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THE INFLUENCE OF POSITIVE SPACE CHARGE ON THE POSITION AND THE

MOVEMENT OF HOLST AND OOSTERHUIS LICHT LAYERS

General introduction

The appearance of a layer structure in the light emitted by a gas dis
charge for one and the same gas is attended by approximately the same
value of the reduced field strength FlPo •For neon, for instance, this
value is Flpo ~ 30D Vim mmHg. We have investigated whether this is a
coincidence or whether this value of the reduced field strength is of essen
tial importance for the developing and maintaining of the layer structure.
The energy the electron obtains in the electric field is transferred to the
atoms in the gas in three parts. The part leading to the excitation of the
gas atoms, is maximum, for this value of the reduced field strength in
neon gas, while the parts of the energy transferred with other processes,
like ionization and elastic collisions, are relatively smalL We can read
this from fig. 0.1.
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Fig. 0.1

The energy, transferred by the electrons to the gas, as function of the reduced field strength, in per

centages of the total energy obtained in the electric field for the

el elastic collisions

e excitation

ionization

a energy I not transferred but retained by the electron.s
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In this figure, a graph for neon of F. M. Penning (1) has been depicted,
in which - as function of the reduced field strength - the percentages of
the total energy gained in the electric field, which are transferred by the
electrons to the gas with elastic collisions (el), excitation (e) and ioniza
tion (i) respectively have been plotted out. Moreover, the percentage of
the energy retained by the electrons (a) has been given.

For other inert gases. there exist similar graphs, as well as for one
atomic vapours. For multi-atomic gases or vapours the graph is quite
different, because we have to take into account the excitation of rotation
and vibration levels. For that reason we shall from here on confine our
selves to neon gas in general, although also in other inert gases and, for
instance, in mercury vapour, the phenomena to be discussed appear.
The following kinds of discharge take place when the reduced field strength
has a value as mentioned in the first paragraph:

1. the layer tube in neon of Holst and Oosterhuis (2) and the demonstration
tube with layers as described by Druyvensteyn (3);

2. the positive column of the glow discharge, in which moving striae
occur;

3. the non-selfsustaining discharge in a mixture according to Penning,
described by A.A. Kruithof (4), for which the current is a stepped
function of the voltage, while the voltage difference between the steps
is more or less constant;

4. in this series we can also include the discharge at breakdown in a gas
mixture. according to Penning. The second minimum, in the Paschen
curve of this form of discharge with admixtures of about 0.1%, argon
also occurs at approximately F/po = 300 Vim mmHg. If the form of
the discharge tube is well chosen, here also light layers rna? appear.

The discharges 3 and 4 take place when the current is very small. The
influence of the space charge is still very small, and therefore these dis
charges will not be further discussed.

With the aid of the phenomena in the above mentioned demonstration
tube, we shall - in Section I - go into the matter as to the criteria for the
appearance of the light layers. Moreover, we shall investigate on what
mechanism the selfsustainment of the discharge is based. However, the
hypothesis made in this respect need not hold good for all possible forms
of layer discharges. For instance, if a different composition of the catho
de is used, there may follow a completely different discharge mechanism.
With the layer discharge, the distortion of the electric field by the positive
space charge is small compared to the electric field applied. When the
current strength is increased, we find that the form and the position of the
light layers is influenced by the space charge. Since we may see the light
layers as equipotential surfaces, we can now, on the other hand, calculate
the space charge from the form and position of the layers. In Chapter II
this matter will be further worked out.
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A result of this calculation is that we have got a better insight into the
cause of the instabilities which are found if, starting from the Townsend
discharge with a negative V.i. characteristic, we proceed to the glow dis
charge by increasing the current.
By the Townsend discharge with a negative V.i. characteristic we mean the
discharge between two flat circular metal electrodes at currents, larger
than the one belonging to the discharge when it just becomes selfsustain
ing, and smaller than a certain maximum value, further to be specified in
Chapter II.
When we compare the moving striae, the positive column at the moment
they appear with increasing current, and the light layers in the Holst and
Oosterhuis demonstration tube, we find that they are attributable to the
same causes, it being understood that the influence of the positive ions on
the form of the electric field differs considerable. As mentioned above,
with the layer tube the distortion of the electric field by the space charge
is small compared to the field applied, whereas in the column this dis
tortion of the electric field is of the same order of magnitude as the field
'strength. As we shall see in Chapter ill, this causes the movement of the
striae. In that Chapter, the characteristic properties of these moving
striae will be described and the causes of these phenomena investigated.
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CHAPTER I

THE LAYER TUBE OF HOLST AND OOSTERHUIS

Summary

The light layers in the layer tube of Holst and Oosterhuis result from the

fact that tfansfer of energy by electrons to the gas atoms is'" in first ap'"

proximation • effected in distinct portions. The variation in size of these

energy portions and the width of the energy distribution of the electrons

when leaving the cathode will to a great extent determine the number of

light layers discernable. For neon, the variation in the energy transmitted

reaches 0 minimum at a value of the reduced electric field of Flit = 300

Vim mmHg.

In the layer tube, described by Druyvensteyn, which. is not quite identical

to the layer tube of Haist and Dosterhuis, this low value of the reduced

electric field is attained by making the cathode sensitive to the visible

light of neon. It is therefore considered that the secondary ionization

mechanism is mainly determined by the visible light photons formed, while

the ions generated within the discharge do not essentially contribute to

this mechanism.

1. Introduction

In 1921, Holst and Oosterhuis proved that the secondary ionization mecha
nism, introduced by Townsend, consists of the ejection of secondary elec
trons from the cathode by the positive ions falling on to this cathode (1).
They had found that, when a discharge takes place with a hot cathode, at a
current of only a few micro-amperes, the visible discharge is composed
of light layers. In this case, the light layers are concentrical in respect
of the hot wire-cathode, and the potential difference between two succes
sive layers is of the order of magnitude of the ionization energy of the gas
in question. The appearance of the layer structure was explained by Holst
and Oosterhuis by the fact that the electrons have to pass a certain mini
mum potential difference, before they can transfer their kinetic energy to
the gas. Furthermore, they assumed that ionization played an important
rOle in the energy transfer from the electrons to the gas.
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When we take this into account, it is understandable that, if the elec
trons leave the cathode with a kinetic energy which is small compared
with the ionization energy of the gas, a layer structure may appear.
Moreover, it was found by Holst and Oosterhuis that a layer structure may
also be observed, when use is made of two flat and cold electrodes for a
self-sustaining discharge, with a current of a few micro-amperes.

On the basis of these and other phenomena observed, they came to the
conclusion that apparently the secondary electrons are not formed inside
the discharge space (p-mechanism), but at the cathode. Consequently,
they concluded that the positive ions, falling on to the cathode, might be
responsible for the secondary emission of electrons.

In the years 1930-1933 demonstration tubes have been made, based on the
principle of the layer tube of Holst and Oosterhuis. Alarge number of layers
of great sharpness and clearness could be developed by making the work
function of the cathode as small as possible. To achieve this, use was
made of Cs 20-Cs-cathode. For the various tubes, the numbers of light
layers depended on the quality of the cathodes. The maximum number of
layers was developed in the laboratory of M. J. Druyvensteyn, namely
32 (2) *).

Fig. 1.1 The layer discharge based on the Holst and Oosterhuls demonstration tube.

To distinguish it from the layer tube of Holst and Oosterhuis, we shall
call the discharge in the demonstration tube, the layer discharge.

*) With the aid of the distance between the layers, and the field strenght which can be calculated

from this, M.J. DrUyvensteyn determin·ed the drift velocity of the positive ions in their own gas.
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As will be shown later on, the discharge mechanism inside this demon
stration tube is not identical to the discharge mechanism of Holst and
Oosterhuis.

From the number of visible layers and the potential difference across
the discharge, the potential difference between the layers can be calculated
more accurately than this could be done by Holst and Oosterhuis. For neon
it amounts to 18.0 volts.

As the layers are in fact planes of equal potential, their positions and
shapes can be analysed to get the potential distribution pattern. From this,
in turn, the distribution of the space charge density can be derived, as we
shall see in Chapter II.

In this type of layer discharge the reduced electric field is such that
the number of ions generated per electron leaving the cathode is small.

As an example: for the value of F/Po = 400 Vim mmHg the ionization
coefficient Tf = alF amounts to 7/ = 0.1 10-2 l/V and thus for a breakdown
voltage V

d
= 245 V the number of ions formed will be eTfVd - 1 = 0.28 per

electron.

For the discharge to be self-sustaining on the basis of the Townsend
y -mechanism one is forced to assume that the secondary emission coeffi
cient y; for the positive ions at the cathode would be extremely high:

y; = 3.5 electron per ion.

The possible contribution of the ionization mechanism according to
Penning (Cs-vapour) need not be considered, because the breakdown vol
tage of the gas discharge is not dependent on any visible neon light thrown
in. Moreover, it appears that the value of the breakdown voltage does not
change if we decrease the partial pressure of any Cs-vapour present by
immersing the discharge tube into liquid air. As will be shown in section
2, the self-sustainment of the layer discharge is determined by the photo
electrons ejected from the cathode.

The photons in the discharge are classified into two groups: first, the
resonance radiation (including the metastable atoms falling on to the
cathode), and secondly the visible light of neon. Here the visible light
photons play an important rOle, because the work function of the cathode
is so small that the critical wave length is considerably longer than that of
the red neon light.

In general, the number of positive ions participating in the layer dis
charge will consequently be much smaller than in the Townsend discharge
with the same current. The result is that also the positive space charge in
the layer discharge is much smaller than in the Townsend discharge of the
same current. In spite of these quantitive differences, we are of the opi
nion that in the Townsend discharge, as the space charge increases, the
same tendency will occur as in the layer discharge, namely that the dis-
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charge concentrates around the axis of the electrode structure. The
potential difference between the layers - as already mentioned before 
amounts to approx. 18.0 V. Apparently, in the light layers neon atoms are
excited and the 18.0 V are an average of the excitation potentials of these
atoms. For this reason we may expect that, from the cathode to the anode,
the width of the light layers increases as a consequence of the spread in
these levels. In section 3 we shall discuss how it is possible that in spite
of the apparently great differences in the excitation potentials manylayers
(up to 32) can be observed. In addition it will be shown that the energy
transfer from the electrons to the gas atoms by elastic collisions can be
of great influence. In section 4 an experiment will be described in con
nection with the layer tube. It will be shown that the layers inside the
layer tube are definitely not determined by a negative space charge and
the attendant distortion of the electric field applied.

2. The conditions for self.sustoinment of the layer discharge

In the introduction we have stated that the self-sustaining mechanism of
the layer discharge is determined by the ejection of electrons from the
cathode by the photons generated inside the discharge space.

The resonance radiation ejects electrons from the cathode, the energy
spread of which is of the same order of magnitude as the energy belonging
to the potential difference between two light layers. The light formed by
these electrons inside the discharge consequently will be more or less
evenly distributed over the space. The visible light, however, ejects elec
trons from the cathode, the maximum energy of which is small compared
to the energy belonging to the potential difference between two light layers.
It is these electrons which are responsible for the formation of the layer
structure.

The two groups of photons may both contribute to the self-sustainment
of the layer discharge. For the present it is still difficult to estimate, the
proportion of their separate contributions. From the fact that inside the
first dark space at the cathode only little light is generated in comparison
to the light inside the first layer, we may conclude that the number of,
electrons ejected by the resonance radiation is small in comparison to the
number ejected by the visible light.

With the foregoing in mind, we shall investigate the self-sustainment
condition of the layer discharge as well as the relation between the non
self-sustaining discharge current and the potential difference across the
gas discharge. To simplify the calculation, we assume that inside the dis
charge space no ions are formed, and that the photons are formed along
the axis of the gas discharge, and we disregard the fact that they are foi
med in separate layers. The number of light photons formed by an electron
on its way to the anode per metre of the path covered, we call f3v ' For the
resonance radiation we call this quantity f3uov ' The metastable neon atoms
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formed, which may also contribute to the self-sustainment of the discharge,
are also included in this f3uoY•

1:•
.•.~ II'

------~U, -------oJ I
II
II
d'

+

Fig 1.2 Calculation of the probability that a photon formed inside d" falls an to the cathode

As a result of one electron leaving the cathode, inside dx, f3ydx + f3uoydx

photons are formed. The number of photons falling upon the cathode is
then given by:

Integrated over distance d between cathode and anode, we find for the
total number of photons falling onto the cathode as a result of one electron
leaving the cathode:

If we call the number of electrons ejected per resonance photon and per
light photon falling on to the cathode YUoY and Yy respectively, we find for
the number of secondary electrons:

These secondary electrons in their turn form photons, and these again
eject electrons from the cathode.

The total number of electrons ejected in this way forms a geometrical
progression with the ratio:

15



and the sum:

This formula gives the number of electrons arriving at the anode as a
result of one single electron, ejected from the cathode under outside in
fluence. Similarly the total current, generated by a number io of such
electrons is given by i in the formula:

a

We call the discharge self-sustaining, if i is independent of io' Le. if the
denominator in the right-hand section is nil of negative. The self-sus
tainment condition of the layer discharge therefore is written as follows:

where fJ
v

is the number of visible light photons formed by an electron on
its way to the anode, per metre, fJ

u
•
v

is this number for the resonance
radiation.

For fJv we may write

V
r:l = k - b
fJv Ad

V : is the potential difference across the discharge;
A : the potential difference between two layers;
k : the probability that an electron, when passing a light layer, forms a

visible light photon.

In the same way we may write for fJ
u

•
v

V
r:l _ /_
fJu•v - Ad

c

with / : the probability that an electron, when passing a light layer, froms
a resonance photon. As in this mechanism also the formation of the me
tastable atoms has been included, I must be equal to one.

v
fJu•v = Ad

16



For the discharge, studied by us, the self-sustainment condition is:

d = 0.012 metre
r = 0.02 metre

with V = 243 volts
A = 18.5 volts

assuming that Yu.v = 0

0.21 electrons
Yv = -k- photon

For the current in the non-self-sustaining discharge, we find from the
formulae a, b and c:

Providing that k is independent of the electric field inside the discharge
space, the reciprocal of the discharge current is linearly dependent on the
potential difference across the gas discharge. This relation can be veri
fied experimentally. Current io can be generated by throwing visible light
onto the cathode. The result is given in fig. 1.3

The space charge which may be formed has hardly any influence on the
measurements. This has been checked by varying the current i over a
wide range (10- 11 to 10-8 A) and plotting the resultant i-V- graphs using as
the unit on the vertical axis the current observed at a potential difference
of 100 volts. Thus all graphs will coincide at V = 100 volts.

It appeared that with V > 60 volts, the curves covered each other within
i% of the full deflection of the recorder. In the region between 100 and 250
volts (Le. just below the breakdown voltage of the discharge), the relation
- found by experiment - between 1/i and V is linear, in accordance with
the formula, derived above.

For potential differences across the discharge, smaller than 100 volts,
this relation is no longer linear. In this region the value of the reduced
electric field F/po becomes small, and A (Le. the potential difference be
tween two layers) increases, as a result of the influence of the energy
transfer from the electrons to the gas atoms by elastic collisions. If the
values of the potential difference are below 60 volts, the reduced field be
comes so small that due to the small drift velocity of the electrons, the
back diffusion of the electrons to the cathode becomes important.

17



If the straight portion of the 1Ii vs V characteristic is extrapolated to
wards the current axis, the intersection is found at a value 1Ii = 1Iio' The
inversion curve of this straight line then demonstrates the relationship
that would exist between i and V for low values of V, if no influence of·back
diffusion and elastic collisions were present. This relationship is also
indicated in fig. 1.3. The intersection of this curve with the current axis
gives us the value of io'

i 20 io
J;Cst. Cst. i

20

Cst.

Vd

-- ~----
20 40 60 80 100 120 140 160 180 200 220 240 Volt

Fig~ 1.3 Current; inside the nonself-sustaining discharge as a function of voltage V across the'

discharge. With the aid of an X.. Y·recorder, the curve fori as function of V has been ob

tained. Based an this curve, the relatian between 20/; and V has been calculated and has

also beet" given in this Jiagram.

~ : the stream of electrons ejected from the cathode by light falling onto the cathode;

~ breakdown voltage;

Cst: this constant is a result of the use Df arbitrary units, and amounts to 2.83.

If we had assumed that the ejection of secondary electrons from the
cathode had to be attributed exclusively to the positive ions produced in~

side the discharge, we would have found:

iO 1 - y(e1JV - 1)

and
iOd-
i

-=-(1
dV
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In fig. I. 4 we see that in this case d~/dV as a function of V is not at all
constant, unlike what we found in fig. 1.3.

The experimental results combined with the knowledge that the number
of ions, formed by each of the electrons leaving the cathode is small,
strongly indicate that with the layer discharge the ejection' of secondary
electrons from the cathode is caused by the photo electric effect of the
photons produced in the discharge.

250 Volt200150

o
100

1.10·:1 f-------,~__+-----+-----l

d~
I

dV

3.10-3 I------,--------,-----,f-,

1

Volt

2.10-3 f----__+--------,A------l

i
Fig. 1.4 The relation between d..Q./dV ond V for the layer tube, in cose the secondory electrons

ejected from the cathode ishould solely be produced by the ions formed inside the dischorge.

3. The thickne.. of the layers and their potential difference

In the foregoing we have seen that the layer structure is possible, be
cause the electrons, as far as their kinetic energy is concerned, within
certain limits behave in the same way. The exchange of energy between
the electrons and their surroundings must for each electron practically be
the same.

However, since for this exchange of energy, differences will exist, of
course, between the various electrons, it may be expected that as the dis
tance to the cathode increases, the spread in the energy of the electrons
increases, too. Consequently, the thickness of the layers in the direction
of the anode will also increase. Should the spread become too large, for
instance, of the same order of magnitude as the energy belonging to the
potential difference between two layers, then these two will strongly over
lap each other, and it will no longer be possible to observe them separa
tely. The layer structure disappears.
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The increase of the electron energy

The kinetic energy of the electron is practically only determined by the
location of the electron in the electric field. Therefore, the increase of
the electron energy itself has no influence on this spread in a certain cross
section of the discharge.

The spread caused by the excitation af two different energy levels

With the energy transfer from the electrons to the gas atoms as a result
of the non-elastic collisions, the increase of the spread in the electron
energy is primarily determined by the probability of excitation of the va
rious energy levels of the gas atoms. When calculating the spread in the
electron energy, we base ourselves on the supposition that the gas atom
(in this case neon), can be excited only in two levels. For one level we
take an excitation energy of 16.5 eY and for the other, one of 18.5 eY. The
probability of excitation per collision for the 16.5 eY level we call k, and
for the 18.5 eY level (l-k)

Part of the atoms excited in the 18.5 eY level will return to the ground
state via the 16.5 eY level, in which case a visible light photon of 2 eY is
ejected.

As the life of the excited level of 18.5 eY is short, the photon of 2 eY is
emitted from practically the same spot as where the excitation of the
atom took place. For that reason, the places of the layers coincide with
the places where the gas atoms are brought into this energy level.

In the adjacent scheme, the places and probabilities of excitation are
sketched for four layers, based on the supposition mentioned above. The
underlined values refer to the excitation of the 18.5 eY levels; the other
values to the 16.5 eY levels.

The emission of visible light at a certain place is proportional to the
probability of excitation of the 18.5 eV level in that place. It is interesting
to see that the total excitation of the 18.5 eV level is equal in all the
layers, and amounts to (l-k). This means that in total all the layers emit
the same quantity of light. Further it is obvious that the light intensity of
one layer forms a binomial distribution over a set of sub-layers; the po
tential difference between two sub-layers amounts to 2 volts.

For the n'h layer, the intensity for the I'h sub-layer, counted from the
cathode, is proportional to

(
n - 1) kn-I (l _ k)'-l
I - I

In the calculus of probabilities the thesis of de Moivre-Laplace is proved,
namely that a binomial distribution for higher values of n can be approach
ed by a normal distribution.
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SCHEME I

The potential in respect of the cathode and the probabi
lity of excitation of two different energy levels of the

layer with sequential number n.

Potential in respect
Probability of excitation

of the cathode

Cathode o volt

First layer n = 1
16.5 k

18.5 I - k--

33 k 2

Second layer n = 2 35 ~I-k) + k(1-k)

37 (1- k)2

49.5 k 3

Third layer n = 3
51.5 k 2(1-kJ+2k 2(1-kJ

53.5 2k(l-k)2+k(1-k)2

55.5 (1- kJ3

66 k 4

68 k 3(1-kJ+3k 3(1-k)

Fourth layer n = 4 70 3k~l-k)2+3k~l_k)2

72 3k(l-k)3+k(1-k)3

74 (1- kJ4

For the nth layer the light emitted per unit of length in the direction of
the axis of the discharge, amounts to:

'x = the light emission per unit of length;
x = the distance to the cathode;
¢ = the total light emission of the layer;
n = nth layer counted from the cathode;
un = standard deviation in the light emission of the nth layer which is

equal to:

tNd
u = - yf,;- Ilk(1 - k)
n V
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/In is the place of the maximum excitation in the nth layer. This place
is found at a distance (n-1)k(1-k) dtJ.V/V from the beginning of the
nth layer. Therefore:

d tJ.V
/In = n.16.5-+(n - 1)(1 - k) - d

V V

k and 1- k the probability of excitation of the two energy levels of the
atom respectively.

etJ.V the energy difference between the two levels which can be excited;
V the potential difference across the discharge;
d the distance between the electrodes.

The distance between the layers becomes:
d I'N

%= /In+l - /In = 16.5 V + (1 - klyd

Fig. 1.5 Cath. l' ole "
.

o s'
,J.U,U,L1,lJ,lJ1,l
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Fig. 1.6 Cath. " 2' " 0' s' "
,. 0' .'

The light emission calculated for the layer tube as function of the distance to the cathode.
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with V and /'N expressed in volts, and the potential difference A:

V
A = (/Ln +l - /Ln ) d = 16.5 + (1 - k) l:1V volts

From the diagrams in fig. 1.5 and 1.6 we can read that, in spite of the
relatively large energy difference between the two excitation levels, the
deviation in the electron energy, and thus the width of the layers, only
slowly increases as the distance to the cathode becomes larger.

Considering this remark, we can put the question, how many layers
can be observed inside tJle layer tube before the layers begin to overlap.

As a norm to decide whether the layer structure can be observed or
not, let us assume - rather arbitrarily - that the half-value width of the
light layer must be smaller than half the distance between two layers.

When the half-value width equals this distance this means that the
minimum light emission between two layers is equal to the maximum light
emission of one single layer (for large n is I - I )

maxn maxn+l

2·t.lmax =1max

The maximum light emission is equal to the sum of the maximum light
emission of one single layer and the light emission at this spot of the two
adjacent layers. This amou\1ts to:

Imax +2.l.1 = 1.125116 max max

The difference in the light emission in percentage of the average value is:

0.125
1( 25) 100% = 11.3%
2"1+1.1

As a measure for small differences in the light intensities which can be
distinguished, this value of approx. 10% can be considered reasonable.

The maximum number of layers that can be observed is now determin-

ed by: T = t Ill
n

rl : distance between the layers
JLn+~do il

or

e =t
d 2
(~) = 5.55

a

With l:1Vd
a =- v(n - l)k(l - k)

n V

the maximum number of layers nmax is a function of k.
The values of Amax for k = 1/8, 1/4, 1/2, 3/4 and 718 are given in

Table I together with the potential differences A between the places of
maximum light emission.
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TABLE I

k n A voltmax

1/8 141 18.4
1/4 82 18.0
1/2 61 17.5
3/4 82 17.0
7/8 141 16.8

The maximum number of visible layers, before the
layers start to overlap, n

max
and the potential difference

between the layers A if the two energy levels with the
excitation potentials 16.5 and 18.5 eV have the proba-

bilities k and l-k respectively to be excited.

Provided that the widening of the layers is solely due to the fact that
the atom posesses two different energy levels of which one or the other
may be excited by the electrons, it should be possible to observe at least
61 layers before they begin to overlap too strongly.

The spread, if there is ionization as well as excitation

In order to come to a calculation of the ionization of the gas atoms as
a result of collisions with electrons, we base ourselves on a highly sim
plified picture. The fact that there are various excited levels is left out of
consideration, and just like in the foregoing we assume that the electron
can bring the gas atoms in only two different energy states, namely an
average excitation level with an energy of 17.5 eV (neon) and the ionization
level, of 21.5 eV.

This simplification is only then justified, if the widening of the layers
as a result of ionization is large with regard to the widening as a conse
quence of excitation.

The probabilities of excitation and ionization are called k and (l-k)
respectively.

First of all we now compose a scheme, in which the number of elec
trons with energy nil are given as a function of the place, characterized
by the whole figures n and I, n representing the number of the layer and
1 + I that of the sub-layer. Moreover, the place of the cathode we call
n=Oal.d/=O.

The potential at xn,1 amounts to

Vo,1 = 17.50+ (21.5 - 17.5) I volts

d
xn,1 {l7.5 + (21.5 - 17.5) II V metre
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SCHEME II

The potential in respect of the cathode, the probability
of excitation, the probability of ionization, and the
number of electrons with energy nil in the n + 1 sub
layers with sequential number 1 + I of the layer with

sequential number n.

Potential Number of
in respect Probability Probability electrons

of the of excitation of ionization with energy
cathode nil

Cathode I = 0 o volt

First
I = 0 17.5 k k

layer
I = 1 21.5 (l-k) 2(1-k)n = 1

Second I = 0 35 k2
k2-

layer 2-k

n = 2 2k(1-k) k(l-k)
I = 1 39 -- 2.2k(1-k)

2-k 2-k

I = 2 43
2(1-k)2

22 (1-1<) 2--
2-k

Third I = 0 52.5
k 3

k 3

layer (2-k) 2

n = 3
I = 1 56.5

k2(1_k) k2(1-k)
3.2k 2(1-k)2.2--

(2-k) 2(2-k) 2

I = 2 60.5
2 k(1_k)2 k(l_k)2

3.22k(1_k)22--
2.2 (2-kf(2-k) 2

I = 3 64.5
2 (l-k)3

23 (l-k) 32 (2_k)2

Fourth I = 0 70
k4

k4

layer (2-k) 3

n = 4
I = 1 74

k3(1_k) k3(1-k)
4.2k 3(1- Ie)3.2--

(2-k) 3(2-k) 3

I = 2 78
2 k2(1_k)2 k2(1_k)2

6.22k2(1_k)23.2 (2-k) 3 3.2--
(2-k) 3

I = 3 82
3 k(1_k)3 2 k(1-k)3

4.23k( 1-k) 3
2 (2-k) 3 3.2 (2-k) 3

I = 4 86
3 (l-k)4

24(1_k)42--
(2-k) 3

25



The number of excitations at n. 1 is Ie times the number of electrons with
. speed nil at (n -- 1), I.

The former number amounts to:

For the determination of the probability that in a certain place excitation
will take place. the number of excitations has to be divided by the total
number of electrons in the preceding layer. Le. that the excitation terms
of the nth layer have to be divided by

[Ie + 2(1 - Ie)]n-l = (2 __ k)"-l

For the Ith = sub-layer of the nth layer. the probability of excitation is
now:

(
n -- l' len-'[2(1 -- Ie)]'

1 J (2 -- k)"-l

With a sufficiently large value of n as mentioned on page 11. we can
now by approximation write this distribution as a normal distribution. The
emitted light 'x in a layer per unit of length is proportional to the probabi
lity that the average excitation level of 17.5 eV is excited:

¢ is the total emission of the first layer.

The factor (2_le)n-l results from the increased electron current caused
by the ionization of the gas atoms and the consequently increased total
emission of the nth layer. In this case the standard deviation of the nth

layer will be:

tN ~ 21e(1 - Ie)
un =V d (n -- 1) (2 __ 1e)2

and the place of the maximum emission for the nth layer:

2(1 -- Ie) d
J.h = [17.5 + (n -- 1)-- ~V]-

2 - Ie V
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The distance between the layers becomes:

2(1 - k) d
do =[17.5+ ~V]-vme're

2 - k

and the potential difference:

2(1 - k)
A = [17. 5 + ~V] volt

2 - k

As already mentioned before, the maximum number of layers that can be
observed before they are overlapping too strongly, is determined by;

d 2
(2) = 5.55

un

With the. value found for Un we find the maximum number of layers which
can be observed

Table IT gives the maximum nummer nm•• of visible layers and the poten
tial differrences A.

TABLE IT

k "max A volt

1/8 63.7 21.2

1/4 31.5 20.8

1/2 17.4 20.2

3/4 16.0 19.3

7/8 22.3 18.4

The maximum number nm•• of visi'Jle layers before the
layers begin to overlap and the potential difference
between the layers A, if the atom with the probability
k is excited in the 17.5 eV level, OT with the probability
(1- k) is ionized. The ionization energy is 21.5 eV.

If the widening of the layers is solely tlue to the fact that ionization as
well as excitation of the atom may occur it should be possible to observe
at least 16 layers before they begin to overlap too strongly.
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In general, various layers inside a discharge for which the ionization
coefficient a is not equal to nil, can less easily be observed than suggest
ed above. In such a discharge, the layers - as a result of the larger value
of the electrical field - generally are lying closer to each other than in a
discharge where a = 0, moreover as a consequence of the space charge
present the layers will start to distort, so that it becomes more difficult
to observe the layers separately.

Only for small currents, in which case the influence of the space charge
on the form of the layers is still sufficiently small, we may expect a
clearly visible layer structure.

The spread caused by elastic collisions

For the determination of the energy of the electrons in neon gas, we
have to take into account that with values of the reduced field, smaller
than 500 Vim mmHg, there exists a transfer of energy from the electrons
to the gas as a result of elastic collisions. This transfer influences the
layer structure in two ways:

1. As a result of the energy loss of the electrons in these elastic colli
sions, the potential difference between the layers increases.

2. Due to the spread in the free path of the electrons and the spread in
the energy transfer with one single collision, a spread in the energy
of the electrons develops.

These two influences will be studied more closely below:
The average path covered by an electron between two collisions in the
direction of the anode is given by:

eF I2
K =- (-J

m c

e charge of the electron;
m mass of the electron;
F electric field;
X mean free path of the electron;
c random velocity of the electron;
E ~ mc 2 the energy of the electron.

The average number of collisions per unit of length, covered in the
direction of the anode is given by:

If X is the part of the energy of the electron, which, as an average, is
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transmitted as a result of an elastic collision to the gas atom, and d~Wx

the average energy transfer to the gas as a result of the elastic collisions
in case the electron moves over a distance dx in the direction of the
anode, then d~Wx is:

~Wx is the integrated average energy transfer of an electron to the gas if
this electron has covered distance x. In case of ~Wx« E we have
E - eFx • If this expression for E is inserted into d~Wx and the result
is integrated over the distance x, we find:

~Wx

E

For x = do (the distance between two layers), ~Wd becomes the average
energy transfer from the electron to the gas ove~ this distance, or, the
additional energy we have to feed to the electron between two layers. If
EdO is the excitation energy for neon (Edo = 17.5 eV, Al = Pol) ~Wd/e is
the increase of the potential difference between the layers.

Although strictly speaking it is not correct to regard the atom as a
rigid sphere, for the determination of X we yet shall have to resort to
this rough approximation just to simplify the calculations. Thus

2m
)( =- *)

M

The energy transfer as a result of a collision of an electron with an atom
depends on the distance p between the centre of the atom and the line
along which the electron approached the atom:

M I _ (p/R)2 m ( p2)
)( - 4- - 4- 1 --

p - m (1 + Mlm)2 - M R 2 M»m

*) Experimental values of A.A.Kruithaf and F.M.Penning (3) ied with )( = 2m!M to Al =

1,52 10-3 m mmHg. This value corresponds with a cross section Q = 1l.66 103 m2/m 3

mmHg. According ta R.B.Brode (4) Q for neon varies from approximeately 0.3 to 1,2 103
2 3 e

m 1m mmHg for the electron energies of 1 to 17 eV. Because the value of Q. for hig.

h.r energies of the electrons count more than the value for lower energies, a value for

Qe between 0.8 and 0.9 103 m2/m3 mmHg would correspond better with these data.

As it is the intension to calculate how many layers will certainly be visible, we shall

use the value Q. = 0.9 103 m2/m3 mmHg. Thi s value leads to the smallest number of

visible layers.
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Xp : the part of energy E of the electron transmitted with one collision;
R : the radius of the rigid sphere representing the atom.

The average energy transmitted per collision is 2 E m/M and the stan
dard deviation J,l) amounts to

After p. collisions, with E approximately increasing from 0 to E = eFx ,

the standard deviation increases by a factor v;;T2 wich is calculated as
follows

1/x is the average number of collisions made by the electron while covering
the length unit in the direction of the anode, i.e.

cJp. 1 2E 2x
dx = x = eFF = ~2

from which can be derived:

(eFx - E)

There is a further spread of the energy transferred by the electrons to
the atoms. This spread is a consequence of the variation of the electron
free path >. about the average value ~. As eF/2m (Alc)2 is the distance
covered by the electron in the direction of the anode between two colli
sions, eF / m(A/c)2 is the average distance covered. The f!tandard de
viation 012) of this distance is calculated from:

>.
00 1 -Y eF eF _ 2

(0<12»)2 = f-=-e [_(A/c)2 --(>'/c]2J d>.
o >. 2m m

and amounts to

After p. = (x/~:)2 collisions, the <standard deviation in tlie path covered
is pl

x
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As an approximation we can write for this:

p j xJ2) =- 10 log (=-J
x 2 A

Further dp/dx = 2 x/P ,so that the standard deviation in the number of
collisions approximately amo~ts to

Near x the average transfer of energy per collision amounts. to xEx = xeFx
and the standard deviation J2) of the electron energy due to the variation
ofAis: x

The total standard deviation of the electron energy as a result of the
variation in the free path and the variation in the energy transfer per
elastic collision becomes:

With Al = XPo the standard deviation in the electron energy at the first
layer (distance to the cathode x = do ) is:

Ed : the average excitation energy.
o

When passing the first layer, the electrons lose energy Eclo • but the
spread in the electron energy remains. The derived relation for ax con
sequently only holds good within the region between the cathode and the
first layer.

Since the processes of the collisions in the region between any two
layers are identical to the processes of the collis ions in the region be-
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tween the cathode and the first layer, the spread in the electron energy
within the nth layer is Vn times as large as within the first layer.

Here again, if the spread in the electron energy is solely determined by
the elastic collisions just like with the non-elastic collisions, we can put
the question, .how many layers will be visible before the layers begin to
overlap too much. The maximum value nmax for n, in order that the
layer structure can still be observed, is now given by:

For smaller values of the reduced electric field, the number of visible
layers decreases. This can be shown by writing nmax as a function of
F/po instead of doPa'

With eFdo = (17.5 + tJ.W" ) eV we have:
o

n
max

(
~ 17.5+tJ.Wd) 2f+ 90 log --.!1. (17.5 +tJ.W" )
F eA1 0

nmax is in first instance proportional to the square of the reduced electric
field.

TABLE m
F V

- --- nmax A volt
Po m mmHg

400 2180 18.49
200 320 21.46
100 27 33.32

The maximum number n max of visible layers before
these begin to overlap, and the potential difference be
tween the layers A, if the spread in the electron energy

is solely determined by elastic collisions.
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The number of visible layers would be very large for values of F/po

greater than 200 Vim mmHg, if the spread in the electron energy were
solely due to elastic collisions.

With small values of the reduced electric field F/Po' ~Wdo has high
values; for a certain value of F/po its value will be larger than 17.5 eV.
For a still smaller value of F/po the kinetic energy reached by the elec
tron per free path becomes equal to the energy transfer as a result of
elastic collisions before the electron has attained the excitation e;:ergy of
the gas. Then the average energy of the electrons remains smaller than
the excitation energy, the expression for ~Wd derived earlier is no lon-o.
ger valid and "max = 0 • At the limiting value of F/Po the energy gain per
free path is equal to the energy transfer with one collision.

xeF ~ xE with
eF -2

X =-.\
2E

gives for the minimum value of the reduced electric field for neon, with

E = 17.5 volts, X = 2m/M and ~ = 0.9 103 m2/m 3 mmHg

F

Po
163_V_

m mmHg

With a reduced electric field much smaller than 200 Vim mmHg, theore
tically no layers can appear.

Finally, we give a survey of the maximum number of layers "max as a
function of the reduced electric field.

The whole region of F/Po can be classified into three domains:

Domain I

F

Po

domain

F V
- < 200

Po m mmHg

200 300

II 111

v
m mmHg

The average electron energy is smaller than the excitation energy.
No layer structnre appears.
The spread in the electron energy is large in respect of the average elec
tron energy.

Domain II
F V

200 <- < 300 ---
Po m mmHg
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The average electron energy is larger than the excitation energy of the
gas.
A layer structure appears.
As the value of the reduced electric field increases, t1Wr/o and consequent
ly the spread in the electron energy decreases.
For the values FlPo = 300 Vim mmHg the contribution to the spread in the
electron energy as a result of the elastic collisions has become negligible
small, and the spread in the electron energy is mainly determined by the
energy levels which can be excited.

Domain m
F V

300 <---
Po m mmHg

With these values of the reduced field, the possibility that ions are formed
inside the discharge increases.
As a result of the larger energy difference between the levels, which can
be excited, as well as the extra electron which is formed by the ionization
the spread in the electron energy increases as FIPo becomes larger, and
the maximum number of visible layers decreases.
Consequently, around the 300 Vim mmHg we find a maximum for the num
ber of layers which can be visible. In this region the spread in the elec
tron energy is minimal.

4. An experiment

A layer tube with two independent layer systems

While the layer tube was studied it was important to check in how far
the negative space charge present affected the development of the layer
structure.

With the stepwise acceleration of the electrons, when going from the
cathode to the anode, the negative space charge varies and thus the dis
tortions of the electric field. Although this distortion is small, it is not
unthinkable that this distortion stimulates the development of the layer
structure.

However, with the aid of a layer tube in which two layer systems can
move independently, the contrary was proved. The way this tube has been
built up is depicted in fig. 1.7.

The layers are found in the tube sketched on the left-hand side. One
layer system is formed by the electrons ejected from the hot cathode 1;
the other system by the secondary electrons, ejected in some way or
another by the cold cathode 2. If the potential difference between the hot
and cold cathodes is being varied, the place inside the discharge space of
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the first system varies, too. The second system is independent of this po
tential difference. In this way we can change the place of the two systems
with regard to each other, and slide the one layer",system through the
other system.

®

Fig. 11.7 Laye, tube (Al with twa independent laye, systems.

1. the hot cathode inside

2. the cold cathode mad. of nickel gauze.

Neon gGS pre. sure 50 mmHg.
Distance between the electrodes 12 mm. Diameter of the electrodes 4 em.

Tub. B serves to purify the gos.

In case the layer structure is stimulated by the distortion of the field
applied, we should expect that as a result of this sliding through each
other the two systems would strongly influence each other •. However J it
appears that the one layer system can be moved to and fro through the
other one, without any visible mutual influence presenting itself.

From this we may draw the conclusion that for the layer tube the buil
dingup of the layers and their development is not appreciably stimulated
by a distortion of the electric field as a result of the negative space
charge.
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CHAPTER II

THE UNSTABLE TRANSITION BETWEEN THE TOWNSEND DISCHARGE AND

THE GLOW DISCHARGE

Summary

Generally speaking, with two circular plane, parallel electrodes, the dia

meter of the Townsend discharge is not equal to the diameter of the

electrodes. This diameter is determined by: the movement of the charge

carriers perpendicular to the axis of the discharge, the resulting distribu

tion of the space charge, and the otfendant distortion of the electrical field

applied. The V.i. characteristic is not only determined by the total space

charge, but also by the distribution of the space charge density_ This may

lead to the situation that when current; increases, and simultaneously the

discharge contracts around the axis, the total space charge Q decreases.

If CaQlai)y < 0 the discharge will be unstable, accarding to Van Geel's

theory. This instability occurs in the transition region of the V.i.charac

teristic between the Townsend discharge and the glow discharge. We call

the point of the V.i.characteristic for which CaQlai)y = 0, the point of

instability.

1. Introduction

In the general introduction, a description of the Townsend discharge
with negative characteristic has been given. The region occupied by the
Townsend discharge in the V. i. characteristic may be marked off for
higher values of the current:

1. In case the Townsend discharge passes continuously into the glow
discharge, by the current belonging to the maximum negative slope of
the V. i. characteristic;

2. In case the Townsend discharge passes discontinuously into the glow
discharge, by the boundary current belonging to the point of the charac
teristic, at which, with a further increase of the curnmt, the discharge
becomes unstable.

In general, the boundary as mentioned under 2. depends on the magni
tudes of the impedances in the exterior circuit, like the capacitance paral
lel to the discharge, part of which is formed by the capitance of the
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electrodes in respect of each other, and the series resistance. The boun
dary moves to higher values of the current, if, with a series resistance
larger than the negative slope of the V. i. characteristic, the parallel
capacitance is decreased. This effect can be explained with the aid of
Chr. van Geel' s theory (1). In appendix I a review of this theory is given
Starting from a certain value of the parallel capacitance, a further de
crease of this capacitance does no longer influence the position of the
boundary of the Townsend discharge. Within certain limits, the boundary
has now become independent of the impedance values of the exterior
electrical circuit and is only a function of the discharge parameters

themselves. We call this point of the V. i. characteristic the point of
instability.

The instability of the discharge which occurs if the current is increased
above this point is not a direct result from passing a stability boundary in
the stability graph of Chr. van Geel, but from a change in one of the dis
charge characterising magnitudes.
According to Van Geel's theory the only possible change is that L, the
self-induction of the discharge passes from positive to negative values.
If wall currents and after-effects are neglected, the self-induction of the
discharge is given by

L
(aQ/ao

y

i(aq/aV);

total space charge;
fduxdx

q : electron reproduction factor q = y (eO - 1);

Q

u : primary ionization coefficient;

Y : secondary ionization coefficient;

d : distance between the electrodes.

Since we may assume that the sign of (aq/aV)j does not change during
the passing of the point of instability, there remains as a last possibility
a change of the sign of (aQ/ao y • In section 4 ari argumentation is given,
why (aQ/ao

y
can become nil or negative. For that purpose we calculate

the total space charge as function of the current, taking into account that
the diameter of the discharge, as the current increases, may decrease.
In section 2 the layer tube, described in Chapter I is used to obtain a
better insight into the contraction of space charge around the axis and into
the distribution of the electrical field in the Townsend discharge with
increasing current.
The diameter of the Townsend discharge is determined from the differences
between the calculated and measUlJed V. i. characteristics in section 3,
where also an interpretation of the variation of the diameter of the dis
charge as function of the current is given.
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2 The diameter of the layer discharge

Visual observations as well as the comparison between the calculated
and observed shapes of the V. i. characteristic show that this characteris
tic presumably is partly determined by the diameter of the discharge. For
the Townsend discharge we tried to get a better insight into this matter by
determining the distribution of the space charge density and the distribu
tion of the field. To that purpose, use was made of the layer tube descri
bed in Chapter I. The light layers of the layer tube can be regarded as
equipotential planes having a potential difference of 18.5 volts. An enlar
ged photograph of the light layers has been made. On this photograph the
sides of the layers facing the cathode were sketched as equipotential
planes. On the equipotential planes the normals were drawn with the aid
of a semi-transparant mirror, giving the direction of the field strength.

After that, the field lines were drawn.
The value of the field strenght is proportional to the reciprocal of the

length of the field line between two equipotential planes.
Fig. 11.1 gives the photograph of the distribution of light in the layer tube,
for a current which is slightly smaller than the current of the point of in
stability. In fig. II.2 the equipotential planes and the electrical field lines,
belonging to this discharge, have been sketched.

Fig. 11.2
The equipotential planes and electrical field
lin.s of the discharge shown in fig.II.1

onodad.

~\ I

r-

--.1

tit!"l- -+--.l

=

~
+

11 :r

,'--i-.,'-j
~

oath ,I I .
Fig. 11.1
The distribution of light in the layer tube for
a current slightly smaller than the current of
the point of instabiHty.
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We then calculated the space charge inside the volume elements, the
bases of which coincide with the quadrangles of fig. II.2 while the heights
in the four angular points of these quadrangles are equal to rde/> (r is the
distance between the angular point in question and the axis of the dis
charge; de/> is a constant small angle). The space charge is calculated by
integrating the normal component of the field strength over the total sur
face of the volume element under consideration.

For the electrical field strength at each of the side planes of the volume
element, the average of the field strengths along the field lines adjacent
to that side plane was taken. In fig. II.3 the distribution of the space
charge density is depicted.

· ...
·...
·....
.. ..... ...... .. .•..... :........

•••...... . .
•••••••••••• •
••••• •.. . . .
·... .. ..•......

cathode

+

anode

Fig. 11.3 The distribution of the space charge density inside the layer tube. The black

dots indicate the places for which the space charge density has been calcu

lated.The diameter d of these dots gives the magnitude of the space charge den

sity p. d = 1 mm gives p = 6.7 10.3 C/m3•

From these measurements it follows that the space charge density around
the axis of the discharge is larger than outside the axis, and moreover
that the electrical field depends on the distance to the axis. This is also
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shown by fig. 11.4 in which the electrical field strength for two different
distances from the axis have been given as functions of the distance to the
cathode.

v
iii

30.103

2.

10

I
cathode

II. mm.
anode

Fig. 11.4 Field F as function of the distance x to the cathode for two different distances

from the axi s of the di scharge.

1 .. along the axisj

2 - parallel to the axis ot Q distance Y2, (r: radius of the cathode)

This difference in the shape of the electrical field as function of the
distance tothe axis involves that there are also differences in the numbers
of ions formed by the electrons leaving the cathode.
According to Von Engel and Steenbeck (2) more ions are formed near the
axis by each of the electrons leaving the cathode than further removed
from the axis, because in the region of F/Po under consideration d2a1dF2

> 0, and the deviation of the. electrical field from the average field near
the axis is larger than at some distance from the axis.
This means that the parts of the discharge around the axis and these
further removed from the axis cannot at the same time meet the condition
of self-sustainment.

As the number of ions formed by each electron decreases as the dis
tance to the axis increases, the discharge at a larger distance from the
axis cannot be self-sustaining on its own, and will have to be supported by
some action starting from the inner parts of the discharge. For the
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fela dx
q = y(eO x _ 1) = 1

Townsend discharge in a pure inert gas this can be diffusion of the ions
and electrons; for the discharge in a Penning gas mixture the diffusion of
the metastable atoms and the resonance photons; with the layer tube we
have to do with the ejection of electrons from the cathode by the red light
photons, which are formed in the neighbourhood of the axis of the dis
charge.

The diffusion of electrons, ions etc. to parts of the discharge lying
more to the outside, makes it necessary that extra ions are formed around
the axis. For that reason, we might call the discharge around the axis
over-self-sustaining. Taken as an average for all the electrons leaving
the cathode, the electron reproduction factor for the self-sustaining sta
tionary discharge should be equal to one (q = 1) .

3 The V. i. characteristic and the diameter of the Townsend discharge

We have seen that the current density in the Townsend discharge on the
surface of the electrodes is not constant. In the following we shall make a
rather rough -approximation for the sake of simpler calculations; we shall
assume that current density, space charge density and field strength are
independent of the distance to the axis within a certain effective radius r

of the discharge, and that the former two quantities are zero outside this
radius r Basing ourselves on the calculations of Ward (3) we assume that
the space charge density is also independent of the distance to the cathode
x and that the electrical field is a linear function of x. With these basic
assumptions the value of the diameter 2r of the Townsend discharge can
be determined by comparing the measured and calculated V. i . characte
ristics. We call the value for the diameter, derived from this comparison,
"the calculated diameter" of the Townsend discharge.
The V.;. characteristic of the Townsend discharge can be calculated with
the aid of the condition of self-sustainment

The secondary ionization coefficient y for the Townsend discharge may
be taken as being independent of current and voltage, from which it follows
that also the integral ofelaxdx for the static V. i. characteristic is a constant.
According to Von Engel and Steenbeck (2) the V.i. characteristic is now
included in the formula:

a

V : voltage across the discharge;
Vel : breakdown voltage;
a primary ionization coefficient which is supposed to depend only in F;
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x the distance between the point under consideration in the discharge
and the cathode;

d distance between the electrodes;
F electric field strength;
tJ.Fx the difference between the prevailing field strength at x in the dis

charge, and the field at breakdown voltage.

The quotient of the two differential quotients d2a1dF 2 and daldF can be
calculated for neon from the measurements by A. A. Kruithof (4).

In fig. 11.5 the values of alpo found by experiment, have been plotted out
as function of Flpo'

•
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I.••
7

•
•
•

~
.,.....

•
~

•

I • 7 •• • • • J • 7' .t" • • .. ,..
Fig.iI.5. The value. 01 lag a/PO lound by eocperiment, as a function 01 lag F/pO'

According to this figure we may write within certain limits of F/Po

aiR FIRlog __0 = 2.77 log __0

alPo FlPo

Consequently, for the quotient to be calculated, it follows that:

1.77 10-2 m

F volt
b.

c.

For the calculation of the integral ofd(tJ.FPdx we assume that by approxi
mation may be considered a linear function of x, and that the space charge
density in the discharge space is independent of x .

For tJ.Fx we can write (see Fig. 11.6)

Va - V 2x
tJ.Fx = - -d- + 8Fo (1 - d)
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and 8~: the distortion of the electrical field applied at the cathode can be .

calculated from (ofFndO = Q and the drift velocity of the positive ions

in the neighbourhood of the cathode.

.,ht---...:::o....~----r-------l
d

o
cathode

d
Anode

Fig. 11.6 The electrical field inside the Townsend discharge, as assumed for the calcu

Jotion ofOt'<!'1F ")2d,,.

Q the total space charge inside the surface enclosed by the integral,

and

F
n

: the component of the field, normal to this surface.

For the integration surface we take a cylinder, the axis of which coincides
with the axis of the discharge, while its diameter is equal to the diameter
2r, of the discharge. The base and the top of the cylinder are formed by
the cathode surface and the anode surface.

If we assume that the component of the field normal to the cylindrical
Surface is negligibly small, we find for the total space charge Q:

Q
-2- = 28Fo
171' (0

d.

We can also calculate the total space charge from the drift velocity of the
positive ions in the neighbourhood of the cathode:

with

Q
v+-= j+ or

d
e.
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BFa we find by inserting equation d. into equation e.

1 V(j id
3
p )BFa = "2 - - 1 + 1 + 4 a

d ( 1+ Y )b+ 21T,2'a V2
with BFa smaller than V/d *)

i d3Po
BFa = :-::-----,-~!......,;_

(1 + y)b+2IT,2'aV

BFa inserted in equation c., and equations b. and c. inserted in a. gives
the V. i • characteristic

2 2Vd 1 ( d3Pa )2'2 0
(V -Vd) + 1.7710 2(V-Vd)+3 (l+y)b+2IT,2

la
V I =

The results of the calculations of the V. i. characteristic for , = 'a =
22.3 mm, the radius of the electrodes, together with the values found by
experiment for V and i, are plotted in fig. II. 7.

Volt

21

'00

J------=====::,::1======16=--=---2-'O----2-.-~

Fig. 11.7 The measured V. i.characteristics of the Townsend discharge in neon for va

rious distances between the electrodes and the calculated V.i.characteristic

(x) fa, ,= 'a'
ro : 22.3 mmi the radius of the electrodes.

Pa : 35 mmHg (neon).

*) The simplification introduced is permitted as long as the second term under the ra

dical sign does not have too high a value. For instance, for the values meosured, be

longing to the maximum current for the Townsend discharge, we find for the second

term 0.8. The mistake made here, as a consequence of the simplification made amounts

1 + Y, 0.8 ~ y'"T+O:8
to: 100%-4.5%.

y 1 + 0.8
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That the calculated and the measured V. i. characteristics do not coincide
has mainly to be attributed to the fact that we did not take into considera
tion the contraction of the discharge around the axis. On the other hand,
we can now determine the calculated diameter of the discharge by altering
the value of r and consequently the calculated curve in such a way that the
two curves coincide. The result for 2r as function of i, has been depicted
in fig. 11.8

-!..r.

21

',-
',8

',7...
5

',5...
',3

',2

','
10 " 20 22 pA.

Fig. 11.8 The quotient of the calculated diameter 2. of the discharge and the diameter of

the electrodes 2r
O

for various values of the distanc.e between the electrodes el,
as function of the current ;, as derived from the comparison between the cal

culated and the measured V.i. characteristics of the Townsend discharge.

'0 = 22.3 mm;

"0 = 35 mmHg (neon).

It is remarkable that for small values of the current, the discharge is
contracted to a large extent. One of the reasons may be that the electrodes
are not absolutely parallel to each other, or that their surfaces are not
completely homogeneous. Moreover it was found that the location and the
form of the glass balloon may have a great influence on the V. i. charac
teristic. As a result of this influence, the conditions for the development
of a discharge will be fulfilled at smaller values of the voltage across the
discharge inside a certain channel around the axis of the tube, than in the
region outside this channel.

With a sufficiently small diameter of the discharge channel and with
small values of the current - so that the space charge formed does not yet
have any appreciable influence on the shape of the electrical field - the
diameter of the discharge is primarily determined by the diffusion of the
charge carriers perpendicular to the axis of the gas discharge.
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On its way to the anode, the average distance R travelled by the electron
in a direction perpendicular to the axis of the discharge is by approxima
tion given by (5)

with R ~ 2.405 ...r;o.
T : the time, after the electron has left the cathode at the place R ~ O.

This formula gives the average life for the charge carriers inside an
infinitely long cylindrical space, in case the charge carriers can recom
bine only on the wall of this space, and any electrical field present does
not influence the diffusion of the space carriers. By applying this formula
here, we neglect the back diffusion of the electrons from the region out
side this cylinder.

A similar equation holds good for the diffusion of the ions. However,
from a comparison between the values of R for the electrons and for the
ions it appears that we may leave the diffusion of the ions out of conside
ration.

Consequently, if the diameter of the discharge is determined by the dif
fusion of the charge carriers, this diameter will have the value 2R for the
electrons; i.e. at the anode, 2ReI •

In this case T is the time the electrons need to move from the cathode
to the anode, and it can be calculated with the aid of the drift velocity of
the electrons which is given by

vel ~ eF/3mpo 12A/c + dA./dcl (6)

If we assume dAidc ~ 0 which is approximately the case for neon,

3dmcPo
T~---

2eFA]

The diffusion coefficient is

Thus, we find for the value of Rei :

jdmc cAl
Rei ~ 2ADS -_- -

eFA] 2

(E ~ eFx and E
ma

• ~ eFd')
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For the discharge in neon, with a distance between the electrodes of 13
mm, as given inJig. 11.6 we find for Rd with E

ma
• 18.0 eV.

Rd = 3.5 mm

and the relation between Rd and the radius of the electrodes

The accuracy of this result is limited, due to the fact that we still know
little about the diffusion coefficient of the electrons De' In spite of this,
this calculation shows us that the diffusion of the electrons is sufficiently
small to make us understand that by one reason or another the discharge
may be contracted Within a narrow channel in respect of the diameter of
the electrodes.

In case the diameter of the discharge is determined by the diffusion of
the electrons perpendicular to the axis of the discharge, this diameter
must be dependent on the distance between the electrodes, or:

d
, - Rd --vV

We have investigated this supposition by calculating the quotient

d ,
-1
VV '0

for the characteristics measured, and to extrapolate this quotient to cur
rent nil. This has been done in fig. 11.9. The fact that there is a tendency
that the quotient mentioned for the current decreasing to nil is independent
of the distance between the electrodes, supports the hypothesis that with
the measurements carried out here, the diameter of the discharge for
small values ofthe current is smaller than the diameter of the electrodes.
This also means that the diameter of the discharge to a great extent is
determined by the diffusion of the electrons for small values of the
current.

This result need not apply anyhow to every other Townsend discharge.
It is quite well possible that with more homogeneous surfaces, or if the
electrodes are more in parallel, this contraction does not occur. It should
be mentioned, however, that with this particular tube the light of the dis
charge all the time more or less coincides with the axis of the discharge
tube.
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As the current through the discharge increases, we see that the dia
meter of the discharge increases, too.

0,'

G d=smrn.

* ,,=7 "
t:.. ,,= 9 "

0,3

0,2

0,1

X ,,=11 "
o ,,=13 ..

o "=21,,

1,25 2,50 3,75 ~A

Fig. 11.9 The proportions of d/V V and r/rO for values of the current nearing nil, are prac

tically independent of the distance between the electrodes.

2r : the calculated dioltleter of the discharges;

2rO : the diameter of the electrodes.

With an increasing current, the positive space charge increases, and
the movement of the charge carriers perpendicular to the axis of the
discharge will no longer be determined by the diffusion only, but also by
the forces which the charged particles excercise on each other. We have
to reckon with ambipolar diffusion.

The influence of the latter phenomenon on the ions is that their drift
velocity, perpendicular to the axis of the discharge, increases so that the
part of the surface of the cathode hit by the ions, will be larger. In case
the further conditions are favourable, the diameter of the discharge will
increase. The eventual diameter of the discharge is now determined by
the movement of the charge carriers perpendicular to the axis of the dis
charge, the resulting distribution of the space charge, and the attendant
distortion of the electrical field. As yet, it is not easy to calculate the
diameter and to verify this point of view.
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With higher values of the distance between the electrodes (21 mm) the
calculated diameter of the discharge becomes larger than the diameter of
the electrodes. In fact, this means that as a result of the diffusion of the
charge carriers perpendicular to the axis of the discharge, charge car
riers move from the discharge space to the outside and are lost for the
discharge process. In order to comply with the condition for self-sustain
ment of the discharge, inside the discharge space a relatively larger
number of charge carriers will have to be formed; this means that the
potential difference across the discharge will have to be larger than with
a similar discharge for which these diffusion losses do not occur.

With large values of the current through the Townsend discharge and
not too large values of the distance between the electrodes, dr/di can be
nil or negative (see fig. 11.8). In this section of the V.;. characteristic,
the distortion of the electrical field applied becomes so large that the
number of ions formed in the neighbourhood of the anode is small compa
red to the number of ions formed near the cathode.

For the V.i. characteristic with d = 7 mm of fig. 11.7 we have for the
maximum value of the diameter of the discharge:

BFo V
-=640--

Po m mmHg

The reduced field stength at the cathode for this value of r follows from
c. and amounts to

F

Po

V
1860 --

m mmHg

and the reduced ionization coefficient

a

Po

At the anode we find the values:

F V
-=580---

Po m mmHg

1
1700-

m mmHg

a
and

1
120--

m mmHg

As a result of the small ionization coefficient near the anode, relatively
few ions are formed here, and the positive space charge concentrates in
the neighbourhood of the cathode.

With large values of the distance between the electrodes (d = 21 mm) ,
for which the diameter of the discharge is larger than the diameter of the
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electrodes, the contraction of the discharge, due to the space charge con
centrating in the neighbourhood of the cathode, involves that as a result of
diffusion fewer charge carriers can leave the discharge space. The de
crease of the diffusion loss as the current further increases is compen
sated by a decrease of the voltage across the discharge. The slope of the
V.i. characteristic increases. Here too, for a certain value of the current,

the discharge will become unstable.

4. The calculation of the point of instability

For the Townsend discharge, in general, the differential quotient
(aQ/aov is positive. As long as the voltage across the discharge remains

constant, the total space charge increases as the current increases. An
exception to this may arise if, as a result of the change of the electrical
field inside the discharge, the transit time of the ions is shortened in such
a way that the total space charge Q becomes smaller. However, with con
stant discharge diameter, the latter phenomenon will hardly be possible,
because the development of the electrical field is determined by the space
charge itself.

Another thing is if, as a consequence of the current becoming stronger,
the distribution of the space charge across the discharge changes, and
consequently the electrical field in favour of a decrease of the transit
time of the positive ions IS being distorted. This may happen if, as
the current increases, the diameter of the discharge decreases. With the
decrease of the diameter of the discharge, and consequently of the space
inside which the space charge is present, the space charge density in
creases. This involves an increase of the electrical field at the cathode
and a decrease of same at the anode.

As described in the foregoing for the Townsend discharge with a cur
rent near the value belonging to the point of instability, with this distor
tion of the electrical field, the space charge concentrates in the neigh
bourhood of the cathode. The average distance the ion has to move to reach
the cathode becomes smaller. Apart from this, the average field strength
in the region within which the ions are mostly formed increases and con
sequently the drift velocity of the ions. This, together with the above
mentioned points, makes that the average transit time of the ions in the
discharge space, as a result of the contraction ofthe discharge, decreases.
Now it is possible that not only the transit time becomes smaller, but also
the total space charge, while the space charge density around the axis
increases. For the calculation of the point of instability (aQ/ao

v
= 0 we

must know the total space charge as function of the current, taking into
account that the diameter of the discharge is a function of the current.
Moreover, in contradistinction to the foregoing, we have to reckon with
the fact that the space charge concentrates in the neighbourhood of the
cathode as the current increases.
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If we assume as in section 3 that the space charge density in the active
space of the discharge is approximately constant, the electrical field as
function of x can be described by means of two equations.

x
Fx = Fo - d (Fo - Fd)

n

for O<x<dn

ford <x<dn

Vd '-------''''r--------____1"d r

ff-----~,.-----------1

• --x
cathode

d
anode

Fig. 11.10 The development 01 the electrical field in the Townsend discharge, as assum

ed in the calculation, in case the active space does not reach as far as the
anode.

dn : the length along the axis 01 the discharge 01 the space within which the

positive ions are formed (active space).

with

For the total space charge we find in accordance with the calculation on
page 42,43

f.

Again as in section 3 we can also calculate the total space charge from the
drift velocity of the ions at the cathode.

iPod
Q = I'J

(1 + y)b+Fo
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In order to keep the further calculation as simple as possible, we
eliminate dn from the denominator. This is allowed within certain limits,
because Fad is small with regard to V, and dn• for the Townsend discharge
is more or less equal to d. If we now find for the total space charge.

g.

By combining equations f. and g. we can easily eliminate the unknown
magnitude dn •

From this formula we calculate the differential quotient required. To
make matters more simple we take into account that F;; practically inde
pendent of current; and we assume aFjai = 0

2(17t"O)2pO (V - F;;d)2

(1 + y)b+ (V - tF;;d)

The sign of the differential quotient (aQlai)v is given by

and the point of instability «aQlai)v = 0) by (arlai)v = - tr/i.

i. : the current belonging to the point ·of instability.

The change of the diameter of the discharge can be calculated from the
V. i. characteristic.

This calculation is analogue to the calculation of the V.i. characteristic
in the preceding section, provided that with this calculation of the shape
of the characteristic we have to consider that the active space of the dis
charge concentrates in the direction of the cathode.

For the calculation of the integral oJd(!iF,ldx we make use of
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We herewith find for the integral

SFOcan be expressed in Q. As long as the diameter of the discharge is
independent of x

Q SF;,
= F - F.1 = fo"F -!o"Fc/ =---

11,2
10

0 nOn 1-t dn1d

for the V - Qcharacteristic we find

with
iPo d;

Q =---------
2(1 + yW (V - F.1 (d -tdn)}

if in formula 9. we suppose V to be large with respect to t F.1d the equation
of the V.i. characteristic becomes

We assume that ~ (d - tdn) is small with respect to V.
From this equation we can calculate the differential resistance of the
discharge.

Moreover, in view of the purpose of the calculation, we may suppose
that va - V is small in respect of V ,so that the first term in the right
hand part becomes negligibly small.

The differential quotients arlaV and ad/aV will in general have negligi
ble small values. In the region of the V.i. characteristic for which these
magnitudes maybe of importance, the development of the electrical field
and the length of the active space are determined by the distribution of the
space charge. In case of a small change of the potential difference across
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the discharge, and if the current remains constant, the distribution of the
space charge, and consequently the length of the active space will hardly
change.
Under these conditions the differential resistance becomes

t
'-,; a~. ; (10 -6~ ).,""i (V _ ~)

r a, (3 dn )a;
Un 1-'4-

d
R =--------------

and the differential resistance in the point of stability, for which stands:
(ar/anv = - i rli.

It is still difficult to calculate the value of the differential quotient
(ad/an. We do know that ad/ai must be negative. Consequently, the

absolute value of the slope of the V.L characteristic will become relative
ly smaller as a result of the contraction of the active space in the direc
tion of the cathode.

The minimum differential resistance possible in the point of instability
can therefore be found by putting ad/a; equal to nil.
Thus we have

In fig. II.ll, the experimental V.L characteristics of a Townsend dis
charge in neon have been depicted for various distances between the elec
trodes. The ends of the curves are the points of instability.
In the points of instability the minimum differential resistances calculated
are indicated.

54



The discharges are the same as the discharges for which in the foregoing
section the diameters of the discharge have been calculated. Seen the
simplifications introduced, the differential resistatlces in the points of
instability for distances between the electrodes smaller than 15 mm, are
in reasonable agreement with the resistances measured.

Volt

4••

3•• r-----------!...

200+.----------r,.----------r2.----------r30----=-,A.

Fig. 11.11 The experimentaIV.i.characteristic of the Townsend discharge in neon for va

rious values of the distance between the electrodes. The slope indicated in

the point of instability gives the minimum differential resistance calculated

for these points.

For higher values of the distance between the electrodes this agree
ment is not so good. This is understandable because for these values of
the distance between the electrodes, the diameter of the discharge is lar
ger than the diameter of the electrodes. When this discharge is contrac
ted, the differential quotient (aQla;) does not become negative until the
diameter of the discharge has beco~e smaller than the diameter of the
electrodes. However, in that case the value for (aria;) does not corres-
pond with the values measured. v

If the absolute value of (aria;) can be diminished sufficiently the dis
charge will remain stable and v the transition between the Townsend
discharge and the glow discharge may pass continuously. This situation
presents itself in a Penning gas mixture, as indicated in fig. 11.12. In case
the neon gas is slightly impure, the primary ionization is largely due to
the ionization mechanism according to Penning.

Because the metastable atoms can move independently of the electrical
field applied, the ionization in this case need not occur at the same spot
where the electron transfers its energy, necessary for this ionization, to
the gas. Compared to the foregoing, ions can be formed within a larger
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region, and the contraction of the discharge as the current increases, will
occur more grad·lally.

With the transition from the Townsend discharge to the glow discharge,
I(ar/dnv! can remain smaller thanr/4i, as a result of which the dis

charge remains stable and the Townsend discharge passes continuously
into the glow discharge.

Volt

.00

.oor-----_~

.00

200 +---------r----------,------------,------
10 20 30 ,.A.

Fig. 11.12 The V.i. characteristics of the Townsend discharge in impure neon gas. The

figures given with the characteristic give the order succesion of increasing

impurities. Characteri sti eli 5 for pure neon.

d : distance between the electrodes 20 mm.

Po : gas pressure 35 mmHg.

The measurement was carried out by slightly vitiating the gas by sub
jecting the discharge tube for a while to a high temperature. The results
are given in fig. 1I.12. The higher the number attached to these curves,
the higher the extent to which the gas is vitiated. However, to what extent
is not known. After a certain lapse of time, the discharge will purify the
gas, for instance, because the impurity deposits on the pure cathode
surface.

We shall now try to give an impression of the way the discharge be
haves after, coming from the region of the Townsend discharge, the point
of instability has been passed and the discharge becomes unstable.

We take the series resistor in the point of instability larger than the
negative slope of the characteristic. The parallel capacitance, formed by
the electrodes and the exterior circuit, we assume to be negligibly small.
When the current through the discharge is increased, the potential drops
below the voltage belonging to the V.i. characteristic, and the average
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electron reproduction factor q decreases. In spite of the higher current
and consequently the greater distortion of the field applied, outside the
axis of the discharge fewer positive ions will be formed. The space charge
density outside the axis decreases, and the discharge contracts. On the
other hand, around the axis of the discharge the space charge density in
creases and the field applied is distorted increasingly. Although the vol
tage across the discharge decreases, more ions will now be formed. The
discharge, Le. the active space concentrates in a smaller region in front
of the cathode. In spite of the fact that the average electron reproduction
factor q is smaller than one, this coefficient for the active space is larger
than one, and the discharge continues to develop here. The eurrent
through the discharge increases further, while the voltage across the
discharge decreases and the diameter of the discharge becomes smaller
and smaller. Below a certain value of the potential difference across the
discharge (the normal cathode fall) it is no longer possible that the value
of q for the active space, in spite of a further distortion of the field,
remains higher than one. The production of ions becomes smaller and the
discharge extinguishes.

Before this point is reached, it may of course happen that the discharge
passes a region in the V.i. characteristic in which, owing to the exterior
electrical circuit, the discharge is stable. In this case the discharge may
pass into this region, as, for instance, with the transition to the glow
discharge.

Finally, we may put the question whether - in case there does exist a
form of stationary discharge - in the transitionary region between the
Townsend discharge and the glow discharge this discharge can be stabili
zed if the exterior circuit is chosen adequately.

The signs of the various impedance magnitudes for the Townsend dis
charge and the possible discharge for the transition between the Townsned
discharge and the glow discharge are:

R L Co r

Townsend discharge - + - +
the discharge in the transition region - - - -
between the Townsend discharge and
the glow discharge

R : the differential resistance (resistance with gradual variations of the
voltage and the current);
the resistance with infinitely fast variations of the voltage and the
current;

L self-induction;
Co the own capacitance of the discharge, not including the capacitance of

the electrodes.
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Fig. 11.13 shows the stability diagrams of the two forms of discharge,
in case the exterior circuit exists of a series resistor R

y
and a parallel

capacitance Cp ' The parallel capacitance is inclusive of the mutual capa
citance of the electrodes.

1. 2.

Fig. 11.13 The stability diagrams af the Townsend discharge 1 and the possible

discharge in the transition region between the Townsend discharge and

the glow discharge 2. tgep = - RIL

As the current in the Townsend discharge increases, tg¢ increases
too, because R becomes larger and L nears nil. In the point of instability
tgep is infinitely large, and, with the further increase of the current, be
comes negative.

As the point of instability is passed, the region in the stability diagram
for which the discharge remains stable, changes discontinuously.

Basing ourselves on the diagrams in fig. 11.13 as well as on the foregoing
it should theoJ;etically be possible to choose the -exterior electrical circuit
in such a way that for the two forms of discharge the stability conditions
are met. For that purpose the series resistor has to be equal to the nega
tive differential resistance in the point of instability, and the parallel
capacitance must have a very particular value. However, in practice this
cannot be realized.

With many discharges a second point of instability is found if, starting
from the glow discharge the current is decreased. The current belonging
to this point of instability may be larger than the current of the point of
instability which is obtained when we start from the Townsend discharge.
If this is the use there exists a transitional region in the V.i. characteris
tic between the Townsend discharge and the glow discharge. The conside
rations just given also apply mutatis mutandis for the transition between
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the glow discharge and the discharge in the transitional region between
the Townsend discharge and the glow discharge. As we have not gone into
further details as to the glow discharge, the elaborated calculation has
not been made.

If the discharge in the transitional region between the Townsend dis
charge and the glow discharge could be stable, the space charge will adopt
a very special distribution. We might try, without starting from the
Townsend discharge or the glow discharge, to realize this distribution.
However, as up to now this has not been possible, it is impossible also to
investigate whether this form of discharge may exists in a stable condition
or not.
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APPENDIX

Summary of the calculation of the impedance of a gas discharge accor
ding to the theory of Chr. van Geel; application of the results to deter
mine the stability conditions for the Townsend discharge.

For the calculation of the impedance of a gas discharge, Chr. van Geel
bases himself on the assumption that with a small deviation from an
equilibrium, all the discharge magnitudes can be regarded as functions of
the momentary values of convection current i and voltage V and thus of
the aevlations !lie ana t!J.Vot the convection current and the voltage from
the equilibrium values io and Vo ' As the convection current is not rigo
rously constant along the discharge Chr. van Geel uses for i" its average

value ie = ~ f ixdx and for !lie; !li =!.. / (i - i ) dx
o C do x 0

For instance, the total space charge Q = Q ( !li, !lV) and the secondary
reproduction factor

q = q ( !li, !lV)

The current through the discharge consists of three components:

i;; : the convection current of the electrons;
i;; the convection current of the ions;
d¢x/dt : the dielectric displacement current.

. . .+ d¢x
I = 'x +'x +--

dt

i is the total current;
ixis the total convection current.

i is independent of x.

The current at the cathode for x = 0 has to be equal to the current at
the anode for x = d

. d ePo . dePd
'0 +--= 'd+--

dt dt

or with ePo - ePd = Q
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From this equality follows the impedance equation of the discharge, if we
base ourselves on the above mentioned assumption that id- io and Q are
functions of l1.ic and I1.V

aUd-io) . aUd-io) aQdic aQ dV
---11./+ I1.V=--+-

ai c av ai dt a v dt

The impedance equation can also be written as follows:

£..9. a Ud- io) aQ

I1.V- av dV ai ai dic
a (id-io) dt =-

a(id -io)
f!.jc +

aOr io) dt

av av av

or

dV dicI1.V+r-=Rl1.ic +L
d t dt

if

aOd· io) aQ aQ

ai ai av
R= L= r= -

aod • i o) aod • io) aOd· i o)
ai av av

Chr. van Geel calls:

L the self-induction of the discharge;
R the differential resistance, and
r a time constant. A constant Co =.!. is also introduced. It is called the

own capacitance of the discharge.R

For the Townsend discharge we can calculate l1.ic from (1) on the condition
that the diameter of the discharge is independent of x.

l1.i=l1.i +d<l>
Cdt

where l1.i = i - j 0
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with

dt/> 1 ddt/>x 1 d d 1 d d dV
-=-J- dx =-- It/> dx=-- If ~ Odx=C
dt do dt d dt 0 x d dt 0 0 x p dt

in which Cp is the inter-electrode capacitance.

The average deviation of the convection current becomes:

li.ic = li.i - Cp~, dt

and the impedance equation

With the aid of the impedance equation, the stability of the discharge can
be investigated.
For instance, if the exterior impedance consists of a resistance (series
resistance R

y
) (Ii.V=-Ry li.i), then the stability is given by the signs of

the various terms in the differential equation, which we find after having
eliminated either li.i or Ii.V from the impedance equation.

d2
i 1 (1 R )-2 +- - +-(c + c )

dt c R L p 0p y

The stability conditions are:

di + 1 + R/R 0 li.i = 0
dt LC p

( Cp is always positive)

and

The impedance magnitudes L, R and Co can be brought into amore suita
ble form by expressing the difference id - io in the discharge magnitudes.
For this, use is made of the convection current of the electrons.

a : primary ionization coefficient;
0;: negative space charge per unit of length of the axis of the discharge

at point x.
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The change of the negative space charge as a function of time for the
Townsend discharge is in general small as compared to the number of
electrons passing the discharge per unit of time. For that reason we may
neglect the latter term.

The convection current of the electrons thus becomes:.

and with

ii = i and

. . . q - y
'd -'0 ='0-1 + y

• y .
io =--'0

1+y

When these values are filled in the formulae for the impedance magnitudes,
we find:

aQ I aqc =rlR=(1+y)- i-
o av ifi

R =_~!aq
ai av

aQI aq
L=(1+Y)ai i

av

For R we can also write R = _ (a~.l
tance of the discharge. a,) q = 1

aQ I aqT= (1 +.y)- i-
av av

this is the differential resis-
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CHAPTER III

THE MOVING STRIAE IN THE POSITIVE COLUMN AT LOW GAS PRESSURE, IN

ONE.ATOMIC GASES AND VA POURS

Summary

For smail strengths of current, the cause of the moving striae in the po"

sitive column is the sarne as the one for the layers of Holst and Ooster

huis, discussed in Chapter I. Moreover, most of the ions are formed in the

layers. The distribution of the space charge, resulting from the electrons

being drawn away by the electric field much quicker than the ions, has a

relatively great influence on the form of the electric field. During the de

velopment of the striae, for the column investigated, the ions are formed

through the ioni zatian mechani sm, described by Penning. Once the striae

have been formed as a result of the spread in the distribution of the elec

tron energy, there is also direct ionization of the gas atoms. The influence

of the form of the electric fjeld on the continuance and the behaviour of

the striae is twofold:

1. At the spot of the light luyers, the chance that ions are formed is op

timum. This chance increases os the concentration of the ions increa

ses there. In this: way, as a result of feedback, a kind of trigger mecha

nism is formed. Consequently, not only 0 striae pattern is formed at

smaller strengths of current, but this pattern olso continues if the

strength of current increases. This i~ even the case if the ionization

mechanism described by Penning changes into a direct ionization of

the gas atoms.

2. The potential difference between the cathode space and the place of

the first stria at thit side of the column increases in the course of time

as a result of the increasing space charge.

Becaus-e the first maximum of light emission and ionization in neon al

ways appear as soon os this potential difference amounts to approx.

18.5 volts, tne stri a mOve,. in the direction of the cathode space. The
distance along which the stria can move and the time in which thiS

movement is tlccomplished depend on the discharge magnitudes at the

beginning of the column. The velocity with which the first slrea moves

is in general determinative for the velocities of all the striae in the

columns

At smaller values of the current, there can be two systems of striae sj~

multaneously in the column, moving at the same speed in the d~rection of

the cathode. This is only possible, if the spread in the energy distribution

of the el"ctrons, the moment they ei1fet~he column, is not too small.
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1. Introduction

After having studied the layer discharge described in Chapter I, we
need hardly be surprised any more that under certain conditions layers
appear in the positive column. For, (in case of not too high current den
sities), the conditions found in Chapter I for the appearance of layers are
fulfilled in the column. Just like with the layer discharge, the reduced
field strength (for neon) is approx. 300 Vim mmHg. Further we may
expect that, as a result of the appearance of the dark space of Faraday,
the electrons enter the column with an energy which is small with respect
to the lowest excitation energy of the gas atom (neon 16.6 eV). Just as
with the layer tube, it is found that with the column, the potential differen
ce between the layers is constantly the same, viz. approx. 18.5 volts.
More surprising is that these layers, the striae, move in the direction
of the cathode. We shall try to give an explanation of this phenomenon by
investigating what the differences are between the layer discharge and the
discharge in the column, and how they influence the behaviour of the light
layers.
In the positive column and in the layer discharge, the reduced field
strengths are of the same order of magnitude, whereas the field strengths
themselves are different. With the layer discharge, the field strength is
so high that the influence on same by a space charge formed, if any, is
only of minor importance, whereas with the column discharge the electric
field strength is essentially determined by the space charge present; re
latively small changes of this space charge have a great influence on the
form of this field.
To build up the positive space charge required in the column, it is neces
sary that ions are formed. However, as we have seen in Chapter I, this is
not essential for the layer discharge. Seen the low value of the average
reduced field strength in the column, it is to be expected that the ions are
preferably formed in the strongest field, i. e. at the spot of the striae.
Another point of difference between the layer discharge and the positive
column gives us more information with regard to the ionization mecha
nism. For, contrary to the layer tube, for lower values of the current the
column is sensitive to visible neon light, thrown in. If a small series
resistor is used, and if the intensity of the neon light thrown in is suffi
ciently large, it is even possible to extinguish the column discharge.
Apparently, the metastable atoms formed in the discharge are essential
for the ionization mechanism. In section 2 we shall revert to this matter
and we shall show that for small current densities, the ionization in the
column mainly takes place through the ionization mechanism of Penning.
This mechanism is possible as a result of the always present very slight
impurity of the gas.

A third important difference between the layer discharge and the posi
tive column is shown by the energy distribution of the electrons. In the
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layer discharge, all the electrons in a cross section have nearly the same
kinetic energy, which energy, while covering the distance between two
layers in the direction of the anode, increases with 18.5 eV.
With the column discharge, this picture is less clear. As a consequence
of the generally large concentration of electrons in the column, the elec

trons will mutually exchange energy,and we must expect that this will
lead to a distribution of the electron energy, in which there are small as
well as large energies, like with the Maxwell distribution. Under these
circumstances, it is of course difficult to imagine that layers will appear
in the column, in the sense of what has been written about the layer di
scharge.

With smaller values of the current density (104 mamp/m2 )this mechanism
of exchange of energy need not yet play an important rOle. This follows,
for instance, from the large differences in the concentration of electrons
and their drift velocities, we found within the distance between two maxi
ma of striae. These large differences can only be explained if we assume
that there are also differences in the kinetic energy of electrons.

The concentration of electrons is measured with the aid of the reflec
tion of cm-waves, perpendicular to the column; the drift velocity of the
electrons, by means of the Hall effect. The measurements of the Hall
effect are described in section 3. In section 4, with the aid of the diffe
rences described between the layer discharge and the column, we give a
picture of how the development of striae in the column may take place. In
section 5 we describe a method with which we can follow the light layers
whilst on their way to the cathode. With the aid of the data obtained, it is
possible to check to a certain extent our hypothesis, and to make it plausi
ble that the velocity of the layers is determined by the dischargd magnitu
des at the cathode side of the column.

As there may be different kinds of striae, we have tried to confine our
selves to one and the same type, by using for all the measurements one
and the same form of discharge. For reasons of stability etc., we have
chosen the discharge in neon gas at a gas pressure of I'cJ = 3 mmHg; the
diameter of the column was 12 mm, the length of the colmn 200 mm and
the current varied from approx. 0.5 mamp to 20 mamp.

2. The ionization mechanism according to Penning

As already mentioned in the introduction, the column discharge used by
us, with small current densities, is very sensitive to neon light thrown
in. This points to the fact that the presence of metastable gas atoms is of
importance for the discharge mechanism. If we now can prove that small
impurities of the neon gas have also a great influence, we may assume
that the ionization mechanism according to Penning plays an important
rale for the forming of positive ions.
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For the concentration of the impurity in question, we can give a rough
estimate, as we may assume that, as a result of the high concentration of
the metastable atoms, the impurity is practically. completely ionized.

Because the average field strength is practically constant, the negative
space charge present in the column has to be compensated by a positive
space charge, Le. the average concentration of electrons has to be equal
to the average concentration of ions.

The concentration of the electrons roughly estimated, is given by:

e

the electron current in the column, which, by approximation, is
equal to the total current;

: the charge of the electron;
the drift velocity of the electrons;

: the cross section of the column.

With a reduced field strength F/po =200V1m mmHg, Po = 3 mmHg, r = 6 mm,
i = 1 mamp and vd = 3.104 m/sec we find for the electron density

The average ion density is:

15 ions
1.6 10 ~

From this it follows that, in case of complete ionization of the impurity
the partial pressure of the impurity is

and the purity degree of the gas:

p neon = 7 107 neon atoms
P imp impurity atoms

This purity degree of the neon gas is high, and as regards the ionization
mechanism according to Penning, we may call a gas of this quality very
pure. In general, the gas used will have a smaller purity degree.
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For a long time the need has existed, to find a method for measuring small
amounts of impurity in a gas. Mostly, such measuring is only reliable for
not too large purity degrees, because with the existing methods it is not
known through what causes the zero level is determined. Consequently,
with purity degrees larger than

105to 106 gas atoms
impurity atoms

these impurity detectors are suitable only for measuring changes in the
degrees of impurity of the gas, and not for determining the absolute value
of the purity degree.
In order to investigate the influence of small changes in the purity degree
on the behaviour of the striae in the positive column, such a detector as
shown in fig. IlL 1 was especially developed for the column.

cathode

anode R

Fig. 111.1 Striae tube with detector cell for detecting small impurities of the gas (Penning gas

mixture).
Volume V serves to decrease the purity degree by means of warming the glass wall.

o = detector 5 pace

R = grids

M = measuring probe

Between the anode space of the discharge and the detector cell, metal
grids R have been placed. The electric potential of these grids in respect
of the anode has been chosen in such a way that no charge carriers can
pass over from the anode space to the detector space D. The metastable
atoms from thu column discharge and the resonance radiation, however,
can reach space D, and can build up here a certain concentration of me
tastable atoms. If now a gas or vapour is present in the detector space,
which can be ionized by these metastable atoms, then charge carriers are
formed in the cell.
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The positive charge carriers can be detected because the current, caught
by the measuring probe M, having a small negative potential in respect of
the grid, now increases.

In order to prevent electrons from being freed from the measuring probe
as a result of resonance photons and metastable atoms falling on to the
probe, first of all a glass screen is placed between the probe and the dis
charge space, and secondly the surface of the measuring probe is chosen
small (diameter of the probe wire 0.008 mm, length 5 mm).

It now appears that, at all times when a current passes through the column,
charge carriers are generated in the detector cell, so that this detector,
too, suffers from the above mentioned drawback that the value of the cur
rent for zero impurity, is unknown.

From the effect of visible neon light thrown in, it appears that the forming
of these charge carriers is mainly determined by the concentration of
the metastable neon atoms. Whether all the ions formed originate from
foreign atoms cannot be shown by the measurements. For, it is difficult to
check whether the measuring probe is completely screened by the glass
plate, or whether it is possible that, for instance, by the metastable atoms
in completely pure neon gas, molecule ions are formed.

However, the tests described below make it probable that the greater part
of the current through the measuring probe is caused through ionization of
impurities. Moreover, the experiments show the influence of changes in
the concentration of impurities on the striae.

When part of the glass wall of volume V (see fig. IlL!) is warmed to
approx. 40°C, the current through the measuring probe will temporarily
increase.
Should one wish to maintain this probe current during a longer period, then
the temperature of the glass wall of volume V will have to be more and
more increased.
It is clearly shown here that, when the glass wall is warmed, some im
purity is freed, as a result of which the production of ions in the measur
ing space increases. The quantity of the impurity freed is extremely small,
for, during the construction of the tube, the glass wall as well as the other
glass parts, were for quite a long period degassed under vacuum, at
450°C.

This experiment teaches us that we can show small changes in the
purity degree of the gas. Moreover, we have now found a method to add to
the gas very small quantities of an impurity. The addition of these small
amounts of impurity to the gas in the tubes used by us, has in general a
relatively small influence on the form and velocity of the striae in the
column. We find a greater influence on the current through the discharge
which increases relatively more strongly as the current is less.
After that, we tried to investigate, at a smaller value of the current and
at the highest possible purity degree, the influence of a small extra im-
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purity on the behaviour of striae. During the application of the impurity
the current through the tube was kept constant.

In order to obtain as high a purity degree as possible, we submerged
the cathode side of the neon tube in liquid air, and degassed the rest of the
tube during approx. 12 hours at a temperature of 450 DC. During this pro
cedure, volume V was kept at room temperature. During this degassing,
the discharge was continued (current approx. 10 mamp).
After that, the discharge tube (with the exception of the cathode space)
was brought at room temperature again. It appeared that as long as the
current was less than approx. 5 mamp, no striae developed, whereas be
for the degassing, at all current values, striae did develop. The dis
appearance of the striae is in first instance not surprising as a conse
quence of the large difference of temperature following from the cooling
of the cathode space, the density of the gas in the column decreases, and
it is a known fact that at lower values of the gas density, the striae for
smaller values of the current disappear.
It is, however, remarkable that, if volume V is slightly warmed, the striae
return. After this warming is stopped, they disappear again after some
time. Each time one wishes to repeat this developing of the striae in this
way, a higher temperature of the glass wall of volume V will be necessary.

The impurity can also be introduced by means of a tesla discharge on
the glass wall. Also in this case, striae develop, which, in the course of
time also disappear. This process can once or twice be repeated on the
same spot of the glass wall.
From these experiments we see that the forming of striae is strongly en
couraged by the presence of an impurity in the gas. This phenomenon and
the sensitiviness of the column to neon light thrown in support the hypo
thesis that for smaller values of the current in the column, the ionization
mechanism according to Penning, to a large extent is responsible for the
forming of the positive ions as well as the moving striae.
We can now put the question whether it is essential that an impurity - in
the sense of a Penning impurity - has to be present in a gas, in order to
make striae develop. To check this we want to have an absolutely pure
gas, or a gas for which the excitation energy of the metastable atoms is
smaller than the ionization energy of the impurities. A gas, which in a
simple way can meet the latter demand, is mercury. The metastable levels
of mercury have excitation energies of 4.6 and 5.4 eV. The gases which
might form a Penning mixture with mercury are cesium with the ioniza
tion energy 3.9 eV, rubidium with 4.2 eV, potassium with 4,3 eV and sodi
um with 5.1 eV. These are impurities which will have to be added to come
to a Penning miXture.

The measurements on the mercury column have been carried out in a
pyrex glass tube, at a temperature of the mercury vapour of approx.
150 DC (The diameter of the tube was 12 mm, the length of the column
200mm). In first instance, in the mercury column up to rather high values
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of the current (10 mamp) no striae are found, while the light emission of
the column is homogeneous. But suddenly, at 10 mamp, very locally, the
glass wall of the cathode space for a moment, radiated red light, while at
the same time the moving striae in the column appeared. The red light
will have to be attributed to the fact that locally some potassium is freed
from the glass wall. Cosequently, after potassium has got into the dis
charge space, striae appear.

This shows that the developing of striae in the column is, indeed,
strongly coupled with the fact whether or not such impurities are present
that the ionization mechanism according to Penning can occur. This does
not mean, however, that striae only appear if such a mixture is present
in the column tube.

3. Drift velocity of the electrons

The resemblance between the layers in the layer discharge and the
moving striae in the positive column of the glow discharge, as pointed out
in the introduction, only has a deeper sense if the electrons in a cross
section of the column, within rather small limits, hav~ the same energy.
Let us consider, in how far this is the case.
There exists a suitable method to determine the electron energy, without
influencing the discharge in the column too much. This method is based on
measuring the V. i. characteristic of a probe according to Langmiur (1).
With this method it is, however, essential that the plasma potential at the
spot of the probe is constant during the measurement, respectively, that
the RC time of the probe is small with regard to the time within which
this potential noticeably changes. For the column discharge, in which
moving striae appear, this requirement can definitely not be fulfilled, be
cause the velocity of the striae is of the same order of magnitude as the
drift velocity of the ions. For that reason, we may not make use of this
method to determine the electron energies.
As it is our aim to detect great differences in the electron energy, whilst
influencinF: the discharge as little as possible, we determined the electron
energy via the drift velocity of the electrons. The drift velocity of the
electrons is measured with the aid of the Hall effect (2). In the tube wall,
two electrodes (Hall probes) opposite each other are fixed (see fig. m.2);
the tube is placed in a magnetic field and the voltage difference between
the Hall probes is measured.
The relation between the drift velocity of the electrons and the electron
energy is given by (3):
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with

c : the random velocity of the electron;
m the mass oi the electron;
1.1 the free path of the electron;
F field strength.

The line over the term between braces means that the average has to be
taken over the velocity distribution of the electrons.

The electric field F in this expression is not known for the positive
column, in which moving striae are present, and is not at all constant. If
we still should like to get an insight into the change of the electron energy
!mc

2
from the change of the drift velocity measured, we shall have to take

care that the electric field F is as constant as possible. We can more or
less achieve this by (section 5) carrying out the measurement of the drift
velocity at the smallest possible value of the current through the column.
If, under these conditions, we yet find a great variation of the drift velo
city of the electrons, then we may assume that there exists a great varia
tion in the energy of the electrons as function of the-distance to the spot in
a stria, where, for instance, the light emission is maximum. This spot
we call the maximum of the stria.
However, it is doubtful whether from the voltage measured, the drift
velocity of the electrons can as simply be calculated as from the Hall
voltage in case of solid materials.
During the measuring, the striae move between the two Hall probes in the
direction of the cathode. This has the great advantage that we now, in a
simple manner, can calculate the drift velocity of the electrons as function
of the distance to the maximum of a stria. On the other hand there exists
the fact that the measuring is not static, and that consequently the RC
time of the measuring system has to be many times smaller than the time
elapsing between the passing of two striae succeeding each other.

The RC time of the measuring system is mainly determined by the
loading time of the Hall probes, and consequently by the stream of charge
carriers between the discharge and the Hall probes. In general it appears
from the measuring of the characteristics of the two Hall probes separa
tely that, as an average, this current is sufficiently large to achieve the
desired short RC time. However, whether with the passing of a stria
these conditions are at any time fulfilled, is at the moment difficult to
judge.

Furthermore, as a result of the magnetic field and the voltage diffe
rence generated we get a component of the electric field perpendicular to
the axis of the discharge. On tile one hand, the positive ions and the elec
tronsare displaced with respect to each other, in a direction perpendicu
lar to the axis of the discharge and on the other hand the field lines, as an
average, no longer run parallel to the wall of the column. Up to now it is
still not clear what the influence of these phenomena will be on the .Hall
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voltage measured, although we may assume that, as long as the Hall vol
tage is proportional to the magnetic field strength, these influences are of
minor importance. Moreover, we may expect that the Hall voltage is in
fluenced by the electric double layer, forming the radial boundary of the
column. This double layer is a result of the difference in diffusion velocity

M

A

P.M.

Fig. 111.2

Measurement af the drift velacity af the electrons, with the aid of the Hall affect:
the two Hall probes

M magnetic field, perpendicular to the axis of the discharge as well as to the connecting
line of the probes

P.M. photomultiplier to determine the place of the striae in respect of the Hall probes. The
optical axis of the system, running through the axis and the multiplier, is perpendiculair

to the plane of the drawing
A and B the potential of the twe Holl probes measured via cathode followers; (A minus B) the

Hall voltage, is measured via cathode followers; the Hall voltage (A minus B), is

measured with the aid of a differential amplifier.
P connection of the potentiometer to make the potential difference between the two Hall

probes an d earth, small
Rv

Tube data:
series resistor
neon gas pressure 3' mmHg
diameter of column 12mm

lenath of column 200 mm
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of the electrons and ions. Since, with the Hall measurement the energy of
the electrons for the two probe surfaces need not be the same, the poten
tial differences across these double layers may also differ in value for
the two Hall probes. Here a difference in the surface condition of the
probe surfaces may also play an important rOle. Since still little is known
about these influences, there exist at the moment great uncertainties with
regard to the determination of the drift velocity from the Hall effect. m
spite of that, we may conclude, indeed, that if there are great variations
in the Hall voltage, measured during the passing of the striae at the spot
of the Hall probes, there exist also great variations in the drift velocity of
the electrons, as function of the distance to the maximum of the striae.
which was the preliminary aim of this test. The arrangement used and the
discharge tube are given in fig. III.2.
m order to deform as little as possible the wall of the column inserting
the two probes, the discharge tube is provided with a double wall.
The probes consist of molybdenum discs with a diameter of 5 mm. The
voltage difference between the two probes is measured via the two cathode
followers and with the aid of a differential amplifier. The band width of
the amplifier runs from zero to 2 Mc. As the amplifier can easily be
overexcited through too high a direct voltage in respect of earth, potentio
meter circuit P is used to keep the voltage difference between the probes
and earth as small as possible. The magnetic field is excited by means of
a Helmholz coil.

The dimensions of the coil have been chosen in such a way that the
complete discharge tube is submerged in the field. For, under these con
ditions the influence of the magnetic field on the discharge is smallest.
The location of the striae in respect of the Hall probes is deterrl.ined by
measuring the light emission of the column at the spot of the Hall probes,
with the aid of a photomultiplier. The slit of the photomultiplier is
directed to the edges of the probes at the anode side. The measuring re
sults obtained are given in fig. m.3.
m spite of the above mentioned restrictions for the interpretation of the
voltage difference measured, the change of the drift velocity of the
electrons, as function of the distance to the maximum of a stria may be
called big.

The change for the column current of 15 mamp seems to be bigger than
for the column current of 6 mamp, but we should bear in mind that with
15 mamp there is a single system of striae. The potential difference
between twosuccesive striae amounts in this case 18 to 19 volts. With 6
mamp there exist two sets of moving striae.
Two sets of moving striae to which we shall revert in the next section,
means that two separate systems of striae move in the direction of the
cathode.

The potential difference between the striae of the one system and the
other amounts to approx. 9 volts.
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Fig. 111.3

The Hall voltage for the positive column of the glow discharge with moving striae as a function of
time. The top-most curve in the two oscillographs give the Hall voltage; The middle curve the

voltage difference across the probes when the magnetic field is switched off, and the lower-most
curve the light emission of the column at the edge of the probes at the anode side.
In the figure the sensitivity of the oscilloscope is O~5 volt per scale unit.

The amplification factor of cathode followers and the differential amplifier amounts to approx, 1. The
units of .the axis for the figures 111,31 and 111,32 are not equal and have been chosen arbitrarily.

This results in the fact that in any given diameter of the discharge we
have two groups of electrons with a difference in kinetic energy of the
order of magnitude 9 eV. As with the aid of the Hall effect a kind of
average value of the drift velocity is found, the change of the drift velocity
of the electrons for each of the separate systems should in reality be
larger than the one found for the column current of 6 mamp.

The Hall voltage measured is proportional to all the strengths of the
magnetic field used.

The dip, occurring in the oscillogram for the voltage difference be
tween the probes with switched off magnetic field (zero line), as well as in
the curve for the generated voltage with switched on magnetic field, to all
probability is caused by the fact that the two Hall probes are not comple
tely straight opposite each other. For, the dip occurs the moment that a
striae arrives at the anode side of the probes. As the absolute value of
the generated voltage at this moment appears not to be independent of the
direction of the magnetic field we suppose that one of the probes is
reached earlier by the stria than the other one.
The form of the curves measured (fig. III,3) gives an indication as to the
energy of the electrons, based on the above mentioned relation (page 71)
between the drift velocity and this energy. At the maximum point of the
stria, the electrons lose their kinetic energy, so that the drift velocity
increases and becomes maximum (curve for 15 mamp).

75



In between these two maxima, the electron is accelerated, and the drift
velocity decreases. With all this, the magnitude of the electric field plays,
of course, an important rene. For the two sets of moving striae (6 mamp)
the form of the curve measured can be explained in the same way, provi
ded that it is taken into account that here the voltage measured is a result
of two groups of electrons, having a mutual energy difference of 9 eV.

In spite of the uncertainly as to the interpretation of the Hall measure
ments, we can now draw the conclusion that the drift velocity of the elec
trons in the positive column of the glow discharge, in which we find
moving striae, may not at all be considered constant. For small values of
the current, with which the change of the electric field in respect of the
average field strength may still be considered small, we may - as men
tioned above already - also conclude that here too the kinetic energy of the
electrons depends on the location in respect of the maximum of a stria.

4. The development of moving strioe in the positive column of the gl_ dischorge

In the foregoing we have observed already that with small values of the
current, the reduced field strength in the column of the neon glow dis
charge is practically equal to the reduced field strength in the layer dis
charge, and that the electrons, just like with the layer discharge, enter
the column with a kinetic energy, being small with regard to the smallest
excitation energy of the neon atom. Under these condition, a layer struc
ture may appear. However, as soon as with an increasing current the
electrons exchange mutually sufficient energy, so that the sprew. in the
electron energy becomes relatively large, the layer structure will fade
out. Nevertheless, we shall always be able to point out places at the
cathode side of the column, where the chance of the forming of excited
atoms has a maximum. To make this more clear, these places have been
given schematically in fig. IlIA. Dependent on the nature of the ioniza
tion process, these maximum values of that chance will now, as the
current increases, be able to increase or not.

If the ionization process consists of the direct ionization of the neon
gas atoms through the electrons, then - as the current increases and con
sequently the reduced field strength decreases - the spread in the electron
energy will increase. For, with the small values of the reduced field
strength, practically only those electrons can come to an ionizing collision
which, via the mutual energy-exchange of the electrons, have received this
ionization energy. Consequently, there must be electrons, which after
having transferred energy, have kept only a small energy, which leads to
a wide spread in the energy. As the spread in the energy of the electrons
increases, the light layers fade away, and the value of the maximum
chance mentioned decreases.
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It is different, if the ions are formed via the ionization mechanism
according to Penning. This is made clear in fig. IlIA. At the spots where
there exists a preference for the forming of excited atoms, there exists
also a preference for the forming of metastable atoms, and consequently
the forming of positive ions and electrons according to the ionization
mechanism described by Penning. The mobility of the electrons is so
great that, soon after they have been formed, they disappear in the direc
tion of the anode. The ions move much slower and form space charges at
the spots where they have come into existance.
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Fig. 111.4 Seneme to illustrate the development of mo.ving striae in the positive column of the glow

discharge

The resulting space charge distribution entails a distortion of the elec
tric field. At the cathode side of the positive space charge, the electric
field is increased, whereas it is decreased at the anode side. As a result
of this, at the spots where the electron energy is large, the electric field
is also large and on the other hand, there where the electron energy is
small, the field is small, too.

ThUd, at the spots in the column where the electrons come to excitation
of the gas atoms, the field is approximately maximum, and the chance of
excitation even increases, whereas at the anode side of the space charge
cloud, as a result of the low value of the field strength, the number of
elastic collisions increases. For that reason, an electron that during the
passing of the positive space charge cloud does not transfer its energy to
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the gas, will now lose its energy inthis region, as a result of the elastic
collisions.
This exchange mechanism of energy becomes of great importance for
higher values of the ion concentration, Le. for higher values of the cur
rent. We shall revert to this matter later on.

The forming of the positive space charge, and' consequently the dis
tortion of the electric field, works as a kind of trigger mechanism for the
transfer of energy from the electrons to the ga.s, and strengthens the
preference for the excitation of the gas atoms at the spot of the space
charge clouds. As at a short· distance at the anode side of a space charge
cloud the electrons all have a small energy again, the mechanism discuss
ed will repeat itself, so that the forming of these space charge clouds
remains not restricted to the cathode side of the column, but reaches as
far as the anode.

The creation of the positive space charge clouds and the distortion of
the electric field are attended by a change of the potential distribution
along the axis of the discharge. The potential difference between the
space charge clouds with respect to each other remains the same, but the
potential difference between the cathode space and the first space charge
cloud at the cathode side of the column increases. The electrons entering
the column, now will already have obtained the excitation energy of the gas
at a spot, which has moved in the direction of the cathode. It is there that
they will thus bring the gas into the excited condition, and build up a new
positive space charge cloud (fig. rnA). The old space charge cloud will
in first instance be neutralized by slow electrons. At the glass wall the
remaining ions will recombine with electrons.
Because the potential difference between the places in the column where
excitation and consequently light emission can occur, always have a cer
tain constant value, all these places shift, too, in the direction of the
cathode. In the next section we shall consider over what distance the first
light layer at the cathode can move on, and why this moving of the other
light layers gets a continuous character.

As the current through the column increases, the average ion concen
tration must also increase. Up to now, we started from the assumption
that the ionization mainly takes place as a result of the ionization mecha
nism according to Penning, and that there is a sufficient number of for
eign atoms or molecules to procure the space charge required. With
higher values of the current in the column, this will no longer be the case,
and another ionization mechanism will have to replace the one according
to Penning.

After the light layers, and thus the positive space charge clouds, have
been formed, the field strength at the cathode side of the first light layer
increases. As mentioned above already, this means that in the region
within which the kinetic energy of the electrons approaches the excitation
energy of the gas atoms, the field is apprOXimately maximum. With this
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higher value of the electric field strength, the value of the reduced fi"lld
strength will also increase and from fig. 0.1 we can deduct that, a~ a
result of this, the chance of the direct ionization of neon atoms also in
creases. As the potential difference between two successive striae
amounts to only 18.5 volts and does not increase with higher currents this
form of ionization will only occur if there exists a large spread in the
energy of the electrons.

5. Arrangement for studying the movement of the striae in the positive column

For a further investigation as to the striae, it is of great importance
to get a better insight into the form as well as the movement of the striae
in the column. Up to now, use has been made of the rotating mirror. How
ever, since the data obtained in this way are rather limited, we have
developed another method. If the movement of the striae is periodical, we
can determine the form of the striae by means of electronic equipment.
The form of the striae at a time t, after a fixed reference moment in the
phase, for instance, the moment that a stria is formed in the anode space,
can be measured by measuring during a short period the light emissi6n of
the column as function of the distance to the cathode. To measure the light
emission, we make use of a photomultiplier tube and a slit system.
During the experiment, the photomultiplier tube with slit system is moved
along a line parallel to the column, while every time again at the time t,
during period !'1 t, the current of the photomultiplier tube is measured as
function of the place. When we define the resolving power as the quotient
of the length of one period of the moving striae pattern and the part that
during the short period !'1 t passes the slit system, this amounts to

d

!'1d + v !'1t

M width of slit;
v velocity of striae;

!'1 t measuring time;
d : distance between the striae.

As the distance from the slit to the tube is about as long as the length of
the slit, we find per percent in accuracy of the measuring results for the
admissible slit width:

or with, e.g. d = 15 mm

!'1d = 1.5 10.1 mm
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The smallest usable slit width is determined by the light intensity which
still can just be detected by the detector cell. It was for that reason that
we chose a photomultiplier tube as light detector. The width of slit !id can
be chosen sufficiently small to restrict the contribution in the inaccuracy
to 3% at the highest.
For the measuring period !it pro percent inaccuracy we !ind

v !it
--100 = 1

d

with, for instance, v = 102 m/sec and d = 15 mm !it = 1.5 10-6 sec.

If we do not wish to increase the inaccuracy of 3% too much, then it is
necessary, for instance, within period !it = 1.5 10-6 sec to carry out the
measurements of the light intensity with a sufficient accuracy.

To make the electronic equipment not too complicated, we made use of
the arrangement as depicted in fig. 111.5.

The intensity of the light emitted by the column, falling via the slit system
on to the photomultiplier, is given as function of the time on the oscillos
cope screen. The time basis of the oscilloscope is started by the perio
dical voltage variation across the series resistor Rv' The time of starting
of the time basis has a fixed retardation in respect of the time that the
stria is formed in the anode space. The former time is taken as reference
time for measuring the place of the striae in the column. The vertical
deflection of the oscilloscope at a certain spot of the horizontal axis of
this picture gives now the light emission of the column at the spot of the
photomultiplier, at a certain time after the reference time.

When we now move the photomultiplier along the column, then the ver
tical deflection in the point mentioned of the horizontal axis, gives the
light emission of the column as function of place at the time mentioned
after the reference time. The time at which the measurements are carried
out can be adjusted by choosing another point on the horizontal axis of the
oscilloscope. In this way we also obtain measurements as function of time.
As we wish to get as faithful a picture as possible of the form and the
place of the striae at a certain moment, many measurements have to be
carried out. This number of measurements is even larger, if we wish to
determine the form and location at various times t. For that reason it
definitely pays to make these measurements automatically. The basis of
this automatic measuring is formed by a curve follower cJ. (see fig. 111.5),

which follows the oscillograph in vertical direction. In order to prevent
any mechanical difficulties during the movement of the photomultiplier,
we kept the curve follower in one position, while the picture on the oscillo
scope moves. This was achieved by adding a variable direct voltage to the
signal of the photomultiplier, the value of which is controlled by the curve
follower. The value of this direct voltage gives then also an indication as
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Fig. 111.5

Circuit of the arrangement with which the form and the movement of the striae in the positive column
was studied.

cathode
anode
probe for measuring the potential diffe..

renee across the column

V vol meter with high input impedance

series resistor

photomultiplier tube with slit system
motor to move the photomultiplier tube
along the column
potentiometer as coupling element be

tween the place of the photomultiplier
tube and the deflection of the Y-oxi s
of the X· Y recorder

Tube data: column length 200 mm
neon gas pressure 3 mmHg
column diameter 12 mm

A
tr

c.f.

B

the signal of the photomultiplier tube

trigger signal, used during the measuring
as reference time

curve follower, the detector of which
consists of two Iightsensitive resistors
ORP 60 in a bridge circuit
servo motor, controlled by the curve
follower
potentiometer contr 0 lied by the servo
motor

the potentiometer potential, added to
signal A. At the correct value of B, the
curve on the oscillograph will lie be
tween the two light sensitive resistors.
Potential B is plotted along the X.. axi s
of the X·Y recorder.

to the intensity of the light emitted by the column at a certain moment and
at a certain place of the column.

The curve follower consists of·a Wheatstone bridge-circuit of two light
sensitive resistors. One of the light-sensitive resistors is placed above
the curve on the oscilloscope, the other under the curve. The difference
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signal of the bridge circuit is fed to a power amplifier, operating a servo
motor M2' This motor in its turn controls the value of the direct voltage,
which we add to the signal of the photomultiplier, in order to make the
curve on the oscilloscope fall in between the two light-sensitive resistors.

The direct voltage in question is fed to the X-axis of an X-Y recorder.
Via a potentiometer circuit, the Y coordinate of the recorder is coupled
to the place of the photomultiplier with regard to the column. If now - with
the aid of motor M 1 - we let the photomultiplier slowly move from the
cathode space to the anode space, then the X-Y recorder will record the
light emission of the column as function of the place between the cathode
and anode space at one certain moment. If we repeat this measurement,
after we have moved the curves on the oscilloscope in horizontal direction,
we get a same picture of the light emission of the column, but at a slightly
different moment. By recording in this way several light emissions, which
in respect of each other have been slightly shifted, in time, we can get an
impression of the distance covered by the striae in the column in the
course of time.

The maximum dimensions of the light-sensitive resistors, used in the
curve follower, are determined by the maximum admissible duration of
the time of measurement !'>t.

In the foregoing we have seen that this M, if it may contribute 1% to the
inaccuracy of the end result, may be 1.5 10-6 sec.

In the arrangement described, M is determined by the length of the
light-sensitive resistors in the direction of the horizontal axis. Therefore
the maximum length of the light-sensitive resistor will be equal to one
hundredth part of the horizontal distance on the oscilloscope between .two
maxima in the vertical deflection. For, the latter distance corresponds
with the duration of time between the passing of two successive striae in a
certain place of the column.
The transit time of the time basis should be larger than or equal to the
latter duration of time, if - during a complete cycle of the periodical stria
movement - we should like to be able to measure the light emission as
function of place in the column.
For the oscilloscope used, this means that the distance between two
maxima in the vertical deflection of the oscilloscope, with a five-times
enlarged picture in horizontal direction, may be maximum 5 x 80mm =

400 mm.
If the inaccuracy contribution may be 1%, the maximum length of the light
sensitive resistor becomes thus:

1
100 400mm = 4mm

Basing ourselves on these considerations, as light-sensitive resistor type
ORP 60 (Philips) was chosen.
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The discharge tube has been executed with a hollow anode, as it appeared
that this promotes the periodicity of the movement of the striae. A slit
has been left open in this anode, in order to be able to measure also the
light emission in the anode space. The potential difference across the co
lumn is measured with the aid of a probe s at the cathode side of the
column. The anode of the discharge tube is earthed.

6. Results of 0 study of the ·progression of the moving striae in the positive column

Before starting to determine the way of progression of the striae in the
column, we investigated at what currents these measurements would have
most sense. For that reason, first of all the velocity of the striae in the
neighbourhood of the anode, as function of the current in the column, was
measured. The relevant results have been given in the figures m.6 and
III.7.
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Fig. 111.6 Fig. 111,7

The velocity of the striae at the anode side
of the column as function of the current. The

outlined figures giv-e those currents, for which

the form of the striae and their way of progres..

sion was studied. These figures correspond

with the indices for the figures 111.8(1 i06)'
The arrows, not belonging to the figures,
indicate the places of the jumps, occurring if
use is made of Q larger series resistor
(Ry = 100 kn).
'V'iiN The discharge is not completely stable.

The potential difference across the column as
function of the current. The separate line frag..
ments belong to the line fragments of fig. 111.6.

rube data for figures 111,6 and 111.7:
Length of the column 200 mm
Diameter of the column 12 mm
Neon-gas pressure 3 mmHg
Series resi stor Rv = 5 k n.
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The velocity of the striae has been calculated from the quotient of the dis
tance between two successive striae d and period of time t, between the
passing of two such striae at a certain spot in the column. These two mag
nitudes were measured with the aid of the arrangement, given in fig. 111.5.
For currents higher than 16 mamp the discharge becomes unstable; with
currents lower than 1 mamp no moving striae appear any more.
The curve in fig. 111.6 for the velocity of the striae as function of the cur
rent shows jumps and hysteresis. With the curve for the potential diffe
rence across the column, the same effects are observed, but to a much
smaller extent.
When this measurement is repeated for one and the same gas-discharge
tube, these two graphs - within narrow limits - are found again. For
different gas-discharge tubes, which were tried to be made identical,
large differences in these graphs present themselves. With all these tubes,
jumps occur, but the velocity of the striae and the currents at which the
jumps happen, can strongly vary. Supposedly, these considerable diffe
rences are the results of small differences in the shapes of the gas-dis
charge tubes at the spot where the cathode space passes into the column,
the size and the condition of the cathode surface, the form and place of the
supporting rods of the cathode, or the distance between the cathode and
the beginning of the tube, in which the column appears.
The measurements have been carried out at currents, indicated by the
outlined figures with arrows in fig. 111.6, and are depicted in fig. III.S (1
to 6). The outlined figures correspond with the numbers of the latter
figures.

In fig. IlLS (1 to 6), the light emission of the column has been given as
function of place and time. In horizontal direction, distance ij to the
cathode space has been plotted. The cathode side of the column, is at the
left-hand side of the figure. The end of the column, and thus the beginning
of the anode space (hollow anode), is indicated by a. The different curves,
drawn above each other, represent the striae pattern at different times
with mutually a constant time difference. This can be seen from the more
or less constant displacement of the striae at the anode side of the column
between two successive curves.
In fig. III.S (1 to 6) it is remarkable that the distance between the striae
for the figures 1 to 4 is about half the relevant distance for figures 5
and 6.

In figures 1 to 4 we have two moving sets of striae, i.e. there are two
systems of striae in the column, moving at the same speed in the direc
tion of the cathode. The potential difference between these two systems is
about 9 V, consequently half the potential difference between two succes
sive striae in a single system. For that reason, it is to be expected that
some of the jumps are discontinuous transitions between the two modes of
discharge given in the figures 4 and 5. These transitions are caused by
one of the striae systems disappearing. Sometimes, with such a jump
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5 mA.
Fig. II1.8i

5 mA. t
Fig. 111.8 2 	a'
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The striae in the positive column for points 1 and 2 in fig. 111.6



6.5 mA.
Fig. 111.83

9.5 mA.
Fig. 111.84
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The striae in the positive column for points 3 and 4 in fig. 111.6



11 mAo
Fig. 111.85

Fig. 111.86

11 mAo
a

. The striae in the positive column for points 5 and 6 fig. 111.6
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there may be an intermediate state, in which there appears the single as
well as the double striae system. An example of this is given in fig. ill.9.
As this result was found more or less accidentally, the striae patterns at
the cathode and the anode sides of the column fail in these figures.
When comparing the striae patterns found before and after the remaining
jumps, we find that with these jumps, during the jump, the number 01

striae present at the same time, in- or decreases with one. Considering
the constant potential difference between the striae, we might expect that
the potential difference across the column, between two jumps, should
change accordingly. This is not always the case, because at the cathode

Fig. 111.9

The striae in the positive column in case there is a single as well as a double system of striae.
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side of the tube there are stationary striae, and with one of the iumps
studied, such a stationary stria disappeares (2 to 4). Apparently, the
function of the stationary stria is taken over by the moving stria.

During measurements, when there was only one stationary stria at the
cathode side of the column, there appeared to exist, indeed, a good cor
respondence between the potential difference across the column and the
number of striae present, provided that a sufficiently large series resistor
was used.

When use is made of a large series resistor, the jumps can be dis
placed to lower current values, and it may happen that an extra jump is
developed. As we suppose, this phenomenon is caused by the fact, that the
moment that a new stria should be formed at the anode, the voltage across
the column, as a result of the change of the current in the series resistor,
decreases to such an extent that this forming of a stria is retarded.
As we have seen already, in the positive column we find, besides the mo
ving striae, also stationary striae, which interfere with our investigations
of the moving striae.

As it appeared that between the tubes the number of stationary striae
varied, we tried to investigate the cause of their existence. During an
experiment, whiCh had been arranged in such a way that the area of the
cathode could be var.ied, we found that the number of visible stationary
striae is influenced strongly by the circumstance whether the cathode
surface is completely covered by the glow light or not. For so small cur
rents (large series resistor) that moving striae do not yet appear, and
such a small cathode surface that the whole surface plus the supporting
rods of the cathode are covered with the glow li.'ght, we find stationary
striae, the number of which increases as the cathode surface is cho.sen
smaller.

The distance between the stationary striae increases, as the distance
to the cathode becomes larger. If we assume that there, too, the potential
difference between the striae is every time about 18.5 V again, then we
find that the reduced field strength at the cathode side of the column is
equal to the reduced field strength in the layer discharge F/po = 300
Vim mmHg, and that, as the distance to the cathode increases, this field
strength decreases to a value of approx. 200 Vim mmHg.
As already observed in Chapter I, the fading out of the layers at the anode
side of the column is probably a result of the low value of the reduced
field strength there, and consequently of the increasing spread in the elec
tron energy resulting from the increased number of elastic collisions.
To all probability, the stationary striae are therefore caused by the same
mechanism as the one causing the light layers in the layer discharge. The
criteria, whether under these circumstances they will appear or not, are:

1. The reduced field strength in the column at the cathode side should
have a value in the region, favourable for the forming of layers (250
to 400 Vim mmHg).
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2. The current has to be chosen sufficiently small, so that the ions,
necessary to maintain this current, have only a limited influence on the
form of the electric field.

3. For these small values of the current, the reduced field strength in the
dark space of Faraday should be sufficiently small, so that the energy
of the electrons, the moment they enter the column, is small in respect
of the excitation energy of the gas atoms (cathode surface completely
covered with glow light).

When there appear a large number of stationary striae, it is not to be ex
pected that at the same time there will be two sets of moving striae. This
correlation has been found by experiment, while its cause will be explained
in the next section.
Moreover, it has been found by experiment that the first stationary stria
at the cathode side of the column often consists of two separate light
layers. The light emission of the first layer is more intense than that of
the second layer. Supposedly, the cause of this fact has to be sought in the
form of the electric field there, as a consequence of the more or less
abrupt passing-over betwe~n the wider cathode space and the thinner tube
in which the column appears. For the further study of the column, it is of
great importance to get a better idea of the form of this field.

Further we read from fig. m. 8(1 to 6) that the moving striae do not
penetrate as far as into the cathode space, but more or less gradually dis
appear before having reached this space. For smaller currents, the striae
have already to a large extent disappeared, before having reached the
second stationary stria offside the cathode (fig. m.8 1.and 2).
With larger currents the moving striae penetrate further and further in
the direction of the cathode, and by this, drive away the stationary striae.
This is in accordance with the view (section 4) that at all times the poten
tial difference between the dark space of Faraday (of the first stationary
striae) and the first moving stria at the cathode side of the column,
amounts to approx. 18.5 V. We shall revert to this matter in the next
section.

Apart from that we find in fig. m. 8(1 to 4) an indication for the presence
of the two sets of moving striae and the way they come into existence. It
may happen that, the moment that a stria at the cathode side of the column
disappears, the light emission of the third and fifth striae temporarily
decreases fig. m.8(3 and 4), whereas the light emission of the second and
fourth striae increases.
This information will be used in the next section, when we describe the
two sets of moving striae.

7. The velocity of the moving striae in the positive column

The striae of the positive column move towards the cathode. As we
have seen in the foregoing, this moving of the striae is the result of two
causes. On the one hand, a positive space charge cloud is formed there,
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were we find a stria, so that the potential there in respect of, for instance,
the cathode space or a stationary stria increases. On the other hand, the
potential difference between the cathode space and the first moving stria
should at any time amount to 18.5 V.
The striae need not all have the same velocity at the same moment. So,
for instance, the frist moving stria at the cathode side of the column has a
smaller velocity than the other striae, This difference can be explained as
follows: in general, the shifting of the potential /!.t the spot of a stria is
not only determined by the positive space charge cloud formed there, but
also by the shifting of the potential at the preceding stria. However, with
the first moving stria, the shifting of the potential is solely determined by
the space charge formed there, because the potential at the beginning of
the column as function of time is constant.

As the striae cannot overtake each other, the repetition frequency for
the passing striae must be equal for the whole column. If we are able to
determine the repetition frequency for a certain spot of the column, it is
possible to calculate the average' velocity of the striae at another spot,
from the product of the repetition frequency and the average distance
between the striae at that other spot in the column.

The repetition frequency is determined by the movement of the first
moving stria at the cathode side of the column as function of time. For,
the velocity of the first stria is smaller than the velocity of the other
striae, and the velocity of any stria, via the shifting of the potential, can
be influenced, indeed, by the velocity of the preceding stria, but we should
not be able to give any reason why such an influence would also be possi
ble for the next stria.

At this moment, the behaviour of the first stria cannot be exactly des
cribed, through lack of information. For that reason we restrict ourselves
to giving our insight, got during our investigations.

During the moving of J;he first stria towards the cathode, the field
strength at the cathode side of this stria must increase as the necessary
potential difference between the cathode space and this stria will have to
be maintained. The increase of the electric field is a result of the positive
space charge, formed at the stria. From the experiments it further
appears that the velocity of the stria gradually decreases. Because the
velocity of the stria is greater than the drift velocity of the positive ions,
the difference in velocity between the stria and the ions will decrease, and
consequently, the concentration of ions at the maximum of the striae will
increase further. It is now quite acceptable that at a certain distance from
the cathode space, the velocity of the stria has decreased to such a degree
that this has become equal to the drift velocity of the ions. Very soon after
that, Le. after the stria velocity has decreased slighly more, the ions will
leave the stria at the cathode side instead of at the anode side, and the
potential difference between the spot of the stria and the cathode space
can no longer be maintained. This leads to the consequence that the elec-
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trons here cannot come to excitation of the gas atoms and that the forming
of positive ions stops. Thus the positive space charge cloud disappears.
The place where the potential difference with the cathode space required
for the excitation, prevails, skips more or less discontinuously in the
direction of the cathode. After such a jump the electrons will therefore
have to cover a larger distance in the direction of the anode, before they
are able to come to the forming of a stria. The shifting of the stria in the
direction of the cathode can now repeat itself. The reciprocal value of the
period of time necessary for the shifting of the frist stria between the
moment of the skipping of the potential and the moment the stria has dis
appeared, is equal to the repetition frequency of the stria pattern.

The moment that a stria disappears at the cathode side of the column,
and the electrons have to cover again a longer distance in the direction of
the anode before they can come to excitation of the gas atoms, complica
tions may arise. Namely, the new place of the excitation need not coincide
with the place where the next moving stria is found at that moment.

To all probability, this complication is decisive for the appearance of one
or two sets of moving striae. Moreover, it may influence the velocity of
the striae as well as cal:lse instabilities. If all the electrons in the entire
cross section of the discharge at the new spot and at the same time trans
fer their energy to the gas, and if this spot does not coincide with the next
stria, the old striae system is forced to disappear and a new system
develops. This has to happen again, each time after a stria at the cathode
side of the column has disappeared. One can well imagine that such a
procedure gives rise to instabilities. However, in general the energy of
the electrons on their arrival at the beginning of the column shows a cer
tain spread, and the process of disappearing striae at the cathode side of
the column takes place more gradually than suggested above. This makes
it possible that part of the electrons, while a stria disappears, continue to
participate in the old striae system, whilst the remaining electrons build
up a new system, in which the striae are located in between those of the
old system. We now have the two sets of moving striae. This course of
affairs is clearly shown in fig. IIL8 3 and 4. The moment that a stria at
the cathode side of the column disappears, the light emission of the second
and fourth striae increases, while the light emission of the third and fifth
striae temporarily decreases.

According to this explanation, the two sets of striae can only appear if
the spread in the energy of the electrons, the moment they enter the co
lumn, is not too little. This also explains why there are not two sets of
striae, if we restrict this spread. This is done by making use of such a
small cathode area that already for such small currents, that no striae
appear, the whole cathode surface is covered by the cathode glow. And
this is what happens a fortiori when striae appear for the first time. Under
these circumstances, the value of the reduced field strength in the dark
space of Faraday is relatively small, as well as the energy of the elec-
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trons, the moment they enter the column. The result is that the spread in
the energy of the electrons at the spot of the first stria is also small com
pared to the average excitation energy of the gas atoms. Mostly, it is
under these circumstances that there appear several stationary striae.

With two sets of striae, after a moving stria has disappeared, the dis
tance, which the electrons will have to cover at the beginning of the column
before they can come to excitation of a gas atom, will show a wide spread.
Moreover, the spot for which the chance of excitation is optimum, will not
coincide with the spot of the next stria, arriving from the column. But,
the trigger mechanism mentioned before, acting at the spot of the arriving
stria, will now take care that the pertinent system of striae continued by
part of the electrons, while th~> remaining electrons will make the other
system of striae continue. It fs not surprising that - through this mecha
nism - a complicated pattern of moving striae can appear at the cathode
side of the column.

For our further investigations it is of importance to find out what in
fluence the spread in the electron energy at the beginning of the column
has on the movement of the striae in the column. With the aid of the pic
ture of the appearance of moving striae, as described in section IIIA, the
existence of jumps in the velocity of the striae becomes more clear. In
the section mentioned we saw that the forming of positive ions mainly
takes place at the spot of a stria. The stria itself may be considered an
active space. The average concentration of ions required is mainly deter
mined by the current in the column (section 2).

If now, at a constant current a stria disappears and consequently an active
space, then the probability of ionization for an electron during the passing
of each stria must increase. This causes apparently a higher velocity of
the striae, which is clearly shown during the passing-over from the two
sets of striae to one set of striae. As the number of active spaces in the
column is practically halved, the probability of ionization per electron
while passing a stria, should nearly be doubled. Seen relatively, the velo
city of the striae during this jump increases more strongly than during the
jump when only one stria disappears from the column. With the jumps with
which a stationary stria disappears from the column, the view given can
not be applied. Here the change of the velocity of the striae to all proba
bility is determined by another mechanism.

With higher currents at any rate the two sets of striae pass over in one
set. As far as can be judged at this moment, there exist two different
ways to explain this passing-over. However, it is not quite clear under
what" circumstances which of these two explanations holds good. The first
manner is based upon the fact that - as observed in the preceding section
- the first moving stria at the cathode side of the column, with an increa
sing current will penetrate more and more in the direction of the cathode.
If now, at a certain current, after the first moving stria has disappeared
at the cathode side of the column, the spot where the electrons bring the
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gas in excited condition, reallonably coincides with the next moving stria
of the same striae system, and if we should have to do with two sets of
striae, then the other system could no longer be continued; it would have
to disappear.

Another possibility to explain the passing-over from the double to the
single system of striae might be found in the reduced field strength at the
anode side of the stria. As the current increases, the concentration of
ions at the spot of the stria also increases, so that the field strength in
the region at the anode side of the stria must decrease. As consequently
the number of elastic collisions strongly increases, the situation may
arise that the energy, taken by the electron from the electric field, be
comes smaller than the energy transferred by the electron to the gas
atoms as a result of the elastic collisions. As a result of the fact that a
higher random velocity entails a lower drift velocity, this even counts
more strongly, as the kinetic energy of the electrons increases. Thus,
during the passing of this space with a low field strength, the electrons 
as far as their kinetic energy is concerned - are forced to catch step, and
consequently below a certain value of the reduced field strength the two
sets of striae can no longer be maintained. The discharge now becomes
either unstable or passes over to the single system if striae.

The latter passing-over is shown in fig. 111.9. As we suppose the
simultaneous appearance of the single and double systems of striae is
caused by the fact that the field strength at the anode side of the column is
smaller than at the cathode side, which follows from the difference in dis
tance between the striae. That is why it may happen that at the cathode
side of the column there still exists a sufficiently large value of the field
strength between two striae, for the appearance of a double system of
striae, but no longer at the anode side.

The magnitude of the energy exchange of an electron with its surroun
dings as function of the reduced field strength F/po' and the distance
covered, can be calculated. To simplify matters, we omit in this calcula
tion the energy transfer to the atoms in non-elastic collisions, as well as
the energy exchange of the electrons when they collide with each other.
With small currents, when still a double system of striae appears, we
find to a certain degree an energy exchange of the electrons mutually. How
ever, this exchange is so small that the potential difference between the
striae of one system is not yet noticeably ·influenced. This influence does
not appear until the current has increased to such an extent that the striae
system has become single. The change of the kinetic energy E of the elec
tron after haVing moved over distance dx in the direction of the anode is
represented by:

(
me po)dE = eF - 2-E - - dx
M v Al
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the average energy transfer from the electron to the gas atom
per elastic collision;
the number of elastic collisions per unit of length of the way,
covered by the electron in the direction of the anode;
random velocity of the electron;

: drift velocity of the electron;
: average free path of the electron at 1 mm gas pressure.

v = 2eF A] 13me Po (see page 46) provided that dA1 I de = 0 which by appro
ximation is the case with neon.
If the drift velocity v and the random velocity c = V2Elm are filled in, we
find the differential equation:

For larger values of x, dE/dx has to decrease to zero, and the average
kinetic energy of the electrons becomes:

E = eF A] ~
co Po 6m

For the average energy of the electrons at spot x = 0, we take

The solution of the differential equation becomes:

For neon, if according to the above mentioned conditions there are only
elastic collisions, the eventual ultimately resulting kinetic energy be
comes:

In this formula, for A] , has been taken 11900 m, while the dimension of
Flpo is Vim mmHg.
With the aid of the formula for x we can, for instance, calculate, what
distance as an average the electron has to move in the direction of the
anode, before, as an average, it has transferred a certain fraction of its
energy to the gas in the elastic collisions. We have done this for different
values of the reduced field strength, basing ourselves on the assumption
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that the electron starts with an energy of 20 eV, while for the above men
tioned fraction of the energy lost in elastic collisions 75% was chosen.

The values found for x
75

are given in the table below. For the gas
pressure of the neon gas Po = 3 mmHg was chosen. x 75 is inversely pro
portional to the gas pressure, provided that the reduced field strength is
kept constant.
Moreover, energy Eo<> is given in the table.

TABLE I

F/po Vim mmHg Eo<> eV x metre
75

50 4.25 2.9 .10-2

40 3.4 1.82.10- 2

30 2.55 1.52.10- 2

20 1.7 0.75.10- 2

10 0.85
-2

0.36.10

x
7S

the distance an electron with an energy of 20 eV has to cover in the
direction of the electric field, before 75% of its energy has been
transferred to the gas atoms in elastic collisions.
the average value of the kinetic energy of the electrons, after they
have covered a long distance in the electric field given.

For the column studied, the distance between the striae, if there appears
a double system of striae, is about 1.510-

2
m. If now, according to the

mechanism described, this double system will have to pass over into the
single system, then - as can be read from the above given table 
the field strength in the region between two striae should be smaller than
30 Vim mmHg. This value is reasonable value, seen the average field
strength in the column.

After, with an increasing current in the column, the reduced electric
field between the striae has reached this low value, the influence of the
trigger mechanism considerably increases.

This is easy to be understood if we consider that, after the single striae
system has been formed, the probability of ionization and consequently
the concentration of the positive ions at the striae is approximately dou
bled. Moreover, the distance between two striae has become twice as
large. One can well imagine that, with a sufficiently strong current, the
striae pattern remains, in spite of the circumstance that the energy of the
electrons in a certain cross section of the column may show a large
spread.
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The influence of the energy exchange of the electrons mutually, as a
result of which there develops a larger spread of the energy in a certain
cross section of the column, will therefore, with this large current, form
no longer a hindrance for the appearance of moving striae.

On the other hand it may be possible that, for that very reason, through
this energy exchange of the electrons mutually at the striae, a sufficient
number of ions is formed, while yet the potential difference between the
striae is approx. 18.5 V. However, we shall not g;0 into further details
as to these phenomena at larger current strengths, because for this field
so many questions would remain unanswered, that a further study would be
necessary before we could acquire a more or less clear picture of the
phenomena in question.
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SAMENVATTING

De lichtlaagjes van de laagjesbuis van Holst en Oosterhuis worden veroor
zaakt doordat de overdracht van de energie van de elektronen aan de gas
atomen in eerste benadering in discrete porties plaatsvindt. De spreiding
in deze energieoverdracht en de breedte van de energieverdeling van de
elektronen op het moment dat ze de kathode verlaten zijn in belangrijke
mate bepalend voor het aantallichtlaagjes dat zichtbaar is. Voor neon is
bij de waarde F/po ~ 300 Vim mmHg van de gereduceerde veldsterkte de
spreiding in de energieoverdracht minimaal.
In de door M.J. Druyvesteyn beschreven laagjesbuis, die niet identiek is
aan de laagjesbuis van Holst en Oosterhuis, werd de lage waarde van de
gereduceerde veldsterkte verkregen door de kathode gevoelig te maken
voor het zichtbare licht van neon. Ais gevolg hiervan<wordt het secundaire
ionisatiemechanisme in hoofdzaak bepaald door de gevormde lichtfotonen
en is het niet noodzakelijk dat binnen de ontlading ionen worden gevormd.

Uit de vorm en de plaats van de laagjes in de laagjesbuis bij hogere
stroomsterkte is het mogelijk de verdeling van de ruimteladingsdicht
heid binnen de ontlading te berekenen. Uit deze berekening en de vorm
van de V.i. karakteristiek van de townsendontlading moet men de con
clusie trekken dat de diameter van de townsendontlading tussen twee
cirkelvormige vlakke en evenwijdige elektroden in het algemeen niet ge
lijk is aan de diameter van de elektroden. Deze diameter van de ontlading
wordt bepaald door de beweging van de ladingdragers loodrecht op de as
van de ontlading, de daaruit resulterende verdeling van de ruimtelading en
de hierdoor ontstane vervorming van het aangelegde elektrische veld. De
vorm van de V.i. karakteristiek is dan ook n<iet aIleen bepaald door de to
tale ruimtelading, maar eveneens door de verdeling van de ruimteladings
dichtheid. Dit kan tot de situatie leiden dat, wanneer de stroomsterkte
i toeneemt en gelijktijdig de ontlading rond de as samentrekt, de totale
ruimtelading Q afneemt.
Zodra (aQ/aov negatief wordt is de ontlading, zoals afgeleid werd d"or
Chr. van Geel.< instabiel. Deze instabiliteit treedt op in het overgangs
gebied van de V.i. karakteristiek tussen de townsendontlading en de glim
ontlading.
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Uit de vergelijking van de laagjes van de laagjesbuis en de lopende striae
in de positieve zuil vinden we, dat voor kleine waarden van de stroom
sterkte door de zuil de oorzaak van het optreden van de striae gelijk moet
zijn aan die van het optreden van de laagjes. De benodigde ionen worden
ter plaatse van de striae gevormd, in eerste instantie door het ionisatie
mechanisme zoals beschreven door F. M. Penning. Nadat de striae een
maal gevormd zijn en als de waarde van de stroomsterkte niet te klein is,
is het tevens mogelijk dat door de spreiding in de energie van de elektronen
neon-ionen worden gevormd.
De verdeling van de ruimtelading, die ontstaat doordat de driftsnelheid
van de elektronen vele malen groter is dan die van de ionen, heeft een
relatief grote invloed op de vorm van het elektrische veld. Deze invloed
die zich uit als een invloed op het voortbestaan en de gedragingen van de
striae is tweeledig:
1. Ter plaatse van een lichtlaagje is de kans op de vorming van ionen

maximaal. Deze kans neemt nog toe naarmate de ionenconcentratie daar
ter plaatse groter wordt, Zo ontstaat door terugkoppeling een soort
triggermechanisme waardoor het striaepatroon niet alleen bij kleine
stroomsterkte optreedt, maar ook als deze toeneemt. Dit is zelfs het
geval indien het ionisatiemechanisme, zoals is beschreven door F. M.
Penning, overgaat in de directe ionisatie van de neon-gasatomen.

2. Het potentiaalverschil tussen de kathoderuimte en de plaats van de eerste
striatie aan deze zijde van de zuil neemt in de loop van de tijd toe door
de groeiende ruimtelading. Omdat het eerste maximum van licht
emissie en ionisatie in neon steeds optreedt zodra dit potentiaalverschil
~ 18.5 volt bedraagt, verschuift de eerste striatie in de richting van de
kathoderuimte. De afstand waarover deze striatie in de richting van de
kathode kan verschuiven en de tijd waarin dit gebeurt zijn afhankelijk
van de ontladingsgrootheden in het begin van de zuil; de snelheid waar
mee de eerste striatie verschuift is in het algemeen bepalend voor de
snelheid van de andere striae in de zuil.

Bij kleine waarden van de stroomsterkte kunnen gelijktijdigtwee systemen
van striae in de zuil aanwezig zijn die zich met gelijke snelheid in de rich
ting van de kathode voortbewegen. Dit is uitsluitend mogelijk indien de
spreiding in de energie van de elektronen, op het ogenblik dat ze de zuil
binnenkomen, niet te gering is.
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STELLINGEN

1) Met de rond 1930 vervaardigde laagjesbuis ter demonstratie van de
laagjes van Holst en Oosterhuis is het niet mogelijk aan te tonen, dat
de elektronen, die door de positieve ionen worden nageleverd, uit de
kathode worden bevrijd.

G. Holst en E •. Oosterhuis, Physica I

(1921) 78.
H. B. Dorgelo, Electriciteit Delft (1941) blz.93.

2) Uit het voorkomen van een maximum is de paschencurve van eenneon
argonmengsel is af te leiden, dat voor het minimum, volgende. op dit
maximum, de weg, die het resonantie-foton ~an neon gemiddeld in zijn
eigen gas aflegt, ongeveer even groot is als de lineaire afmetingen
van de ontladingsruimte.

F.M.Penning en C.C.J.Addink, Physical

(1954) 1007.

3) De ionisatiecoeffic ient voor neon met een kleine toevoeging van cesium
wordt voor waarden van de gereduceerde veldsterkte kleiner dan 300
volt/m. mmHg niet bepaald door het ionisatiemecbanisme volgens
F. M. Penning.

4) Bij grote pompsnelbeden kan bet voordeel bieden tweeafzonderlijke
roterende vacuiimpompen als voorpomp van een vacuiimdiffusiepomp
in serie te plaatsen.



5) De gelijkvormigheidswetten zijn slechts dan van toepassing op de
paschencurve van een neon-argonmengsel, indien alle aangeslagen
atomen aanleiding geven tot de vorming van een argon ion ofweI de
verblijftijd van de aangeslagen atomen binnen de ontladingsruimte
evenredig is met de gasdichtheid.

S • M. F rou w s, Terzo Congresso Intemazionale sui
fenomeni d'ionizzazione ei gas.

Milano 1957 bIz. 341.

6) De in de literatuur veel gegeven afleidingvoor de expansie kracht, die
een stroomvoerend toroidaal plasma ondervindt, is principieel onjuist.

S • M. 0 s 0 vet s e. a., Proc. 2nd U. N. Conf. on

Peaceful Uses of Atomic Energy, vol. 32 (1958) 311.

:1:. G. Linhart, PlasIl?a Physics (North Holland

Publ. Co., Amsterdam 1960) 96.

S . Yos h ik a w a e. a., Phys. Fluids 6 (1963) 931.

7) De door A.V. Phelps gemeten gemiddelde verblijftijd van de aangesla
gen neon-atomen binnen een ontladingsruimte is niet in overeenstem
ming met de door P. F. Little berekende diffusiecoefficient; overeen
stemming wordt evenmin verkregen indien men rekening houdt met
de deexitatie van de neon metastabiele atomen in een drie deeltjes
botsing.

A. V. Phelps, The Phys. Rev. 114 no. 4 (1959)

10111.

P. F. L itt Ie, Proc. of the Fourth Int. Conf. on

Ionization phenomena in gases. Amsterdam 1960.

8) De door G. Francis gegeven gelijkvormigheidswet dat de elektronen
dichtheid omgekeerd evenredig is met het oppervlak van de doorsnede
van de ontlading wordt door J. C. Terlouw niet juist toegepast.

J. C. T e r I ou w, Experimental Study of a highly

ionized steady-st~te cesium plasma. Diss. (1964)

Utrecht 9.

-9) De tijdsduur, voor het opmeten van een sonde-karakteristiek ter be
paling van de elektronendichtheid binnen een plasma, moet vele malen
groter zijn dan de insteltijd van de potentiaal van de sonde.



10) In de door J. E. Lovelock beschreven detectorcel biedt het gebruik van
stikstof de mogelijkheid organische stoffen, welke met een gaschro
matische kolom gescheiden zijn, te onderscheiden in twee groepen.

]. E. Love lock. Nature vol. 188 (1960) 400.

11) Van christelijk standpunt uit bezien zijn tegen de uitdrul',{ing "God
grijpt in in deze wereld" bezwaren aan te voeren.

Eindhoven, 17 maart 1964. ]. G. A. HOLSCHER
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