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ABSTRACT 

The technique for studying swarms of electrons in a gas discharge 

by observing the photon flux from the discharge developed in these 

laboratories (Blevin et al. 1976 a,b,c; 1978 a,b; 1980) has been 

adapted to investigate the role of the secondary mechanisms in hydrogen 

and nitrogen. The results show that, contrary to previous indications, 

ion bombardment of the cathode plays only a negligible, if any, part 

in the low pressure discharge in hydrogen and nitrogen at low E/N while 

at high E/N only the contribution of the atomic ion is significant. 
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1. INTRODUCTION 

The role played by secondary electrons in any gas discharge is a 

vital one since it determines both the pre-breakdown (non self-maintained) 

currents and the conditions under which the gas undergoes electrical 

breakdown and the discharge becomes self-maintained. Several mechanisms 

have been suggested for the production of secondary electrons both in 

the gas and from the cathode but in low pressure (p * 1.0 torr) hydrogen 

only two secondary mechanisms can make a significant contribution to the 

total current flow, ultra-violet photon bombardment of the cathode (the 

photo-electric effect) and ion impact on the cathode. In nitrogen 

metastable ion impact on the cathode can also contribute. 

The vast majority of all previous experimental work on secondary 

electrons has been based upon the theory of Davidson (1953, 1955). This 

theory predicts that the form of the variation of the formative time lag 

(that time from the application of a voltage pulse greater than the 

breakdown voltage to the time to breakdown) against overvoltage (the 

difference between the magnitude of the applied voltage pulse and the 

breakdown voltage as a fraction of the breakdown voltage) yields the 

proportions of each of the secondary mechanisms operative. 

In the present experiments the technique of measuring the electron 

density by observing the flux of photons emanating from the discharge 

(Blevin et al. 1976 a,b,c; Ibid 1978 a,b; 1980) has been adapted to study 

the secondary electron flux. As in the previous work an initial narrow 

(~ 30ns FWHM) pulse of electrons is emitted from the cathode and drifts 

towards the anode under the influence of the electric field, E, under

going various collisions with the gas molecules of number density N. 

Some of these electron-molecule collisions will be excitation collisions 
-8 and, so long as the excited state is only short lived (T < 10 s), the 

emitted photons will indicate the time after emission from the cathode 

that the colliding electron has taken to reach the ohservation point. 
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Since the photons emitted by the decay of these excited atoms will 

be emitted isotropically a fraction of them will be incident upon the 

cathode and, so long as their wavelength is shorter than the threshold 

wavelength of the cathode material, will have a finite chance of 

liberating secondary electrons from the cathode. Also present in the 

discharge will be positive ions produced in electron-molecule ionising 

collisions. These ions will be directed back to the cathoae by the 

electroi; field where they also may liberate secondary electrons. (In 

these low energy discharges sputtering will be negligible). 

Since vhe electrons in the primary swarm will increase Toughly 

exponentially as they cross the gap most electron-molecule collisions 

will occur near the anode and hence most photons and positive ions will 

be produced in this region of the gap. The photons may be considered to 

return to the cathode instantaneously and hence those secondary electrons 

produced by this process will be released from the cathode approximately 

one electron transit time after the primary swarm has been initiated. 

The positive ions will return to the cathode much more slowly and their 

secondary electron progeny will be seen about one ion transit time after 

the primary swarm initiation. Since the ion transit time is of the 

order of hundreds of electron transit times a clear temporal separation 

of the progeny of the two processes is possible. 

On the time scale of the present experiments any secondary electron 

contribution by metastable impact on the cathode will be so slow as to 

appear as a constant background. 

2. EXPERIMENTAL APPARATUS 

The apparatus used in the present experiments is almost identical 

to that reported by Blevin et al. (1976 c). The only major difference 

is that a new drift tube was built with a variable gap distance in order 

to assess the effect of gap geometry on the proportions of the secondary 

mechanisms. This effect is not reported here. In the present experiments 
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a gap separation of 9,825 ens was used with an electrode radius of 4.0 cms. 
Between the anode and cathode a series of guard rings (i.d. = 8.1 cms) 
was used to help maintain a uniform field. For all the present results 
the collimator was positioned on axis looking diametrically across the 
centre of the drift region. With this geometry and assuming azimuthal 
symmetry the photon count rate, N , will be a constant fraction of the 
total electron flux from the cathode surface at any one time. The output 
pulses of the photomultiplier are detected and analysed as detailed by 
Blevin et al. (1976 c) and recorded by a 1024 channel Omega multichannel 
analyser. 

3. RESULTS 
a. Hydrogen 
Hydrogen data was collected over the swarm energy range SOTd < E/N 

< 450Td. Hydrogen gas pressures used were in the range 0.4 torr < Po 
< 1.5 torr and the collimator set at the z - 0.9 cm position. The data 
from one such run is presented in figure 1. All runs took approximately 
2 hours and 10 to 2 x 10 counts constituted a run. The signal to 
noise ratio for the ion produced secondaries was typically around 10;1 
although it was lower in the range 200Td < E/N < 250Td. For the photon 
produced secondaries the signal to noise ratio «as rarely less than 50:1. 
The main source of error in the present work was the necessity to 
graphically "reconstruct" those parts of the secondary peaks which in the 
raw data merged into the primary pulse. This was most marked at high E/N 
when diffusion is high and the drift time for both electrons and ions is 
least. It is estimated that the area under the peaks, which represents 
the number of electrons present in that component of the swarm, may be 
in error b, as much as ± 20*. The broken lines in figure 1 show the 
"reconstruction" in that particular case. In figure 2 is shown the ratio 
of the number of secondary electrons produced by ion impact on the cathode 
to those produced by photon impact as a function of L/N. It is 
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immediately evident that at swarm energies below E/N = 200Td the 

contribution to the secondary electron production made by positive ion impact 

is negligible. Indeed it would appear that a threshold for positive ion 

impact production of secondary electrons in hydrogen occurs at E/N * 200Td. 

The hydrogen gas pressure over the range of E/N in which the rapid increase 

in ion produced secondary electrons was observed was varied only in the 

range 0.4 torr to 0.51 torr. Subsequent spot checks at higher pressures 

(0.92 torr) and lower pressures (0.28 torr) showed no pressure effects and 

it must be concluded that the effect is a function of E/N only. These 

results are not in agreement with those obtained using the Davidson theory 

(e.g. Morgan and Williams, 1965) and must cast doubt upon the validity 

of the approximations involved in the use of the Davidson analysis, i.e., 

infinite parallel plate electrodes, absence of loss mechanisms,constant 

current etc. The present results are supported by the work of Crompton 

et al. (1966) and of Shimozuma et al. (1977) although the value of E/N 

at which the ion contribution tends to zero is different in the latter work. 

The shape of Figure 2 indicates strongly that some new ion process 

becomes important as E/N is increased with an onset at E/N * 220Td. 

The ion species present in a hydrogen discharge are H and H, (the cross-

section for the formation of H_ indicates that its presence will be 

minimal) 

H, is formed in a two stage process 

H 2 + e - H 2* • 2e 

H 2* • H 2 - H 3
+ + H 

Since this last step is very rapid almost no H_ ions will contribute 

to secondary electron emission. 

H is produced by dissociative ionization 

H n • c -+• H 4 + H 4 2c 
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The secondary ionization coefficient for ion impact at the cathode which 

determines the shape of Figure 2 will be given by 
• . 

[ H 3 ] m +i 
v = v • 2 • Y . I " J 

t o t a i \ I H ; • H

+ ] v

 l H ; • H

+ ] 

If Y H + is small (* 10"3) and if at E/N < 220Td no H* is produced the 

Y„ . . will be small and no ion contribution will be evident as observed, total 
If at E/N > 220Td H* is produced and if v.* is large (* 10 - 1) the small 

amounts of H in the discharge will produce a rapid increase in Y . 

so giving the observed "threshold". 

The crucial test of this hypothesis was to determine the ion 

responsible for the secondary electrons in the hydrogen discharge. The 

drift velocities of H , H* are similar in the range 200 < E/N < 400Td 

and hence the dominant ion could not be determined from its time of flight 

in ;iiis range of E/N. Consequently the drift tube was modified by the 

insertion of a mesh across the last guard ring in front of the anode and 

the resistor chain broken at this point so that a high E/N could be applied 

in the mesh - anode region and a low E/N in the cathode - m«*sh regime. 

The ratio of the cathode-mesh to mesh-anode distances was 9:1. The 

voltage across the mesh-anode region was such that the E/N in this region 

was around 400Td - sufficiently high for the production of those ions 

previously seen to produce secondary electrons. The E/N in the cathode -

mesh region was varied from 20Td to 80Td, the region of E/N over which 

the mobility of H is markedly different from that of H_. With the 

collimator positioned on axis at the z = 9.75ci? position, data such as 

that shown in Figure 3 was obtained. The first peak represents the 

primary electron swarm passing the collimator and the second peak the 

secondary electron swarm produced by ion impact on the cathode. The 

time difference between the two peaks represent the time taken for the 

ions to return to the cathode through the low E/N region from the high 

E/N region in which they were formed (plus an electron transit time which 
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is negligible since it is well within the errors of measurement. Hence 

an estimate of the mobility of the ions which produce secondary electrons 

could be made. Figure 4 shows the mobility of these ions at various 

values of E/N compared with the mobilities of known hydrogen ion species. 

Although the errors in the present measurement are large it is clear 

that the observed ions are H both from the absolute values of the mobility 

at low E/N and from the manner in which the mobility varies with E/N. 

b. Nitrogen 

In nitrogen the drift velocities of the various ions, which can exist 

in the discharge, N , N~ , N and N (McAfee and Edelson, 1963), are 

well separated in the range of E/N of interest and hence data was obtained 

in the unmodified drift chamber (without the mesh) over the range 300 < 

E/N < 780Td. A noticeable difference between hydrogen and nitrogen was 

that, whereas in hydrogen secondary electron peaks due to photon bombardment 

of the cathode were clearly evident, distinct photon produced secondary 

electron peaks could not be seen in nitrogen. Hence these photon produced 

secondary peaks could not be used to normalise the ion produced peaks. 

Consequently the ratio, R, of the number cf counts in the ion produced 

secondary electron peak (proportional to the number of secondary electrons) 

to the number of counts in the initial peak (proportional to the number 

of electrons in the initial swarm) observed at a fixed position (z = 0.9cm) 

was normalised by the tern exp (ad) to allow for the increase in secondary 

electrons with E/N due to the increase in primary electrons through 

electron impact ionization (the a process). The variation of R/exp(ad) 

with E/N is shown in Figure 5 the values of — of Haydon and Williams (1976) 

having been used. No ion produced secondary electrons are evident for 

E/N < 480Td while an appreciable density oi ion produced secondaries is only 

evident for E/N > 600Td. No pressure effects were observed when the 

nitrogen gas pressure wns varied from 0.21 torr to 0.93 torr. 

In an attempt to identify these ions the velocity of the secondary 
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electron swarm was calculated using the time difference between the 

initial swarm passing the observation point z and the secondary swarm 

being detected at that same point. Since the vast majority of the ions 

will be produced just in front of the anode the majority of the secondary 

electrons will be produced one ion transit time plus one electron transit 

time after the primary swarm is observed. Knowing the ion transit time 

the ion drift velocity can be calculated. The results of these calculations 

are shown in Figure 6 where they are compared with the known drift 

velocities of N , N, and N_. Although large errors are inevitable in the 

present method of estimating the ion drift velocity it is clear that the ion 

operative in producing secondary electrons is N . 

4. CONCLUSION 

The rapid rise in the production of secondary electrons by ion 

impact on the cathode at E/N > 220Td in hydrogen and at E/N > 480Td in 

nitrogen strongly indicates that a new process starts at these values of 

swarm energy. It is concluded that this process is the production of 

the atomic ion species in the discharge. This is supported by the work 

of McAfee and Edelson (1963) which shows that the relative intensity of 

N ions in a Townsend discharge in nitrogen increases rapidly at E/N > 450Td. 

Such a conclusion means that the secondary electron coefficient for 

ion impact on the cathode will not be a simple monotonic function of E/N 

but must be of the form 

I [A+] 
*tot.l = = V - ^ 

n=l n r + -i 
L Atotal J 

where each constituent will be a separate function of E/N. Fortunately 

the present work strongly indicates that while in the molecular gases, 

[A-] [A_] etc. may be large the corresponding values of Y . + Y A
+ etc. are 
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very small and only the n=l case will make an appreciable contribution to 

v .. In those gases in which the dominant species is atomic, e.g. the 

rare gases, both [A 1 and y.* will be large resulting in a large Y t otal* 

This is observed. 

The kinetic energy of the incident ions in the range of E/N used in 

the present work will be of the order of a few electron volts. In this 

energy regime the secondary electron emision mechanism will be 

predominantly potential ejection. Both atomic and molecular ions are likely 

to undergo the fiTst step of this mechanism - Auger neutralization -

with the ion left in an excited state. An excited molecular ion however can 

readjust its internal structure to accomodate this increase in energy 

while an atomic ion does not have this facility. Consequently it should be 

expected that an atomic ion will be much more likely to give up any excess 

potential energy to the conduction electrons of the metal resulting in 

secondary electron emission. 

d. 
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LIST OF CAPTIONS 

Figure 1 Counts as r. function of time in hydrogen showing the initial 

pulse, the secondary pulse due to photon impact on the cathode 

and the secondary pulse due to positive ion impact on the 

cathode. -multichannel analyser output; 
£ 

"reconstructed" segment of the peaks. /N = 261 Td, p =0.41 

torr. 

The insert shows the secondary electron peak due *o photon 

bombardment of the cathode expanded along both amplitude and 

time axes. 

Figure 2 The ratio of positive ion produced secondary electrons to 
E photon produced secondary electrons as a function of /N ^n 

hydrogen. 

Figure 3 A graph of counts as a function time in hydrogen obtained from 

the modified drift tube. The positive ions which produced 

the secondary electrons represented by the second peak, were 

formed in the 1cm wide, high /N region between the mesh and 

the anode and were allowed to drift to the cathode through the 

9 cm wide, low /N cathode-mesh region. The time betwen the 

primary peak and the secondary peak is thus characteristic of 

the low E/N region. High E/N = 383 Td; Low E/N =34.2 

p Q = 0.53; z = 9.75cm; W 0 - 14.9 cm V" s" 1 

Figure 4 The reduced mobility of the ion responsible for secondary electron 
E production as a function of /N compared with published data of 

E p as a function of /N for mass identified hydrogen ions. 

• - present experimental results. The solid curves representing 

the mobility of H and H, ions have been obtained from the data 

of Elford and Milloy (1974), Albntton et al (1968) and Graham 

et al (1973). 



Figure 5 The ratio, R, of the number of counts in the ion produced 

secondary electron peak to the number of counts in the 

initial peak, normalized by the factor exp (ad), as a 

function of /N in nitrogen. 

Figure 6 The drift velocity of the ions responsible for secondary 

electron production in nitrogen as a function of /N. 

• - present experimental results. The solid curves are 

obtained from the published data of drift velocities of 

mass identified ions of nitrogen of Saporoschenko (1965), 

Dahlquist (1963), Moseley et al. (1969) and McAfee and 

Edelson (1963). 
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