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Abstract, T h e  spatial growth of pre-breakdown ionization currents at values of 
EIN ( E  is the electric field and S the gas number density) within the range from 
2.24 x v cm2 was measured for helium, for neon and for eight 
different helium-neon mixtures with fractional concentrations of neon ranging from 
0.05 to  0.95. For neon and all the mixtures the ionization growth was found to  be 
accurately represented by the generalized Townsend equation, Analysis of the results 
in terms of this equation gave values for the primary ionization coefficient a for neon, 
which agreed with previously published results, and values of X I S  for the mixtures, 
which showed that as the concentration of helium in neon increased ai.V at a given 
E/L\T first increased and then passed through a maximum value. T h e  maximum value 
of a,” can be typically S O o &  above the value for pure neon, and the concentration at  
which it occurs depends on the \-alue of E / 9 .  T h e  secondary ionization coefficient 
u / a  for neon and for mixtures with large fractional concentrations ( > 0.56) of neon 
decreased with increasing E / N  ,while wia  for mixtures with small fractional concentra- 
tions of neon increased with increasing E/hT. 

T h e  measured ionization growth in helium showed systematic deviations from a 
Townsend growth, and the implications of these deviations for the determination of a 
from measurements of pre-breakdown currents in helium are briefly discussed. 

to 11.2 x 

1. Introduction 
It is well known that the values obtained in experimental determinations of ionization 

coefficients for helium depend greatly on the extent to which traces of impurities can be 
removed from gas samples (Dutton et al. 1965, Chanin and Rork 1964, Davies e t  al. 1962). 
In  particular, small concentrations of molecular impurities are specially significant, because 
of their low ionization potentials relative to the excitation and ionization potentials of 
helium; such impurities can, in general, however, be removed by careful outgassing of the 
system in which the experiments are carried out and the use of charcoal traps maintained 
at liquid nitrogen temperatures. Impurities such as neon, on the other hand, would be 
expected to have less influence on the ionization coefficients, but are more difficult to remove 
from the sample. It is thus of interest to investigate experimentally how the ionization 
coefficients in mixtures of helium and neon depend on the percentage composition of the 
mixture. Helium, neon and mixtures of these gases are, moreover, often used as fillings 
for electronic devices such as stabilizing valves, lasers and spark chambers, for example, 
so that there is also technological interest in their ionization properties. 

Some data are available (Weston 1959) on sparking potentials in mixtures of helium and 
neon, but there seem to be no published data on ionization coefficients in mixtures of these 
gases. 

Because of the extreme dependence of the ionization coefficients on the presence of 
impurities, it is essential, if significant results on the change in the coefficients with con- 
centration of one constituent of a binary mixture are to be obtained, to ensure that as pure 
samples as possible of the constituents of the mixture are used. Consequently, measure- 
ments were first made of the growth of pre-breakdown ionization in samples of neon and 
helium to compare with data obtained in other high-purity systems. Then, as a first step 
in the investigation of mixtures, measurements were made in relatively large percentage 
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mixtures of neon and helium. The  purpose of the present paper is to report and discuss 
the values of ionization coefficients obtained. 

2. Apparatus 
A schematic diagram of the vacuum and gas-handling system in shown in figure 1. The  

ultra-high-vacuum section, shown within broken lines, was mounted on an asbestos table 
on which ovens were lowered for outgassing. The  valves 0, P, Q, R, S, T and U were 
Alpert-type all-metal valves, arranged in such a way that there were at least two valves 
between the ionization chamber and the gas supply; this was found to be necessary with 
the valves used in order to ensure that there was no gas flow into or out of the ionization 
chamber during the course of the experiments. The  ionization chamber and gas purification 
system were evacuated to 5 x torr with a specific influx rate of 3 x 1 torr s-l 

A-- 
Figure 1. Gas and ultra-high-vacuum system: 0, P, Q, R, S, T, U, all-metal ultra- 
high-vacuum valves; B, backing pump; C, charcoal traps; D, diffusion pump; E, 
ionization chamber; G, getter-ion pump; I, ionization gauge; L, liquid nitrogen traps; 

M, oil manometers ; N, bellows micromanometers; Z, cylinders of gas. 

The  helium and neon samples were obtained from the British Oxygen Company. 
Impurities were stated by the suppliers to be 2 v.p.m. (volumes per million) of CO,, 4 v.p.m. 
of 0, and 2v.p.m. of other carbonaceous gases in the helium, and 2v.p.m. of 0, and 
1000 v.p.m. of He in the neon. Before admission to the ionization chamber the gases were 
allowed to stand over activated charcoal in traps immersed in liquid nitrogen. 

During the preparation of a gas mixture the minority gas A was admitted to the volume 
v between valves S and T (see figure 1) at a pressure H A ;  the parent gas B was admitted 
at a predetermined pressure HB to the ionization chamber E, ionization gauge I and the 
tubulation between valves U and S, which had a combined volume V. When valve S was 
opened and the system was allowed to reach equilibrium, the fractional concentration of 
gas A was given by kH,/h, where k = n/( V +  U )  and h was the measured total gas pressure. 
The  value of the constant k of the apparatus was predetermined by measuring the drop in 
pressure when air was allowed to expand from the volume U into the evacuated volume V. 

To avoid contamination of the gas samples by oil from the U-tube manometers, gas 
pressures, which were in the range from about 10 torr to 80 torr, were measured by means 
of bellows micromanometers used as null detectors, the error in pressure ranging from about 
8% at low pressures to less than 1% at high pressures. 
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The electrode system comprised two gold-plated copper electrodes, 3-6 cm in diameter 
and profiled (Bruce 1947) to avoid field intensification a t  the edges. The  anode was fixed and 
the cathode was constrained to move axially so that the electrodes remained parallel. The  
electrodes were housed in a 1.5 1 borosilicate glass ionization chamber and their separation 
was measured by an externally situated travelling microscope. The  central region of the 
anode was perforated by 39 holes, 0.55 mm in diameter, arranged symmetrically within a 
circle of radius 0.5 cm. Ultra-violet radiation from a stabilized external source passed, via a 
hollow metal cone attached to  the anode, through the holes in the anode to provide the 
initial photoelectric current from the cathode, which was constant to within better than 1 o/il 
over the time ( N minutes) necessary to complete a measurement. 

The  static potential applied to the anode was variable in steps of 0.1 v up to a maximum 
of 3 kv. The  long-term stability of the supply was better than 1 part in lo3, and, with con- 
tinuous monitoring against a standard cell, a short-term stability of 1 part in lo4 was ob- 
tained. Using these power supplies, the overall error in the measurement of the ratio 
I / I ,  (see below for definition of I,) lies between 39b at low values of d and at values of 
d close to breakdown. 

3. Measurement and analysis of pre-breakdown ionization currents 
Measurements were made of the spatial growth of pre-breakdown ionization at constant 

values of EjN within the range from about 2.2 to 11.0 x v cmz for helium, for neon 
and for helium-neon mixtures. 

As discussed previously (Dutton et al. 1965), it is not possible to measure the precise 
value of the initial photoelectric current I,, because of the effect of back-scattering of 
electrons at the cathode. Thus a measure of I ,  was obtained by determining a curve of 
I against EjN at constant electrode separation d and taking the value of I = I,, say, at a 
value of E/N equal to, or less than, the value at which dI /d(E/N) was a minimum. Under 
these conditions I ,  = I,/C, and the generalized Townsend equation for the growth of pre- 
breakdown ionization current I at a constant value of EjN may be expressed as 

CI ,  ead 
1 -(u/x)(ead-  1) 

I=---.- 

where U and u/cz are the primary and generalized secondary ionization coefficients respect- 
ively. 

At each value of EjN ratios of the gas-amplified current I to the current I ,  were thus 
measured for about a dozen electrode separations. For a given gas pressure it was usual to 
obtain three sets of I / I c  values for three different values of EjN. In  order to obtain reliable 
information from the current measurements, the measurements must be carried out over a 
range of values of d, from low values to values as close to the sparking distanced, as possible, 
and the value of d, itself should be as large as possible (Dutton et al. 1965). T h e  values of 
EjN at which measurements were made for a given pressure were thus chosen so that the 
breakdown distance was approximately 0.7, 0.9 and 1.1 cm, the maximum available elect- 
rode separation in the apparatus used being 1.2 cm. Analysis of the data obtained in helium 
showed that, when d, was comparatively large ( N_ 1 cm), the deviations of the experimental 
points of an ( I / I , ,  d)  curve from the ‘best fit’ to the Townsend equation which could be 
obtained using a least-squares curve-fitting procedure (R. W. L. Thomas 1965) were out- 
side the experimental errors, as shown in figure 2. When d, 2: 0.7 cm, the magnitudes of 
the deviations were within the experimental errors, but the pattern of the deviations about 
the best fit was identical with that obtained when d, N 1 cm. This effect was observed in 
each of fifteen curves obtained in helium in the range 2.8 x v cm2, 
107 x 10l6 < N < 44 x 10l6 ~ m - ~ ,  but the magnitude of the effect decreased with increas- 
ing E/N.  It is possible that this variation results from a geometrical effect such as that 
described by Lucas (1965), and, in order to investigate the influence of geometry on the 
growth of ionization, a system having much larger diameter electrodes and larger electrode 
separations is at present under construction. Until this question has been resolved signifi- 
cant values of the ionization coefficient cannot be obtained from the ionization growth data 

< E/N 6 7 x 
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in helium. It is significant as an indication of the purity of the helium used, however, that 
analysis of the data on the basis of the Townsend equation leads to results for U in agreement 
with those previously obtained by Chanin and Rork (1964). The  significance of the pre- 
sent results for the values of CI given in the previous work is briefly discussed in 5 4.1. 

By contrast with the case of helium, analysis of about 200 curves of I,/Ic against d 
obtained for neon and for helium-neon mixtures, using the same least-squares curve-fitting 
procedure as for helium, showed that for these gases the ionization growth was in accordance 
with equation (1) in all cases ; typical examples for three different fractional concentrations 
a of neon in the mixture are given in figure 3. In  these circumstances significant values for 
the ionization coefficients can be obtained and the values and their dependence on EjN are 
given and discussed below. 

I 
0.2 0.4 0.6 0.8 1.0 1.2 

d (cm) 

Figure 2.  Comparison of experimentally 
measured (vertical bars) values of I / Ic  
with the full curve representing the 
'best fit' to equation (1) in He for 

EjiV = 2 .8  x1O- I6  v om2 
N =  8.84 x 1017~m-3. 

t 
I 
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Figure 3. Comparison of experimentally 
measured (vertical bars) values of I / I ,  
with the full curves representing the 
'best fit' to equation (1) in He-Ne 
mixtures. 
CurveA: a = 0.05 

N = 3.95 x lo -"  ~ m - ~ ,  
E/N = 8.15 x v cm2; 

curveB: a = 0.18,N = 5.62 x 1017cm-3 
E/N = 5.05 x 10-l6 v cm2; 

curve C: a = 0.75,N = 12.0 x loL7 cm - 
EjN = 3.38 x v cm2. 

4. Results 
4.1. Primary ionization coejicients 

The values of tl/N obtained in the present work for neon are shown as a function of 
E/N in figure 4, where they are also compared with earlier data. It is interesting to note 
that these values are in good agreement with those of Willis and Morgan (1968), Chanin 
and Rork (1963) and of Kruithoff and Penning (1937), who used similar spatial growth 
methods to that used here, but not with those of De Hoog and Kasdorp (1967), who used a 
method based on the measurement of radiation from a self-sustaining Townsend discharge. 
The  very good agreement of the three different sets of data obtained in completely different 
apparatuses suggests that the reasons for the differences from the data of De Hoog and Kas- 
dorp lie in differences in the methods rather than in the purity of the gas samples used. 
B6 
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Values of ionization coefficients were also determined for eight helium-neon mixtures 
ranging from 9596 Ne to 50/, Ne in helium for 2.24 x v cm2. 
These data are shown in table 1. It can be seen from the table that, for each value of E/N,  
u / N  passes through a maximum as the percentage of neon in the mixture increases 
from 591' to 950/:,; the percentage increase in cx/N at the maxima relative to the corre- 
sponding values in pure neon was largest at small values of E/ni,  being as much as 50% 
at E / N  = 3.1 x v cm2, for example. Moreover, the position of the maximum 
changed as EjN changed, occurring at fractional concentrations of neon greater than 0.5 for 
high values of EjN and at fractional concentrations less than 0.5 for low values of E,". 

< E," < 11.2 x 

? x 10-16 
E/N ( v  cm2) 

Figure 4. Values of z/11'against E, LV for neon : c present work; - - - - - Kruithoff and 
Penning 1937; x Chanin and Rork 1964; 0 Willis and Llorgan 1968; -.-.- De 

Hoog and Kasdorp 1967. 

Table 1. Values of a / N  for helium-neon mixtures for various fractional 
concentrations a of neon in helium 

z/h' cm") 

EIN \a 1.0 0.95 0.90 0.75 0.56 0 4 1  0.28 0.17 0.05 

vcmz)  \ 
(10-16 \ 

2.81 
3.09 
3.37 
4.21 
4.78 
5.62 
7.02 
8.43 
9.84 

1.46 1.50 1 . 5 5  1.63 - 2.17 2.07 1.26 

2.25 2.33 2.44 2.30 2.67 3.09 2.78 1.93 
3.51 3.65 3.65 3.80 4.12 4.50 4.10 3.06 
4.50 4.50 4.77 4.77 5-11 5.34 5.06 4.50 
5.61 5.61 5.90 6.18 6.60 6.46 6.18 5.34 
7.86 8.15 8.43 8.94 8.70 8.43 7.86 7.02 

11.0 11.0 10.8 11.5 11.2 10.7 - 9.33 
13.0 14.0 14.3 15.2 14.1 13.5 - 11.8 

1.68 - 1.74 1.83 2.16 2-58 2.42 1.66 
1.24 
1.60 
1.87 
2.90 
3.80 
4.97 
6.74 
8.45 

11.0 

The estimated error in z j N  ranges from 200 at low values of E,J" to 9y0 at high values of EjN. 

It is of interest to note that the values of ujN obtained for low fractional concentrations 
of neon in helium ( < 0.17) lie considerably below the currently accepted values (Davies et al. 
1962, Chanin and Rork 1964) for pure helium. For example, at EjN = 2.8 x v cm2 
the value of cc/N in a mixture with a fractional concentration of neon of 0.05 is 10'4 below 
that obtained for helium. That the addition of neon to helium reduces the value of ujN 
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seems unlikely, but it should be remembered that, as mentioned in $ 3 ,  measurements of 
current growth in helium cannot accurately be represented by equation (1) with constant 
values of the coefficients. If, notwithstanding this, the experimental data are analysed using 
equation (l), the results obtained for R / N  agree with the currently accepted values. It is 
clear from the form of the deviations of the experimental points from the curves obtained 
using these coefficients, however, that such a procedure leads to an overestimation of u / N .  
It thus Qeems possible that the triie values of x / N  for helium lie below those obtained to  
date. 

4.2. Secondary ionization coeficients 
The  values obtained for the secondary ionization coefficient in neon are shown in figure 5 ,  

the two sets of data being obtained for a gold cathode, the surface of which was in a different 
state in the two cases. 

Figure 5 .  Curves of w i z  against E / N  for neon for different cathode states: A gold 
cathode subjected to ion bombardment in a glow discharge; 0 polished untreated gold 

cathode; - calculated from equation (2). 

The  curves are characteristic of the dependence of u/ct on E/N which results when the 
dominant secondary ionization process is photoelectric emission at the cathode. In  this 
case the secondary ionization coefficient may be written as 

where k is the quantum yield per photon incident in the cathode, FR and FP are the number 
of resonance and non-resonance photons, respectively, returning to the cathode per ionizing 
collision in the gas, g is a geometrical factor and 1 + V / ( ~ T ) ~ / ~ W  is the Thomson back-scat- 
tering factor. Using expressions for FR and FP given by W. R. L. Thomas (1965), 
together with numerical computations of the energy distribution, which will be discussed in 
a further paper (Hughes 1969, to be published), and taking the work function of gold to 
be 4.7 ev, fair agreement between the experimental and theoretically computed values 
(shown by the full curve in figure 5) of W / U  is obtained with values of K = 0.12 and 0.18 
electrons per photon respectively for the untreated gold electrodes and those cleaned by 
ion bombardment in a glow discharge. This quantum yield is in fair agreement with those 
obtained directly for photons of energy 16.5 ev incident on an untreated gold surface 
obtained by Walker et al. (1955). 

Secondary ionization coefficients were also obtained for the helium-neon mixtures 
investigated. The  general trend of the results for the mixtures with fractional concentra- 
tions of neon between 0.05 and 0.56 was that w / u  increased with increasing EjN from about 
0.02 at E / N  = 2.8 x v cm2 to about 0.05 at E/N = 11.2 x v cm2, while, for the 
mixtures with greater fractional concentrations of neon, W / R  decreased with increasing 
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EjN from about 0.05 at E/N = 2.8 x v cm2. 
More detailed discussion of these particular results is not warranted, because in the neces- 
sarily long time ( -  months) required to obtain the data for a variety of mixtures over a 
range of values of E / N  there are inevitable slow changes in the cathode state, which change 
the value of W I Z  and hence allow the determination of only the general nature of the 
dependence of U/ x on E1-V. 

4.3. Sparking potentials 
As mentioned in 4 1, although there are no previously published values of v./X and 

U / .  available for comparison with the present data for helium-neon mixtures, measure- 
ments of sparking potentials V,  in such mixtures have been obtained (Weston 1959). During 
the present experiments sparks were deliberately avoided in order not to alter the state of 
the cathode surface used. Xevertheless, it is possible to calculate the sparking potential V,  
from the primary and secondary ionization coefficients given in $ 5  4.1 and 4.2 using the 
generalized Townsend breakdown criterion 

v cm2 to 0-02 at E / N  = 11.2 x 

and it is of interest to compare these computed values of Vs with those observed experi- 
mentally by Weston. Such a comparison is made in figure 6, in which the variations 
of V ,  with the fractional concentration of neon in the mixture is given for 
N d ,  = 1.78 x lo1* cm-2. It can be seen that, although the absolute values of V,  are differ- 
ent, because of the different cathode surfaces used in the two investigations, the variation in 
the value of V,  with neon concentration is very similar, showing an initial decrease as helium 
is added to neon and having a minimum value for a mixture of about SOn, helium and 
SOn; neon. In  this region the observed variation of V ,  with concentration is almost entirely 
due to the variation of x /N with concentration, as shown in table 1. 

600- 
i I c 

1 

U 

Figure 6. Sparking potential as a function of concentration in He-Se mixtures at 
Nd, = 1.78 x 10l8 cm-2 :  A present results, Au cathode; C Weston 1959, MO cathode. 
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