shows t h a t there i s s u f f i c i e n t time 
f o r the e l e c t r o n t o r e t u r n i n t o i t s own e x c i t e d atmosphere 
before t h i s atmosphere decays. The average l i f e of 

-8 
e x c i t e d states f o r the gases used are of the order 10 

-a - i a 
t o 10 sees, w h i l e the p e r i o d of the ap p l i e d f i e l d i s 10 
sees. 

Volume Recombination processes are too i n f r e q u e n t 
to be e f f e c t i v e i n the removal o f ele c t r o n s a t low 
coneentrations, and e s p e c i a l l y i n the short times i n v o l v e d 
10 seconds. 

The c h i e f o b j e c t of t h i s work was to explore 
the hypothesis t h a t the r e t u r n of an e l e c t r o n through i t s 
own e x c i t e d atmosphere i s an important f a c t o r i n microwave 
gas discharge, the r e s u l t s seem t o support the o r i g i n a l 
p o s t u l a t e . 
2. I^MQ^^mA3^,^3S3S^-lM§^.^ 

2.1. A p o s s i b l e expected r e s u l t w i t h orthogonally 
appliedL fields.,,.. 
2.1.1. Case 1 

M i c ^ r a v e _ a r i d ^ 
I t i s not unreasonable t o assume t h a t the e l e c t r o n v e l o c i t y 
necessary t o produce i o n i s a t i o n i n the gas and hence 
breakdown, i s determined by the magnitude of the r e s u l t a n t 
e l e c t r i c f i e l d . 
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Let the microwave f i e l d be represented 
by E Co, i*>t, and the un i d i r e c t i o n a l f i e l d by X. 

The resultant f i e l d i s therefor 
where the mean value of E2&°olu*b = JL 

3L 
The condition f o r breakdown i s there-

V P 2 

fore i—* T A j - constant, the curve p l o t t i n g microwave 
f i e l d against steady f i e l d i s clearly a c i r c u l a r quadrant 
fo r breakdown conditions. ( I f the breakdown stress depends 
on the frequency, the' curve w i l l be an e l l i p t i c a l quadrant). 

2.1.2,, Case_2-_ 

Let the alternating f i e l d be represented by T&Ot. as 
before the same assumptions apply and hence the condition 
f o r breakdown i s (£ ^~*/ = constant. The r e s u l t i n g 
curve would therefore be of the same form as before, i . e . 
a quadrant. 

The curves realised i n the actual 
experiments did not take the form indicated above, t h e i r 
general shape was rectangular, see graphs 36, 38, 43, 44 
and 45, etc. 

2.2. Summarised re s u l t s . 
1. ll^SMi^^LJXsiA^ The micro­

wave breakdown stress of hydrogen, neon, a i r and oxygen 
was increased, when a un i d i r e c t i o n a l f i e l d was simultaneously 
orthogonally applied, compared to the microwave stress 
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recorded, when no a u x i l i a r y f i e l d was present. 
2. 0.86 Mc/s. Auxil i a r y f i e l d , 

1. EsMQMm gave 
similar increases i n the microwave f i e l d necessary f o r 
breakdown to those f o r a steady f i e l d * 

2.. Beon showed an 
increase i n the microwave stress as the a u x i l i a r y f i e l d 
increased from 0 to 33 Volts/cm.; the microwave stress 
then remained constant as the a u x i l i a r y f i e l d was increased 
even up to the alt e r n a t i n g f i e l d breakdown stress f o r neon. 

Hydrogen, neon, a i r , oxygen and nitrogen a l l gave f l a t 
( i . e . rectangular) graphs, except at very low pressures, 
where small increases i n the microwave f i e l d , compared to 
the stress required for breakdown with no a u x i l i a r y f i e l d 
present, were necessary to give breakdown. 

4. 9.7 Mc/s. a u x i l i a r y f i e l d . Hydrogen, 
neon and a i r gave f l a t graphs ( w i t h i n experimental error) 
f o r a l l pressures used r i g h t up to values of the a u x i l i a r y 
f i e l d which themselves produced breakdown 
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z 
axis 1 

K A. C. Field Fig. 39. Electron movement, U.H.i1. + 

Steady fie l d 

Wv A/ z U.H.F axis 4 

40 *̂ ' Fig. Electron movement. U.H.F. + D.C.Field. 

Figures 39 and 4-0 show an electron 
ambit under the action of the combined f i e l d s ; either 
microwave and. a un i d i r e c t i o n a l f i e l d , or microwave and 

an alternating f i e l d . The movement i n the d i r e c t i o n of 
the microwave f i e l d i s extremely exaggerated f o r c l a r i t y , 
( i . e . of the order 10 to 10 times). 

2.3. Discussion of the r e s u l t s obtained under 
the action of the combined f i e l d s . 

1. Unidirectional f i e l d . The increase 
i n the microwave f i e l d necessary to produce breakdown i n 
the presence of a steady orthogonally applied f i e l d has been 
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discussed i n Chapter 2, Part I I . The increase i s thought 
to be caused "by clean up of the electrons "by the steady 
f i e l d during the microsecond pulse. 

2* ^JLM/^^S^liMI^XiSlA' The 
electron ambit calculations showed that f o r hydrogen the 
movement i n the d i r e c t i o n of the a u x i l i a r y f i e l d during 
one microsecond was comparable to the capsule dimensions; 
the increase i n the microwave f i e l d necessary to produce 
breakdown i n the presence of the 0.86 Mc/s. f i e l d may be 
explained i n the same way as the corresponding increase 
fo r the u n i d i r e c t i o n a l f i e l d r e s u l t s . 

• 

The a u x i l i a r y f i e l d voltages that 
produced e x t i n c t i o n of the established microwave breakdown 
( i . e . cut o f f voltage) are of i n t e r e s t . The electron 
ambit i n the d i r e c t i o n of the au x i l i a r y f i e l d f o r these 
voltages were shown to be of the order 3 to 10 m.m., that 
i s , comparable to h a l f the capsule length (11 m.m.) The 
au x i l i a r y f i e l d may therefore sweep electrons o r i g i n a l l y 
i n the central region of the resonator to the end walls and 
so cause the ext i n c t i o n of the discharge. 

The r e s u l t s f o r neon are separately 
discussed below. (Page 232). 

3. gjM^Ms/s^s^m^M^M^A^ At the 
positions marked w i t h a l e t t e r «K! i n fig u r e 39, the 
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electron under the microwave f i e l d returns along i t s 
own track, i . e . i t can be said to be t r a v e l l i n g back 
through i t s own excited atmosphere. I f breakdown under 
the action of a microwave f i e l d i s determined by the 
electron returning through i t s own excited atmosphere, 
i t could be said that such a condition exists at the 
positions indicated (K). This could explain why no increase 
i n the microwave f i e l d was found necessary to produce 
breakdown even when the electrons were swept i n and out of 
the intense f i e l d zone by the au x i l i a r y f i e l d . Some 'ends' 
(K region) w i l l always be in| the strong E* filament i f the 
ambit (along the % axis of the resonator) i s less than h a l f 
the capsule length. 

Experiments i n the lower pressure 
regions showed tha t an increb.se i n the microwave f i e l d 
was necessary f o r breakdown jas the a u x i l i a r y f i e l d increased. 
However, as stated, t h i s increase occurred where the 
electron ambit under the a u x i l i a r y f i e l d was of the order 

^ j , ( L c - length of capsulej). The electron ambits under 
the a u x i l i a r y f i e l d at whichj an increase i n the microwave 
f i e l d became necessary to produce breakdown are given 
i n the following table. 

http://increb.se
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TABLE ,43..; Qalguj^ed. electron, ambits under 2,66, Mc/g^ 
f i e l d s 

Gas. Pressure. 
m.m.Hg. 

Electron ambit. 
m.m. 

Dry a i r 21.5 11 
15 9.0 
10 8.8 
5 1.0.7 

Oxygen 12.5 9.2 
8.0 5.8 
4.5 7.4 

Nitrogen 21 8.5 
14.5 7.1 
11.5 6.8 
5 6.2 

I t was d i f f i c u l t to say i n hydrogen 
at what a u x i l i a r y f i e l d value an increase i n the microwave 
stress became necessary to produce breakdown. There was 
fo r pressures below 45 m.m.Hg. a s l i g h t increase i n the 
microwave stress necessary to i n i t i a t e a discharge i n the 
presence of the maximum a u x i l i a r y f i e l d , (600 Volts/cm). 
The electron ambits under the maximum 2.66 Mc/s f i e l d 
voltage are given i n Table 23, Chapter 4. 

The a u x i l i a r y voltage (2.66 Mc/s) 
necessary to quench the microwave discharge i n nitrogen also 
gave electron ambits of the oijrder ^"c/^ • The hydrogen 
cut o f f voltages f o r the 2.66 Mc/s. gave electron ambits 
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somewhat lower i n value, 2 to 5 m.m.; however the ambits 
associated, w i t h the 0.86 Mc/s cut o f f voltages f o r hydrogen 
were of the order 5- ( i . e . they were between 3 and 10 
nuns.) The r e s u l t i n g discharge under the crossed, f i e l d s 
f o r hydrogen (microwave and 2.66 Mc/s.) shpwed a reduction 
i n i n t e n s i t y at a f a i r l y d e f i n i t e a u x i l i a r y voltage, (see 
section 2.1.1. Chapter 4 ) , the electron ambits under the 
2.66 Mc/s. f i e l d at these points were i n the region 1 to 
3 m.m.; i.e.,- similar to the cut o f f ambits f o r an au x i l i a r y 
f i e l d of 2.66 Mc/s. 

4- 9.7 Mc/s. a u x i l i a r y f i e l d . 
The greatest value of the calculated 

electron ambit i n hydrogen was, 5.3 m.m. and i n t h i s gas the 
microwave stress showed no dependence on the value of the 
a u x i l i a r y stress. This i s i n complete agreement with the 
foregoing argument. 

2.4.1. Formative time.for discharge. , 
An electron i s able to .return under 

the action of the microwave f i e l d through i t s own excited 
atmosphere, i . e . at the positions marked K on figure 39 as 
discussed. I f breakdown i s dependent on t h i s occurrence 
then the time spent i n these regions (K) must be s u f f i c i e n t 
f o r the i n i t i a t i o n of breakdown. Assume that the electron 
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spends 10"of the au x i l i a r y f i e l d cycle i n these end 
regions, t h i s i s probably a low estimate. Then the times 
spent i n these zones are i -

-7 

For an a u x i l i a r y f i e l d of 0.86 Mc/s,~ « 1.16 x 10 sees. 
" « " tt w 2.66 Mc/s t' = 3.76 x 10~* " 
" n fl ff " 9.7 Mc/s, f0 - 1.03 x 1 0 8 " 

65 
The formative times observed by Provrse and Jasinslci were, 
f o r the gases hydrogen, oxygen, a i r and nitrogen, less than 

"8 

the resolution time of t h e i r apparatus, 10' seconds. I t 
would therefore seen reasonable that the electron spends 
s u f f i c i e n t time i n these end regions to i n i t i a t e the discharge. 

2.4»2- B i ^ S | Q J L A i ^ e ^ d ^ o X _ ^ g , t r a j e c t o r i e s 
I t i s worth while seeing how!far an electron would diffuse 

t 

during t h i s period t o seconds, p a r t i c u l a r l y as t h i s 
expresses the indefiniteness of the electron t r a j e c t o r y . 

Let the corresponding, movement of 
the electron under the a u x i l i a r y f i e l d i n t h i s time 
be xj then i f x i s approximately equal to the d i f f u s i o n 
distance f o r a timejjjj,the electron i s at the end of i t s 
al t e r n a t i n g f i e l d t r a j e c t o r y Ifor a time ^ w i t h i n the l i m i t s 

i 
of electron-and-gas behaviour. 
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Examples of these values are given , 
below f o r hydrogen, two values f o r the d i f f u s i o n distances 
are given, one fo r the maximum value of the c i r c u i t a l 
f i e l d ( E e ) and one f o r the microwave f i e l d (E c) appropriate 
to the p o s i t i o n a distance equal to electron ambit along 
theZaxis of the resonator. (The microwave c i r c u i t a l f i e l d 
varies sinusoidally along t h e Z a x i s ) . See Chapter 1, Part I I ) . 

fc 
TABLE AA. D i f f u s i o n r a d i i i n To secs. 

p 
m.m.Hg. 

Frequency 
of 

a u x i l i a r y 
f i e l d . 

r mLs^_ 

Ambit under 
A.C.field i n 
| cycle (fc) 

m.m* 

Diff u s i o n 
for E e max.. i n fyosees. 
m.m. 

Diffusion 
f o r Ec 
i n fto sees. 
m.m. 

35 0.86 5.2 0.78 0.80 
.97 0.86 6.7 0.4 0.43 
45 2.66 4.5 0.35 0.36 

113 2.66 2.05 0.22 0.23 
5.5 9.7 4-9 1.2 1.32 

21.5 9.7 1.1 0.32 0.33 

The difference between the two values of E 
i s small, and any d i f f u s i o n calculations can only be taken 
as an i n d i c a t i o n of the electron spread. I t can be seen 
that the d i f f u s i o n distance at the ends of the ambits are 
of the same order as the electron movement under the 
combined f i e l d s f o r a similar period of time, 'lb seconds. 

2.4.3. Variation of s t a t i s t i c a l lag with...applied 
S l S i i i a r x ^ f i e l d ^ 
Breakdown i t has been postulated can only 
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take place I n the end regions, K K on fi g u r e 4-1. 

U.H.F. 
Field. 
T 

1 
A.C. Field; 

Case 1. Cas« 2 

. y^A>41 . Electron movement under crossed fielda, 

Three possible cases are shown f o r decreasing a u x i l i a r y 
f i e l d . The time available f o r breakdown i n case 1 i s 
less than case 2, which i s i n turn less than case 3. I f 
breakdown i s conditioned by a random onset then the s t a t i s t i c a l 
lags ( s h o u l d increase with increasing a u x i l i a r y f i e l d , 
i . e . <t s > a t s > This was generally observed, the actual 

increase i s seen on graph 37,'Chapter 4, for hydrogen with 

an a u x i l i a r y f i e l d of 2.66 Mc/s. 
3. ^^neon^resHits*. 

3.1. General^ The conception of an excited 
atmosphere b u i l t up i n the beaten zone of the o s c i l l a t i n g 
electron i s not equally applicable to the monatomic gases. 
Small transference of energy from the o s c i l l a t i n g electron 
to the gas molecules ( r e s u l t i n g i n an excited molecule) does 
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not occur; the c o l l i s i o n s remain e l a s t i c u n t i l the 
electron energy reaches a value corresponding to the 
f i r s t e x c i t a t i o n p o t e n t i a l , ( i . e . produces a metastable 
state i n the neon atoms). Thus the beaten zone could 
be considered to be an area of metastable neon atoms 
rather than excited atoms. 

To account f o r the fa c t that the break­
down stress of neon varied w i t h the pulse 1ength of the 

;q 
applied f i e l d , Labrunr' proposed the following hypothesis: 
the breakdown condition i s t h a t a re q u i s i t e number of 
electrons Mj, should be present i n the gap, and during a 
pulse the i o n i s a t i o n grows exponentially w i t h time, thus 
we can w r i t e : -

No e 

where Q = No.of ton.pairs produced per electron per 
second. 

S = No. of electrons which disappear per second. 
N0 = No. of electrons at time,IT =o . 
N * « » » " » , t-kr. 

Assuming a pulse 1 ength T and that Nj> 
electrons are required f o r i n s t a b i l i t y , the condition f o r 
discharge becomes:-

Neon i s a non-attaching gas and thus 
d i f f u s i o n i s the only removal process. I t has been shown 
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f o r 1 microsecond pulses provided the pressure was 
greater than 150 m.m.Hg. such losses were small, 
therefore 'S' i s very small. (Table 39, page 216). 

Thus the breakdown stress determined 
f o r neon i s a function of the pulse length. (Figure 5). 

The v a r i a t i o n of breakdown stress f o r 
neon with pressure i n the present work at 10,000 Mc/s. i s 
i n good agreement with Labrum' s'B-aschen1 curves f o r the 
same pulse length and pulse r e p e t i t i o n frequency, (/jisec.}and. 

400 p.p. s) . The comparison' however can only be made at 
i 

the extreme opposite ranges of the re s u l t s ; Labrum used 
pressure up to maximum 30 m.m.Hg.y and the present work 
extended from 5 to 465 m.m.Hg. The v a r i a t i o n i n the 
microwave breakdown stress w i t h pulse r e p e t i t i o n rate i n 
Labrum's work f o r the same duration pulse i s explained by 
residual ionisatior. i n the gap from one pulse to the next. 

I t i s therefore to be expected that the 
lowest breakdown stresses would be recorded f o r a given 
pressure when the gas i s subjected to a sustained o s c i l l a t i n g 

have recorded a value of 
compared wi t h the 11 Mc/s 

by extropolation, assuming a 

45 f i e l d . G i l l and von Engel 
465 volts/cm. at 760 m.m.Hg; 
p a r a l l e l plate r e s u l t s which 
l i n e - o r relationship from 465 to 760 m.m.Hg., give a value 
of 660 volts/cm. at a pressure of 760 m.m.Hg. 
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3.2. The neon results Tf.or , the .crossed ..field... emerlments^. 
1. Unidirectional f i e l d . The necessary-

microwave breakdown stress had to be increased to give 
breakdown as the steady f i e l d increased. The i n t e r p r e t a t i o n 
i s probably clean up of the electron as discussed i n the 
previous sections. 

2. 0.8,$ Mc/s; j^lM^.£-k<£L&<. For pressure 
less than 200 m.m.fig. a sudden increase i n the microwave 
breakdown stress was found necessary f o r very low a u x i l i a r y 
f i e l d s , and then no v a r i a t i o n i n the microwave stress fo r 
breakdown r i g h t up to values of the a u x i l i a r y f i e l d which 
i t s e l f i n i t i a t e d a discharge. The i n t e r p r e t a t i o n of the 
sudden increase i n the microwave stress i s uncertain, but 
the following observations are made. I t occurred w i t h i n 
33 Volts/cm of the a u x i l i a r y f i e l d and the electron d r i f t 
movement under the a u x i l i a r y f i e l d at t h i s voltage varied 
from 0.8 to 7.5 m.ms. f o r pressures 180 to 20 m.m.Hg. 
respectively. These electron ambits are of the same order 
as the ambits corresponding to the a u x i l i a r y f i e l d voltages 
necessary to quench an established microwave discharge, 
( i . e . cut o f f voltages, see Chapter 3 section 3.2.2.). 

The f l a t portion of the graphs would 
seem interpretable i n the same manner as f o r the polyatomic 
gases. The electron ambits f o r a l l pressures greater than 
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50 m.m.Hg. were f a r less than ; thus clean up to 
the capsule w a l l was u n l i k e l y . 

3. ^^k^M^T.M&l^^m^AMI^n^U^ 
i t these two frequencies f o r the a u x i l i a r y f i e l d the 
resu l t s were similar i n character, no increase i n the 
microwave f i e l d w i t h an orthogonally applied alt e r n a t i n g 
f i e l d , . The electron ambits i n a l l cases were small i n 
comparison with the capsule length, even at the h ighest 
alternating f i e l d stresses, ( i . e . breakdown conditions 
fo r the a u x i l i a r y f i e l d ) . The two pressures 9 and 5-5 
m.m.Hg gave calculated ambits of 15.5 and 45 m.m. under 
the maximum alter n a t i n g f i e l d where a decrease i n the 
microwave stress necessary to i n i t i a t e breakdown was 
recorded. However at such low pressures the picture i s 
further complicated as the c o l l i s i o n frequency of electrons 
and gas molecules i s less than the frequency of the 
microwave f i e l d . 

3.3. F ^ h ^ r ^ G j g j O d ^ ^ 
, I t was assumed that the formative time f o r 

breakdown i n the polyatomic gases was of such an order 
that breakdown could occur i n the estimated time of / ( 0

T * 
cycle of the a u x i l i a r y f i e l d . Neon however has a large 
formative time; i n Labrum' s proposed mechanism the formative 
time i s the time required to b u i l d up to a certain number 
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of electrons (%) by normal c o l l i s i o n processes. Prowse 
65 

and Jasinski showed that neon had a considerable forma­
t i v e time, t h i s was dependent on the overvoltage, and 
values of the order 2 microseconds were recorded, de­
creasing to lessthan the resolution time of the apparatus 
(10 8 sees) as the percentage overvoltage increased. 

The breakdown stresses recorded i n the 
present work employing 1 microsecond pulse are higher 
than the stresses required f o r breakdown under a sustained 
f i e l d at the same pressure, (see graph 39) Whether break­
down can occur i n a time equal to f& (where t^the period of 

-7 -S 
the a u x i l i a r y f i e l d , i . e . from 1.16 x 10 to 1.03 x 10 sees), 
f o r the same percentage overvoltage i s a doubtful suggestion 
unless the decrease i n formative lag f o r the given percent­
age of overvoltage i s very rapid. 
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The modified d i f f e r e n t i a l Bourdon gauge as 
used throughout the experiments i s shown opposite. This 
gauge was used i n preference t o the moving bellows gauge, 
the l a t t e r had a very l i m i t e d pressure range. The gauges 
were constructed t o be of a d i f f e r e n t i a l form t o obviate 
the necessity o f connecting, f o r c a l i b r a t i o n purposes, 
a mercury manometer t o the h i g h vacuum system. 

To c a l i b r a t e the gauge the f o l l o w i n g procedure 
was adopted:-

1. The in n e r p o r t i o n o f the gauge was 
evacuated by the high vacuum l i n e . 

2. Then the outer casing was evacuated 
by means o f a r o t a r y pump. The gauge now read 
zero - no pressure d i f f e r e n c e between the in n e r 
and outer compartments. The manometer of course 
read atmospheric pressure. 

3. A small q u a n t i t y of a i r was then 
allowed t o enter the outer casing, by means of 
the f i n e j e t shown, the change i n the manometer 
reading was the pressure d i f f e r e n c e between 
the i n n e r and outer sections of the gauge. 

4. I n t h i s manner a c a l i b r a t i o n curve 
was e a s i l y obtained f o r e i t h e r gauge. The 
Bourdon gauge was l i n e a r over the pres-sure range 
10 m.m. t o approximately 480 m.ra.Bg; a s l i g h t 
departure from l i n e a r ̂ occurred below 10 m.m.fig. , 
the complete range extended from 1 t o 480 m.m.Hg. 
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Calibr^tion^£jso:stal^Moie5^ 

To c a l i b r a t e the c r y s t a l diodes a c a l i b r a t e d 
p i s t o n a l t e r n a t o r was i n s e r t e d between the low Q 
resonator, plus c r y s t a l , and the wide band a m p l i f i e r , 
as shown. 

The energy i n p u t t o the resonator from the 
waveguide was kept constant and the amplitude of the 
pulse envelope, as seen on the o s c i l l o s c o p e screen, was 
measured f o r a known amount of a t t e n u a t i o n i n the p i s t o n 
a t t e n u a t o r . I n t h i s manner the c a l i b r a t i o n curve 
was obtained, the voltm e t e r reading i s the v o l t a g e 
r e q u i r e d t o displ a c e the pulse envelope a distance equal 
t o i t s own h e i g h t . The f i e l d s t r e n g t h , H, i n the 
resonator i s p l o t t e d i n a r b i t r a r y u n i t s . The l i n e a r i t y 
of the a m p l i f i e r had already been established f o r the 
range of gain used i n the experiments. 

I t can t h e r e f o r e be assumed t h a t the f i e l d 
s t r e n g t h w i t h i n the resonator was d i r e c t l y p r o p o r t i o n a l 
t o the h e i g h t o f the pulse envelope viewed on t h e 
os c i l l o s c o p e screen. 
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Ike ^MmMt^us^SMh. 

The c i r c u l a t i n g pump consisted of an 
aluminium f o u r bladed paddle mounted on a l i g h t s p i n d l e; 
the spindle also c a r r i e d the armature of a synchronous 
motor. - Two small brass bushes c a r r i e d the spindle.as 
shown; the f i e l d c o i l s o f the motor were mounted 
o u t s i d e the h i g h vacuum system, thus a minimum, of metal 
was introduced i n t o the vacuum system. 

The diagram opposite i s approximately" 3/4 
f u l l s i z e . 
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Fjg. 44. Electrolysis apparatus for pure hydrogen. 
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Hydrogen generating plant'. 

Pure hydrogen was obtained by the e l e c t r o l y s i s 
38 

of barium hydroxide . The apparatus was constructed 
so t h a t ( l ) the hydrogen could be e a s i l y tapped o f f 

i n t o the vacuum apparatus, 
and (2) the hydrogen could not be contaminated 

w i t h oxygen. This was achieved by 
p l a c i n g , as shown., a sleeve over the 
negative electrode. 

The gas "was dried, by al l o w i n g i t ' t o stand i n a. 
r e s e r v o i r c o n t a i n i n g a phosphorous pentoxide boat, i t could 
then be p i p e t t e d i n t o the vacuum apparatus as required. 

I n case of emergency, i . e . l i q u i d e n t e r i n g 
the r e s e r v o i r s e c t i o n of the apparatus, a l i q u i d sump 
was incor p o r a t e d , thus ensuring t h a t no l i q u i d could pass 
t h i s T j o i n t . 



20 H. To • 1200 

L /ww irradiator. 

+ 500 T. 

XL 4. PT 16. 

Fig. 45 . H.T pulse circuit for irradiator. 
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APPMDIX ,5.. 

I r r a d i a t o r pulse generator. _ 

The i r r a d i a t o r pulse was derived by c u t t i n g 
o f f an i n d u c t i v e l y loaded pentode; the negative 
pulse r e q u i r e d to bias o f f the pentode was derived 
from a simple m u l t i v i b r a t o r c i r c u i t . The r e p e t i t i o n 
r a t e of t h i s m u l t i v i b r a t o r was adjusted to.be 
approximately /fiQ pulses per second. An anode lo a d 
r e s i s t a n c e c o n t r o l l e d the steady c u r r e n t through the 
pentode and t h e r e f o r e the r e s u l t i n g output pulse. 
The ammeter i n series w i t h t h i s v a r i a b l e r esistance 
was used to i d e n t i f y the magnitude of the.output pulses 
( i . e . l a 9, 10, 13. 15, 19 m.a.). 

http://to.be
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