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INVESTIGATION OF THE EFFECT OF ADDITIONAL
ELECTRONS ORIGINATING FROM THE ULTRAVIOLET
RADIATION ON THE NITROGEN MEMORY EFFECT

Emilija N. Zivanovi¢
University of Ni§, Faculty of Electronic Engineering, Nis, Serbia

Abstract. The influence of ultraviolet radiation on memory effect in nitrogen has been
investigated. The spectrum of the radiation which passes through the walls of the
experimental sample was obtained by the spectrometer. A detailed comparison of
experimental results of electrical breakdown time delay as a function of afterglow period
with and without ultraviolet irradiation was performed. These studies were done for such
product of gas pressure and inter-electrode distance when both breakdown initiation
mechanisms exist. The research has shown that ultraviolet radiation leads to the decrease
in ion concentration in early nitrogen afterglow due to recombination of nitrogen ions
with electrons released from the tube walls and electrodes. Meanwhile, it has been
cofirmed that this radiation has a negligible influence on the breakdown initiation in late
nitrogen afterglow when a significant nitogen atom concentration is persistent. When
the concentration of nitrogen atoms decreases enough, the breakdown initiation is
caused by cosmic rays but UV photons have an important influence because of the rise
of the electron yield.
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1. INTRODUCTION

The electrical breakdown time delay in gases is one of the most important characteristics of
gas components, which is also known as the delay response. It is defined as a time interval from
applying voltage, sufficient enough to initiate the electrical breakdown. Furthermore, the
investigation of electrical breakdown time delay can provide useful information about the
physical processes that occur in the gas during the operation of electrical devices.

The investigation of electrical breakdown time delay in gas could be performed as a
function of different parameters [1], [2]. One of the most important parameters that
influences on the mean value of electrical breakdown time delay t, is the afterglow period 7.
The dependence t; = f(z) is usually known as memory curve. It has been used for
qualitative and quantitative analysis of concentrations of positive ions and neutral active
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states remaining from the previous discharge as well as formed during the afterglow period [3],
[4]. 1t has also enabled the estimation of recombination and de-excitation times of the
mentioned particles due to their recombination on the tube walls, electrodes and in gas.
The particles that come to the cathode play the main role in the initiation of the subsequent
breakdown. They induce the secondary electron emission, and if the voltage applied on the
electrodes is higher than the static breakdown voltage, secondary electrons created at the
cathode can initiate the subsequent breakdown. The previous study showed that Auger
neutralization process, in which positive ions participate, as well as Auger de-excitation
process for which the molecule metastable state are responsible, play a dominant role in the
breakdown initiation in gases at low pressure. Especially in nitrogen, the process of surface
catalysed excitation could also be responsible for the breakdown initiation.

Many parameters affect the behavior of the memory curve at low pressures. Some of
them are the inter-electrode distance, the material of cathode and tube's walls, the wall's
temperature, the applied voltage on the gas tube, the glow current and the glow time.
Most of these investigations have already been published. However, the influence of
additional electrons which originate from ultraviolet irradiation on the nitrogen memory
effect when the product of gas pressure p and the inter-electrode distance d are placed on
the left side of Paschen's minimum (the dependence of the static breakdown voltage as a
function of the pd product) has not been sufficiently investigated. Practical importance of
investigation of this irradiation influence on the discharge in gas-filled electronic
components as well as solid system, it could be found in many published papers [5-9]. For
this purpose, the aim of this paper is to examine the effect of ultraviolet radiation that
comes from the cadmium lamp on the nitrogen memory effect in the presence of vacuum
and gas breakdown mechanisms. As for each of the areas of the memory curve depending
on the afterglow period length, a different mechanism initiating breakdown is responsible,
the influence of ultraviolet radiation for each of them has been individually investigated.

2. EXPERIMENT
2.1. Experimental sample

The cylindrical borosilicate glass (8245 Schott technical glass) tube filled with
nitrogen at 6.6 mbar pressure was used as experimental sample and it is shown in Fig. 1.
Its volume was about 1 I. It was connected in the circuit with one fixed and one movable
iron electrode, so that the inter-electrode distance could be varied by a permanent magnet
from the outside. Using this experimental sample allows changing the inter-electrode
distance from 0.01 cm to 0.45 cm, while the value of the gas pressure in the tube remains
constant. The diameter of spherical electrodes was 1 cm.

Fig. 1 The shape of used experimental samle
(1—fixed electrode, 2—-movable electrode, 3—rotation shaft from iron)



Investigation of the Effect of Additional Electrons Originating from the Ultraviolet Radiation... 425

The tube had to be baked out and evacuated before the nitrogen was admitted in a
process similar to that for the production of x-ray and the other electron tubes. After that, the
tube was filled with Matheson research grade nitrogen at pressure of 6.6 mbar with the
claimed abdundance of impurities such as CO<0.5 ppm, CO,<0.5 ppm, O,<1 ppm,
THC<0.2 ppm and H,0<1 ppm. Before the time delay measurements were done, the cathode
sputtering with glow current of 0.5 mA was set with duration of a few days. Such value of
discharge current was selected to avoid erosion of the cathode during conditioning. Due to
the stohastic nature of electrical time delay, each point in memory curves represents the
mean value of a hundred measured values. After the breakdown, the current in the tube was
0.5 mA during a glow time of 1 s. This time is sufficient to attain the steady-state discharge
conditions in our experiment. It should be noted that the similar experiments were performed
by other group of scientists [10] and [11] in which the glow time was the order of
milliseconds. The gas sample used in these experiments has the cathode made of gold-plated
copper. But, it could be emphasized that the gold provides a relatively stable work function.

The estimated values of static breakdown voltage U, for this experimental sample for
two values of inter-electrode distance of 0.01 cm and 0.1 cm were 418 V and 386 V,
respectively. The electrical breakdown time delay measurements were performed for
overvoltage AU/U, = (U, ~U,)/U, =50% higher than static breakdown voltage, where
U,, is voltage applied on the tube electrodes.

2.2. Experimental setup

Electrical breakdown time delay measurements were performed with an electronic
system, whose block diagram is shown in Fig. 2. The used electrical system, from the
architecture point of view, consists of three major parts. Those are high voltage power
supply, analog subsystem and digital subsystem. For high voltage power supply it is
necessary to operate in the range from 100 to 1000 volts within the desired power raring.
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Fig. 2 Block diagram of system for electrical breakdown time delay measurement

The measured electrical breakdown time delay values can range from several
microseconds to several minutes, while the values of afterglow period set by the system
can range from couple of microseconds to several days. Due to the statistical nature of
time delay, it is necessary to perform a large number of measurements since the
measurement error of time delay mean values decreases as ./1/ N , where N is the total
number of measurements. The number of measurements in this experiment was a hundred
for only one value of the afterglow period. Since the measurement cycle can be set up for
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an arbitrary number of different afterglow period values, it can be concluded that the total
number of measured timed delay values per experiment can be extremely large. Such
large number of data should be stored somewhere in real time and kept for further
statistical analysis which the digital subsystem enables.

The used electrical system allowed obtaining the dependence of the mean value of
electrical time delay vs. afterglow period, t, = f(z) on two different values of inter-
electrode distance, with and without the presence of UV radiation.

Before discussing the processes that predominantly affect the secondary electron
emission process during the afterglow, it is necessary to highlight the progress that was
made in measuring the electrical time delay using the improved measurement system.
What this system enables is a significant reduction in the value of the afterglow period
duration for which electrical breakdown time delay could be measured. Hence, the lowest
value of the afterglow period value for which the measurement of electrical breakdown
time delay was possible was 3 ps. Thus, the value of afterglow period for which it was
possible to measure electrical breakdown time delay was reduced by three orders magnitude
using the improved system, which allowed tracking the decrease in the concentration of the
charged and neutral active particles that were passed from the discharge into the afterglow
period. Further, this system has enabled sufficiently reliable monitoring the recombination/de-
excitation of positive ions and neutral active particles formed during and after discharge
based on the process of secondary electron emission which they initiate. The detailed
development of the electrical system used to measure the electrical time delay and its
electrical scheme could be traced in [12].

2.3. Investigation of ultraviolet irradiation

As a source of ultraviolet radiation the commercial cadmium lamp was used. Before
recording memory curves, spectral analysis of the light that comes from the lamp, which
goes through the glass tube walls, was performed. A piece of borosilicate glass was placed
between the cadmium lamp and the spectrometer in order to ascertain which wavelengths
could pass through the gas-filled tube walls. This enabled measuring the light intensity
influence in this process.

The instrument used in spectroscopic analysis was Avantes spectrometer Avaspec-3648
[13] which has a useable range from 200 nm to 850 nm. The spectrometer has a diffraction
grating with 600 lines/mm and the slit size is 10 um, making the lowest resolution between two
near lines 0.32 nm. As can be seen, the most intense lines in the spectrum are wavelengths
327 nm, 480 nm and 509 nm. The obtained emission spectrum is shown in Fig. 2, and as it can
be seen, the wavelengths larger than 327 nm can pass through the glass walls.

The physical process that occurs when ultraviolet light from the cadmium lamp falls
on the cathode surface is the photoelectric effect. Specifically, based on Einstein's relation
for the photoelectric effect provided that freed electrons do not experience collisions
inside the metal, or if the photons are delivered energy electrons at the cathode surface,
the energy of the incident photons will be equal to the sum of the work function cathode
material and the maximum Kinetic energy of the released electrons.
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Fig. 3 Strongest observed lines in the emission spectrum of the cadmium lamp which pass
through the borosilicate glass

Therefore, comparing the value of energy corresponding to the wavelength the spectrum
resulting lines with a value of the iron work function, the existence of photoelectric effect
could be determined [14]. To make it possible, the photon energy from the lamp needs to
be greater or equal to the value of the work function of iron, of which the electrodes are
made. In the literature, there are inconsistencies in the value of the work function of iron,
according to the different authors, varying from 3.5 eV [15] to 4.3 eV [16]. It can be
asked how the secondary electrons can be emitted from the cadmium lamp since the work
function of iron is slightly greater than the photon energy of the smallest wavelength of
the spectrum. It should be noted that the iron electrodes are coated by a layer of iron
oxide, which has smaller work function than the iron [15]. Earlier qualitative energy
dispersive spectroscopy analysis of the electrode surface confirmed the iron oxide layer
stability, and that it cannot be removed by sputtering during the discharges. Because of that,
from the spectrum of cadmium lamp lines 327 nm, 341 nm, 346 nm and 360 nm should be
taken into account, with corresponding energies 3.79 eV, 3.64 eV, 3.59 eV and 3.45 eV.

3. RESULTS AND DISCUSSION

The experimental results presented in this paper are the follow-up of the recent
research presented in [17]. In investigation whose results are presented below, the inter-
electrode distance was taken as a parameter in tracking the behaviour of the memory
curve. In this case the research was done in the persence of ultraviolet radiation. The
analysis of the influence of additional electrons originating from commercial cadmium
lamp has been performed. The memory curves present in Figs. 4 and 5 are obtained for
nitrogen-filled tube, with and without source of ultraviolet radiation for two different
values of inter-electrode distance of 0.01 cm and 0.1 cm, respectively. The analysis of the
obtained results enables a discussion of the ultraviolet radiation influence as well as the
inter-electrode distance to the memory curve behavior. A type of breakdown initiation
mechanism also has an influence on the memory curve behavior.
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Fig. 4 Memory curves with and without presence of radiation from cadmium lamp for
inter-electrode distance of 0.01 cm
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Fig. 5 Memory curves with and without presence of radiation from cadmium lamp for
inter-electrode distance of 0.1 cm

3.1. Nitrogen memory effect

A special mechanism of breakdown initiation occurs at low pressure values when the
inter-electrode distance is less than the electron mean free path (pd < 10~° mbar cm [18]).
Under these conditions the breakdown appears in the so called technical vacuum and it is
caused by the existence of an avalanche mechanism which creates free electron and ions.
In this case, the breakdown starts in the processes at the electrode, but is significantly
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different than vy processes of Townsend's mechanism. There are several ways of the vacuum
breakdown initiation, but all are common to evaporation of the electrode material forms a
vapor cloud which is still developing breakdown with Townsend's avalanche mechanism
[19]. In order to form a cloud of vapor, it is necessary that the electrodes' surface has a large
number of micro-spices which should cause a sufficient amount of energy to cause thermal
instability. Thermal instability of electrodes could be caused by emission mechanism, by
micro-particles accelerated in electrode material, or through the avalanche effect in the
adsorbed residual gas layer on the electrode. It can be induced in three ways: the emission
mechanism (autoelectron emissions), accelerated micro-particles from electrode materials or
avalanche effect in the gas adsorbed layer on the electrode surface.

As a criterion of whether it is a technical vacuum or not, the dependence Us = f (pd) was
monitored for the gas sample used in this experiment, which was published in [17]. The
product value of inter-electrode distance 0.01 cm and nitrogen pressure in the tube of 6.6
mbar lies to the left of the Paschen's curve minimum. It corresponds to the most favorable
conditions for the gas ionization. In this case it was not pure vacuum breakdown mechanism
existence, but for this the value of pd product the combined effect of vacuum and gas
breakdown mechanism exists. The presence of vacuum breakdown mechanism leads to the
existence of additional electrons in the inter-electrode gap which are otherwise responsible
for the secondary electron emission in the plateau region of memory curve.

It is known that the memory curve of nitrogen has three areas [1] which are caused by the
existence of different mechanisms responsible for the electrical breakdown initiation in the
gas. Using an advanced system for measuring the time delay allows a detailed analysis of the
plateau area of the memory curve (short-lived afterglow) which has been done on this
occasion. Namely, if the positive ions are present in the gas, their movement towards the
cathode is enabled by connecting a voltage to the electrode tubes, where they eject electrons
that initiate electrical breakdown in the process of secondary electron emission.

The positive ions could be transferred from the discharge to the short-lived afterglow,
but they persist in gas to 10 ms. The discussion in the paper [20] showed that the
minimum emissions of 1° system occurred 1-10 ms after the discharge had ceased. On the
other hand, the positive ions could be formed during the actual relaxation in the
metastable molecule reactions

N,(A)+N,(@)—> N, +e(or N; +N, +e), (R1)
N,(@)+N,(@)—>N; +e(or N; +N, +e), (R2)

with the rate coefficient values of 3.2:10*? cm’s™ [21] and 5-10 ™ cm®s™ [22].

N,(A) and Ny(a") metastable molecules formed in the discharge recombined 1-10 ms
after the discharge had ceased [23], [24], so that the humber of the reactions (R1) and
(R2) decreased with time up to 10 ms. Also, if the electrons are present in the gas, the
positive ions could be formed by electron impact on the nitrogen molecules, as well. The
electrons in the gas could be found up to 1 ms after the discharge ceased [25]. If a voltage
is applied to the electrodes after the relaxation which lasted z< 1 ms the electrons would
perform ionizing collisions and thus encourage the process of secondary electron
emission. Since the mechanism of positive ion creation during the (R1) and (R2) reactions
dominates over the electron impact even during the discharge [22], it can be concluded
that the same will happen outside the discharge, and the contribution of the process of the
secondary electron emission during the afterglow can be neglected.
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The calculations of the vibrational temperature during the discharge showed that the
concentration of excited vibrational levels v>10 had a value of 0.1% concentration of
nitrogen molecules in the ground state [4]. A similar trend is predicted if the discharge
current is low, which corresponds to the conditions of our measurements. Therefore, it can
be concluded that immediately after the completion of the discharge, the concentration of the
vibrational-excited nitrogen molecules (v >10) is high, and the reactions of positive ions
creation are possible [26]:

N, (X,v>24)+N,(a) — N, +e, (R3)
N, (X,v>29)+N,(X,v>29) —> N, +e, (R4)
N, (X,v>36)+N,(A) >N, +e . (R5)

After 7~ 10 ms the emission intensity of 1 system increases. This intensity passes
through a maximum value in the interval of 15-20 ms [20]. This maximum results from
the growth of the positive ion concentration during the short-lived afterglow. From the
aforementioned facts it can be seen that in this range the concentration of N,(A) and N»(a")
metastable molecules pass through the maximum, which leads to, due to the higher
probability of the reactions (R1) and (R2), the increase of the positive ion concentration.
However, considering the fact that after 10 ms the positive ions and metastable molecules
from the discharge recombine or become de-excited, it can be concluded that the other
particles present in the gas are involved in the creation of the positive ions.

It is believed that the formation of N,(A) and N,(a') metastable molecules in the short-
lived afterglow for the relaxation time z >10 ms follows from the reactions

N(“S)+N,(X,v=>39) - N(*D)+ N, (A), (R6)
N(“S)+N,(X,v=>38) > N(‘S)+ N, (@), (R7)

involving N(*S) atoms and the highly vibrational-excited nitrogen molecules [26]. N(*S)
atoms retain 1% of the nitrogen molecule concentration after the discharge period up to
7~ 10 ms — 1 s [27], which is more than other particles in the gas do.

As for the highly vibrational excited nitrogen molecules, the population availability of
the highly vibrational excited levels increases during the short-lived afterglow due to the
"pumping up" effect. The calculations of other authors [27] have shown that the
concentration of N, (X, v > 25) molecules has the maximum value for the afterglow period
in order of tens of milliseconds.

This maximum coincides with the maximum of the 1" system emission, so it can be
concluded that, in the interval of 10-15 ms, the efficiency of the (R6) and (R7) reactions
is the largest in the short-lived afterglow. This leads to an increase in the concentration of
N,(A) and N,(a') metastable molecules, which, by participating in the reactions (R3)-(R5),
cause the increase of the positive ion concentration.

The concentration of highly vibrational excited nitrogen molecules N, (X, v > 25)
rapidly decreases after reaching the maximum, and the relaxation times of the order of
100 ms is already about 50% lower than the maximum, whereas for z~ 1 s it is negligible
[27]. This decrease significantly reduces the probability of positive ion creation in the
previously mentioned processes, so their significance in the process of secondary electron
emission is smaller for the relaxation time 7> 30 ms.
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Bearing in mind the aforementioned discussion, the 3 us < <70 ms interval in
Figs. 4 and 5, which represents an area of the short-lived afterglow (particularly in Figs. 6
and 7) is investigated in detail. A slightly larger increase in the electrical breakdown time
delay value in the 3 us < r< 1 ms interval is caused by the decrease of the positive ion
concentration and N,(A) and N,(a") metastable molecules being transferred from the
discharge to the short-lived afterglow. In this interval, the secondary electron emission is
dominated by the positive ions that are either transferred from the discharge or afterglow
through reactions of N,(A) and N»(a') metastable molecules and highly vibrational excited
nitrogen molecules, also transferred from the discharge. Since in the 3us<z<1ms
interval positive ion concentration is the largest for all afterglow periods for which the
measurements are performed, the efficiency of the secondary electron emission is the
largest in this interval. It is characterized by the lowest values of electrical breakdown
time delay on the memory curve of Figs. 4 and 5. The end of the interval 3 us< z<1ms
coincides with the minimum intensity of 1" system emission in the short-lived afterglow,
when most of the positive ions are recombined and the majority of the de-excited
electrons and N»(A) and Ny(a') metastable molecules are transferred from the discharge.

In the next part of the short-lived afterglow (1 ms < < 70 ms), the positive ions are also
responsible for the secondary electron emission, but almost entirely those incurred during the
actual relaxation. At the beginning of this interval the levels' concentration of the highly-
vibrational excited nitrogen molecules reaches a maximum, and then the efficiency of the
(R6) and (R7) reactions, in which N,(A) and N,(a") metastable molecules are formed, is the
highest. These molecules, in their mutual interaction in reactions (R1) and (R2) as well as in
reactions with nitrogen highly vibrational excited molecules (reactions R3-R5), cause the
increase of the positive ion concentration and enhance the secondary electron emission.

The renewed increase in the positive ion concentration caused in such a way is
represented on the memory curve of Figs. 4 and 5 by a significantly slower increase in the
ty value during the interval 1 ms < z< 70 ms than during the interval 3 us < r<1 ms.

There is a further increase in the electrical breakdown time delay value due to the fact
that having reached the maximum during =10 — 15 ms, the concentration of the highly
excited vibrational molecules of nitrogen begins to decline. This, over time, leads to the
reduction of the efficiency of the reactions which produce the positive ions. At the end of
the 1 ms < r< 70 ms area, the concentration of the positive ions decreases to a level at
which the probability of the secondary electron emission process of their impact upon the
cathode becomes very low and then this process begins to dominate neutral active
particles. Since the efficiency of these particles in the secondary electron emission is
significantly lower than the efficiency of the positive ions, there is a sudden increase in
the value of ty for z> 70 ms. At the same time, the value 7~ 70 ms is the end of the area
of the short-lived afterglow time in Figs. 4 and 5.

Most reactions of nitrogen positive ions creation, both by electron impact ionization of
neutral molecules, during breakdown and discharge by associative ionization processes,
involve metastable molecules and highly vibrationally excited molecules were listed in
papers [28]. It could be seen that N*, N,, N;, N, ions have a certain role in the
process of secondary electron emission from the cathode in early afterglow. Taking into

account the published data [28], the concentration of N, ions is 5.10° em= after
discharge ceases, while the concentrations of the other ions are significantly lower. For
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this reason, it can be proposed that N, ions formed in processes (R1) and (R2) have a
dominant role in the breakdown initiation in the early afterglow. The drift velocity of
these ions can be estimated by expression V4 =€4AU, /mvd [29], where the mean free
path is calculated as 4 = kT/\/Eﬂsz (k is the Boltzmann constant, T =300 K is gas
temperature, D is the ion diameter and p is gas pressure), Uy, is applied voltage on the
electrodes, m; is the ion mass, d is the inter-electrode distance, e is the elementary charge
and V is the mean thermal velocity estimated as V = ,/2KT /m; . For nitrogen-filled discharge
tube at 6.6 mbar pressure, for present experimental condition, the mean free path is
1.47-10° m and the mean thermal velocity is 421.73 ms™, while the value of the drift
velocity for overvoltage of 50% is 6.9-10* ms™. It can be concluded that the drift velocity
is higher than the thermal velocity. For these afterglow periods the electrical breakdown
time delay is only determined by total time necessary for the ion drift to the cathode and
the secondary electron release from its surface. In the case when the drift velocity is lower
than the thermal velocity, it is emphasized that the positive ions also play the most
important role in the process of secondary electron emission because of their drift motion
toward the cathode under the field influence in the inter-electrode gap. Not only the
positive ions but the metastable molecules and other neutral active particles as well can
cause the secondary electron emission at the cathode. However, when a voltage is applied
to the electrode, the diffusion time of these particles to the cathode is considerably longer
than the drift of the positive ions, so their direct contribution to this process is negligible
provided that the positive ions are present in the gas.

The rapid growth of the electrical breakdown time delay value at the end of short-
lived afterglow indicates a change in the mechanism that dominates in the process of
secondary electron emission. After r=15ms, the concentration of N,(A) and N(a")
metastable molecules and high vibrational excited molecules of nitrogen decreases,
consequently the number of positive ions formed the above-mentioned reactions became
lower. Because of that, when the concentration of positive ions becomes lower than the
concentration of neutral particles in a gas, which can also cause secondary electron
emissions, the form of memory curves change, entering the region of rapid electrical
breakdown time delay increase, so-called long-lived afterglow. The efficiency of neutral
active particles in causing the process of secondary electron emission is much smaller
than in the case of positive ions, causing the value of t, rapidly increased in relation to the
plateau memory curve. Earlier investigations [1], [3], [24], [30] confirmed that the
nitrogen atoms in ground state N(*S) remaining from the previous discharge as well as
formed after the discharge ceased are the most responsible particle for the secondary
electron emission from the cathode in late nitrogen afterglow.

Numerical models, which followed the decrease of nitrogen atoms concentration
based on the re-association on the tube walls [3], [4], [24] combined with a model
predicts that secondary electron emission is caused by nitrogen atoms, showed a good
agreement with the experimental obtained memory curves in the area of sudden increase
in ty value. The decrease of N atoms concentration is inversely proportional to the
probability of the secondary electron emission, indicating the tq value increases. Since
their concentration decreases exponentially [4], as well as the decline of the light emitted
from the tube after discharge, this downward trend in log scale is shown linearly.
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It has been shown earlier [31], [32] that the long-lived Lewis-Rayleigh afterglow lasts
up to several hours and it can also been confirmed that the source of the energy for the
glow is the recombination of the nitrogen atoms in the ground state. It was concluded that
N(*S) atoms are present a very long time in the afterglow and their concentration deceases
mostly by surface recombination on the tube walls [3]. In addition, they could be also
recombined in the gas and on the electrodes. The final product of their recombination is
N,(A) metastable state. It can be reach via the following reactions:

N(*S)+N(*S)+M - N,(B)+M, (R8)

where M is the atom at the cathode surface, and by the spontaneous de-excitation process
of N,(B) molecules,
N,(B) - N,(A)+hv. (R9)

N,(A) metastable state formed in this way [33], transferring the energy to the cathode
via the collision. As the work function of iron, is lower than the N,(A) metastable state
energy of 6.2 eV, it can induce the secondary electron emission that determines the value
of the electrical breakdown time delay in the late nitrogen afterglow. This process of
nitrogen atom recombination on cathode surface is the surface-catalyzed excitation [34].
This is the process of heterogeneous catalysis which is significant for this research, when
the adsorbate and the substrate are in different phases, i.e. in gaseous and solid. In order
to achieve heterogeneous catalysis, at least one of the reactants needs to be adsorbed and
modified into the shape that has got a high affinity for the reactions. And on that way the
secondary electrons are produced for breakdown initiation in the late afterglow.

For 7~3-10°s and r~7-10%s the memory curves without presence of additional
radiation from Figs. 4 and 5 reach the saturation for the inter-electrode distance of 0.01 cm
and 0.1 cm, respectively, i.e. the mean value of the time delay slightly changes with the
afterglow time increase. It should be emphasized that in the saturation district of memory
curves, the concentration of nitrogen atoms decreases to so low value that the cosmic ray
becomes responsible for the breakdown initiation. When the applied voltage on the tube is
higher than the static breakdown voltage, the electron-ion pairs form in gas and they could
initiate the breakdown. Then, it is highly probable that electrons are released from the
cathode due to the impact of cosmic radiation. They form the avalanche which leads to the
breakdown causing the electrical time delay decrease. Since the flux of cosmic ray during
the experiment was approximately constant, the number of the electron-ion pairs created in
unit time is approximately constant and the electron yield is also approximately constant.
Because of that, the mean value of time delay is constant for the given value of overvoltage.
These conclusions are in agreement with the results shown in Figs. 4 and 5. It is important to
emphasize that the cosmic ray permanent exists during the experiment. But, for shorter
afterglow period when the positive ions and the considerable concentration of N(*S) atoms
are present, the role of the cosmic ray in the breakdown initiation is negligible in relation to
the secondary electron emission initiated with these particles.

3.2. Influence of ultraviolet radiation

The analysis of the obtained experimental results also enables a discussion of the ultraviolet
irradiation influence to the memory effect in nitrogen at 6.6 mbar pressure when the combined
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vacuum and gas breakdown initiation mechanism exist. It is clearly observed from Figs. 4 and 5
that ultraviolet radiation, which comes from the lamp,
time delay. In some regions of the memory curve the impact is slight, but noticeable. In the area
of rapid growth of the mean value of electrical breakdown time delay, the influence of
ultraviolet radiation is negligible. The obtained values of t, were slightly less. The presence of
additional electrons from UV irradiation causes the
earlier and they decrease the t, values for about the order of magnitude. It should also be noted
that some influence of ultraviolet radiation is felt in the plateau area of the memory curve.
Because of that, this part of memory curve has been
both values of inter-electrode distance.

has influence on the electrical breakdown

memory curves to reach the saturation

specially presented in Figs. 6 and 7 for
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It can be seen from these figures that the plateau length is not changed due to the
ultraviolet irradiation. However, for both values of inter-electrode distance the plateau
height increases. This increase is caused by the electron yield growth in the inter-
electrode gap due to the liberated electrons from the cathode by ultraviolet irradiation,
which was more pronounced in the presence combined vacuum and gas breakdown. In
this case, it should be noted that for further electron yield growth, the presence of the
vacuum breakdown mechanism is responsible. These additional electrons induce the
process of recombination the part of positive ions formed immediately after the finish of
the discharge until the end of the plateau. Meanwhile, these ion-electron recombinations
proceed through the following processes:

e+NZF = Ny (X)+Ny(X), (R10)
e+N3 > N(S)+N(*s), (R11)
e+NJ > N(*s)+N(D). (R12)

The rate coefficients of these reactions are 2 -10°(300/T,)*° cm®™ for (R10) and
2 -107'(300/T)*® cm®s* for processes (R11) and (R12) [35].

As a result, when an operating voltage is applied on the electrodes, fewer ions per
second arrive to the cathode surface when the gas tube is irradiated. Then, the breakdown
probability of electron occurrence decreases, causing a rise in the mean value of electrical
breakdown time delay.

4. CONCLUSION

On the basis of the above considerations, the following brief conclusion is given.
Fundamental research of nitrogen discharge and afterglow is very important because of
their different applications. The investigation of influence of ultraviolet irradiation on
memory curve behavior has also been published. This effect is a consequence of the
production of electrons from the cathode by light from the cadmium lamp. The spectral
analysis of the light that comes from the lamp, which goes through the glass tube walls,
was performed using Avantes spectrometer Avaspec-3648. It was obtained that ultraviolet
irradiation had a noticeable influence in the plateau region and saturation of the memory
curve, while a deviation of time delay is insignificant in the region of its rapid increase.
Namely, in early nitrogen afterglow ultraviolet irradiation increases the values of time
delay, due to the dominant effect of ions enhanced electron-ion recombination. Otherwise,
in far late nitrogen afterglow the ultraviolet radiation decreases the time delay values
because of the growth in total electron yield. The obtained results have shown that the
memory curves in the region of very long afterglow period values are very sensitive to
ultraviolet radiation. Because of that, a strict control of enviromental radiation during the
measurement was necessary to be performed in order to reduce the errors in tracking the
kinetics of positive ions and neutral active particles in nitrogen afterglow. The most
important process related to positive ions and nitrogen atoms creation/quench are
mentioned. In addition, it was represented that the additional electron yield caused by
influence of vacuum breakdown initiation mechanism has also a dominant role and that it
was responsible for the decrease of t, value. This phenomenon is more pronounced in the
presence of the vacuum breakdown mechanism at the lower value of inter-electrode gap.
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The ability to detect weak effects of ultraviolet radiation on the memory effect has

reaffirmed that the used time delay measurement technique is very sensitive to the change
of particle concentration in gas. Earlier, it was found [3] that the used method could
detect nitrogen atom concentration nearly 10° cm™. It was determined by the level of a
natural charge production between the electrodes.
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