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VOLTAGE DEPENDENT MODELS OF THE FORMATIVE TIME
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Abstract. Measurements of the formative time delay t; at different working voltages U
in argon at low pressure are presented. The well-known decreasing voltage behavior of
the formative time delay is theoretically described by different empirical and semi-
empirical models. In addition to the introduced empirical models, some models from
the literature are applied to elucidate experimentally obtained t;(U) dependence.
However, the models from the literature show a good agreement with the experimental
data only at low overvoltages AU (4U=U-U; where U; is the static breakdown voltage).
Therefore, empirical corrections are made based on data analysis, and good compatibility
is achieved in a whole range of working voltages.
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1. INTRODUCTION

The study of electrical conductivity of gases is of importance for many applications in
technology and different scientific areas: physics, electronics, engineering, medicine, etc.
(Chapman, 1980; Druyvesteyn and Penning, 1940; Fridman, 2008; Lieberman and
Lichtenberg, 1994; Makabe and Petrovi¢, 2006; Mesyats, 2005; Raju, 2006; Zissis and
Kitsinelis, 2009). However, under normal conditions, gases are not electrical conductors,
but insulators. In order for them to become conductors, it is necessary to provide precisely
determined conditions. Depending on the specific conditions, the electrical conductivity
of gases, also known as electrical discharge, can be non-self-sustaining (maintenance of
discharge due to the action of external factors — e.g. external sources of irradiation) and
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self-sustaining discharge (maintenance of discharge without activity of external elements)
(Meek and Craggs, 1978; Raizer, 1991). The electrical breakdown of gases represents the
process of their transition from a non-self-sustaining to a self-sustaining discharge. To
enable this transition, it is necessary, among other things, to achieve a certain potential
difference in gases, which is characterized by static breakdown voltage Us, the lowest
voltage which may cause a gas breakdown at given experimental conditions, providing the
presence of the initiating electron(s) (Meek and Craggs, 1978; Raizer, 1991).

By connecting the voltage to the gas tube electrodes, there is no instantaneous
transition from the non-self-sustaining to the self-sustaining discharge, but the electrical
breakdown occurs with a certain delay, which is called time delay t4. As the time between
the moment of voltage application and the occurrence of breakdown, t4 consists of two
separate periods, statistical t; and formative t; time delay, i.e. ty =t; +t;. Statistical time
delay is determined by the probability of the appearance of (a) successful initial
electron(s) into the gap, while the formative time delay represent the time required for the
development of discharge across the gap after it has been initiated (Meek and Craggs,
1978). The breakdown time delay depends on various factors such as inter-electrode
distance d, the type of gas, the time interval t between the application of the consecutive
voltage signals (relaxation time), as well as the value of the operating voltage U itself. In
order to better understand the physical processes that characterize this phenomenon, a
simultaneous analysis of experimental results and theoretical models is required.

The first investigations of time delay voltage dependence date back to the end of the
nineteenth century (Jaumann, 1895) when the shortening of the breakdown delay with
increased voltage was determined. The decreasing of the formative time delay with
growing overvoltage was confirmed by measurements in neon (Schade, 1937), while for a
theoretical description, t; (U) dependence was derived that showed a good agreement with
the experiment. (Druyvesteyn and Penning, 1940) derived a relation for the formative
time delay voltage dependence based on the assumption that one ionization cycle is
approximately equal to the transit time of an ion from the anode to the cathode and t;
consists of n ionization cycles. The formative time delay as a function of overvoltage has
also been derived by (Raether, 1941a,b; Raether, 1949), taking into account not only the
contribution of positive ions in the production of secondary electrons, but also the
contribution of radiation from the gas. Therefore, in the derived relation, the electron
transit time is present in addition to the ion transit time,. A t-heoretical analysis of the
formative time delay measurements in the air at atmospheric pressure has been done by
(Fletcher, 1949) based on the distribution of space charge in an avalanche and the
assumption that formative time is the time taken for an avalanche to grow to a critical size
(i.e. t; is the rise time of the avalanche whose space charge field becomes comparable with
the applied field). Another expression for the formative time voltage dependence at higher
pressures is derived by (Kachickas and Fisher, 1952), using the assumption that the
secondary electron emission occurs probably due to the photo-emission from the cathode.
The derived expression shows a good agreement with the experimentally obtained t; in
the air, nitrogen and argon (Fisher and Bederson, 1951; Kachickas and Fisher, 1952;
Kachickas and Fisher, 1953). The relations for the temporal growth of ionization currents,
under constant potential difference in the absence of space charge distortion of the field,
were used for the calculation of the formative time delay in different gases (Davidson,
1955; Dutton et al., 1953; Morgan, 1956). At the same time, by comparing the experimental
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data and the theoretical analysis of ionization growth, the authors assessed the relative
significance of possible secondary processes (Davidson, 1955; Dutton et al., 1953;
Morgan, 1956).

The cited papers are only part of those related to the voltage dependence of the
breakdown time delay. Some models are based on the Townsend’s breakdown mechanism
while others involve the streamer breakdown mechanism (Meek and Craggs, 1978). It is
not possible to list all relevant papers, so only a few were mentioned.

In this paper, the measurements of the formative time delay, in argon at lower pressure
(which provides Townsend’s breakdown mechanism), as a function of overvoltage were
analyzed and theoretically described by different empirical and semi-empirical models.
The empirical models, expressed as power or exponential functions, are based on the
experimentally obtained t; (U) dependence, which indicates a rapid decrease of the formative
time with increasing the overvoltage. The semi-empirical models are based on the already
existing models in the literature, but due to a certain deviation from the experimental data,
empirical corrections were made.

2. EXPERIMENTAL DETAIL

For time delay measurements a gas tube made of borosilicate glass (8245, Schott
technical glass) with a plane-parallel cylindrical oxygen-free high thermal conductivity
(OFHC) copper cathode was used. The radius of the electrodes is R=1.1cm (front area
S =3.8cm?) and both electrodes have slightly rounded edges in order to avoid edge
effects and electric field inhomogeneity. Before the tube is filled with argon (Matheson
Co. 99.9999 % research purity argon with nitrogen impurity below 1 ppm) at the pressure
of 200Pa, the standard preparation procedure was carried out, which implies that the
tube was evacuated down to the pressure of 10°Pa and baked at 600K . The time delay
measurements were carried out by applying a series of high-voltage rectangular (“step”)
voltage pulses to the tube, whereby one hundred single shots in a series per every working
voltage U have been made. The time between the voltage pulses i.e. the afterglow
period, was t=100ms. The static breakdown voltage was U, ~ 240V (determined as
the lowest working voltage in the measured t,(U) dependence), the inter-electrode
distance d =15 mm , the glow current I, =130 pA and the glow time t; =1S | long enough
to establish steady-state glow discharge conditions. During the measurements, the tube
was protected from the external light. More details about the experimental procedure, the
measuring system and tube preparation can be found in Markovi¢ et al. (2005) and
Stamenkovi¢ et al. (2017).

3. EMPIRICAL MODELS OF THE FORMATIVE TIME DELAY

As stated in the introduction, this paper refers to the formative time delay voltage
dependence in conditions of the Townsend’s breakdown mechanism. The breakdown time
delay measurements in specified conditions enable determination of the formative time
delay in three different ways (Markovi¢ et al., 1997):
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= from histograms as the minimum values of the breakdown time delay t; = tymin;

= from a difference t; =t~ ~i,-o(ty), taking into account the negligible
fluctuation of the formative time delay of(t;) << o(t,) = o(t,) and the fact that in
given experimental conditions the standard deviation of the statistical time delay is
approximately equal to its mean value oft,) ~t,;

= from the Laue diagrams by taking the t; as the intersection values of the linear

approximation of In(n/N) (the measured data follow exponential distribution)
with a time delay axis.

The selected experimental conditions lead to a good mutual agreement between the
formative time delays obtained by using three indicated approaches. Afterwards, different
empirical models were used to describe the formative time delay voltage dependence
determined in this way.

The first applied empirical model given by relation:

ty=—2
U-U,

M

reflects a simple formative time delay voltage dependence t; «<1/AU indicated by the
previous studies (Ganger, 1953 Maier et al., 1993). The fit obtained with the empirical
constant ¢, =11000 pusV and U, =240V , approximately equal to the static breakdown
voltage, is presented in Fig. 1 by dashed line.
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Fig. 1 Voltage dependence of the formative time delay: symbols — experimental data,
dashed line — fit based on relation (1), red solid line — fit based on relation (2).

It is obvious that relation (1) shows a good agreement with the experimental data only at
low overvoltage, and therefore its empirical improvement is made. In order to achieve a
better agreement between the model and the experiment over the entire voltage range, a
new empirical constant k is introduced into relation (1) that takes the form:

C,
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The red solid line in Fig. 1 represents the fit obtained by relation (2) with ¢, =3300pusV *®,
k=0.65 and U, = 240V .
The next applied empirical model expresses the t;(U) dependence by introducing the

voltage dependent electron ionization coefficient o (Meek and Craggs, 1978; Raizer,
1991) and its value o, at the static breakdown voltage U, :

t=—8 ®)
O, — Ol
The coefficient o is given by the well-known Townsend semi-empirical relation:
o _Bpd
—=Ae Y, 4)
p

where the parameter values A=10.87cm torr* and B =174.56Vcm “torr™ were obtained
by fitting the experimental data from (Kruithof, 1940) for the range U =~ (210 —500)V
covered in our experiment. The formative time delay fit based on relation (3) with the
empirically determined constant ¢, =220uscm™ and o, =3.17cm™ is presented by
dashed lines in Fig. 2. The relation (3) describes the data well only for low overvoltage.
Therefore, as in the case of the previous model, the empirical improvement is suggested in
the form:

107
= minimum ¢,
O = 1,-6()
10°4 * Laue diagram
=
=
=103
10°4
T

250 300 350 400 450 500

Ul V]
Fig. 2 Voltage dependence of the formative time delay: symbols — experimental data,
dashed line — fit based on relation (3), red solid line — fit based on relation (5).
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The best agreement between the model and the experiment over the entire voltage range is
obtained with ¢, =260uscm™’, k=0.7, o, =3.17cm™ and the fit is shown by the red
solid line in Fig. 2.

Other expressions based on power and exponential functions or their product, such as:
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& U
t. = e Y, 6
VTR (6)
a
t, =——2 g, 7
"“U-u, (7)
_ bs
t, =ae VU=, (8)

could be used for description of the formative time delay. These relations resemble the

measured t;(U) dependence and by applying the appropriate values of the parameters a, ,
b,, U, (Table 1), a good agreement with the experimental data is obtained (Fig. 3).

Table 1 The values of parameters in quoted relations

relation number a b, Ug
(6) 10° usvV 620V 240V
(7 4000usV 0.004v* 240V
(8) 110us 35V 235V
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Fig. 3 Voltage dependence of the formative time delay: symbols — experimental data,

red solid line — fit based on relation (6), blue dashed line — fit based on relation (7),
dotted line — fit based on relation (8).

4, SEMIEMPIRICAL MODELS OF THE FORMATIVE TIME DELAY

The increase in the electron n,(t) and ion n;(t) number densities in the early stage of

avalanche growth, in the approximation of negligible electron-ion recombination, can be
obtained from the simple relation:
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dn, dn
—=—1=aw,n

, 9
T dt e ©)

where o is the previously introduced Townsend’s ionization coefficient and w, electron
drift velocity. In order to evaluate the ion number density, it is necessary to integrate this
equation, whereby the assumption n, = n; is accepted, as well as negligible space charge
distortion of the electric field due to the early phase of avalanche growth. Taking into
account the ion-electron emission from the cathode with the secondary electron yield v,
(Meek and Craggs, 1978; Raizer, 1991), the boundary condition that connects the electron
J. and the ion j; current density, takes the form:

je ~ in = neWe ~ yniV\/i ' (10)

with w, as the ion drift velocity. The voltage dependence of w;, is approximated by
(Phelps and Petrovi¢, 1999):

E
5.58 —
m
W= N — {_} (11)

! gy Lls
{1+ (0.0077 j :l
N

based on the data from (von Engel, 1965) with the extrapolation to the values of the
reduced field E/N (a ratio of the electric field and the gas density in the units of
Townsend 1Td =10""Vem™) from the experiment. In addition, we took into account the
domination of the molecular Ar, ions due to the atomic-molecular ion conversion in the
first few millisecond of the afterglow (Markovi¢ et al., 2005). When the general solution
is subject to boundary and initial conditions on the cathode, the outcome is a temporal
evolution of the ion number density:

n ~ne""™", (12)
where n,, is the initial ion number density. According to (12), the ion number density n,,
which corresponds to the transition from negligible to non-negligible space charge and the
electric field distortion (Markovi¢ et al., 2007), can be written as:

N ~ nioewwitt , (13)

which enables the expression of the formative time delay:

t=—— il (14)
oYW Nig

The value of the ion number density n, ~ I, /ewS ~1.47-10"cm™ used for the modeling
of experimental t,(U) dependence, is based on the current in the Townsend’s dark
discharge I, =1pA. This value is obtained from the | -U characteristic as the current
before the collapse of the applied voltage (indicated in Fig. 4), while the initial ion
number density n, =5-10°cm™ is determined as a fitting parameter. The electric field
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distortion by non-negligible space charge in the later stages of avalanche growth leads to
rapid changes in the current and voltage. However, the fast current rise time is of the
order of several microseconds and its contribution to the t, could be neglected
(Markovi¢ et al., 2007).

60 , [ | |
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404 !
/
[,=0.34p4 /.
= 207 n,'!jzsllobcnlj .
I_"" [n‘: ] “A /
D.l 0 .-oo—.‘.:./’ n,=1.47-1 0em” .
= .
"oo\. p
=201 IAZOSHA ) \.\ /./
n=11510'cm” %, ,.
40+ ’ \O—o.f
0.1 i 10 100 1000
I[pd]

Fig. 4 The 1 —U characteristic at inter-electrode distance d =15 mm with marked
Townsend’s dark discharge current |, before collapse of the applied voltage and
the corresponding ion number density n, .

The best fit of formative time delay data with specified ion number densities and the
secondary electron yield y=8.6-10"°, corresponding to the static breakdown voltage
U, =240V , is shown in Fig. 5 by dashed lines. It is obvious that this model, expressed
by relation (14), fits the data only at high overvoltage and cannot describe the formative
time singularity at working voltage near the U, . The introduction of singularity t; — o
at U —» U, into the previous model is possible by defining the ion number density n, as
an approximate pre-ionization level at the static breakdown voltage:

ne = nes’™, (15)

IS 1

with the corresponding ionization coefficient o, . From the relations (13) and (15) it follows:
n, ~ne® (16)

Thus, the formative time delay with singularity at U - U, (i.e. a— o) is obtained in
the form:

vt M a7
(OL—(XS)’YVVi nis

The best fit (that achieves agreement with the experiment over the entire voltage range)
based on the previous relation with the fitting parameter ng =1.15-10'cm™ and
decreasing y from the interval (0.011—-0.003) is shown in Fig. 5 by a red solid line.
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Fig. 5 Voltage dependence of the formative time delay: symbols — experimental data, red
solid line — fit based on relation (17), dashed line — fit based on relation (14).

4.1. Schade’s model

The Schade’s model (Schade, 1937) relates the formative time delay at low gas pressures
with the voltage applied to the gap, taking into account that t; corresponds to the time of
positive ions movements across the gap (assuming that cathode bombardment by positive ions
is the main mechanism of the secondary emission). The derived expression:

_b
tf::E?%%%-e U (18)
contains two parameters, the one
2 _ _Bpd
aU)=——2s _in[14 1 Y=Y pppzgze (19)
ABp dvvl I0 S

that is voltage-dependent and the other b=Bpd whose value does not change with
voltage. Taking the required data from the experimental conditions, from the relation (4)
and the current ratio 1/1,=10" as suggested in (Schade, 1937), the parameters get the
values: a=~(1381-1735)usV , b=392.8V . The fit using the obtained values is shown in
Fig. 6a, by the black dashed line, while a(U) dependence based on Schade’ model is
presented in Fig, 6b, by the same dashed line. According to Fig. 6a, it follows that this
model describes the experimental formative time delay only at low overvoltage. A similar
result is obtained by applying a constant value for the parameter a=2500usV (blue
dotted line in Fig. 6b) and b=392.8V , while the corresponding fit of t; (U) is shown in
Fig. 6a by the blue dotted line.
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Fig. 6 a) Voltage dependence of the formative time delay: symbols — experimental data,
dashed line — fit with a(U) expressed by relation (19) based on the model from
(Schade, 1937), blue dotted line — fit with the constant parameter a, red solid line
— fit with the empirical a(U) expressed by relation (20);

b) The a(U) dependence: dashed line — relation (19) based on the model from
(Schade, 1937), blue dotted line — constant a , symbols — empirically obtained a,
red solid line — empirical a(U) expressed by relation (20).

Due to the apparent deviation of Schade’s model at high overvoltage, an empirical
correction of the parameter a(U) was made to achieve an agreement with the experiment
over the entire range of the applied voltages and the result is presented by symbols (m) in
Fig. 6b. The empirically obtained dependence could be described by the relation:

a(U)=7.52-10°°%% _12926.3+52.5U [usV], (20)

that indicates exponential decreasing of a at low overvoltage and linear increasing at
high overvoltage (the red solid line in Fig. 6b). The fit of the formative time with the
empirical a(U), given by relation (20), is shown in Fig. 6a by the red solid line.

4.2. Davidson’s model

Davidson’s model is based on ionization current growth in a uniform electric field
(constant potential difference between parallel electrodes) with secondary electron
generation due to the action of photons and positive ions on the cathode. It was shown that
the same primary and secondary ionization processes, which lead to the pre-breakdown
current growth, also lead to the rapid formative time delay decreasing (Davidson, 1955;
Dutton et al., 1953; Morgan, 1956). Adopting the model to our experimental conditions
(negligible photon contribution), the electron and ion currents growth at large t have the
form:

i_(t)=A-Be"V)", (21)

i (t) = iai,(t ~Xeorax (22)
0 w
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where A and B are constants and drift velocity w , determined from the electron and ion
drift velocities as 1/w=1/w, +1/w;, is approximately equal to w, because of w, >> w;.
The growth parameter A(U) present in (21) is obtained as the real root of the
characteristic equation:

Y [ =1, (23)
oa—-Alw

which also is modified according to the fact that the secondary electron emission by
positive ions is a predominant process on the cathode. The temporal growth of the ion
current, with appropriate initial and boundary conditions (Davidson, 1955; Dutton et al.,

1953; Morgan, 1956), enables the derivation of the formative time delay expression in the
form:

{ - lln{a—klwi {e“d _1_(1_q)!_+:|[e(ak/w,)d _ﬂl} (24)
A o o

The best fit of the experimental t;(U) dependence using relation (24) with the
implementation of (23) and the fitting parameter i, /i, =10" is shown in Fig. 7a, by a
dashed line. The corresponding growth parameter A is presented by the open triangle
symbol in Fig. 7b, showing the linear voltage dependence (dashed line in Fig. 7b).

1074 a) 0.8 b) o
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105 % Laue diagram e Davidson’s A(U) »~ g
2 204 o~
<104 itical MU) < ’,5
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P 0.2 . a7 empirical A(1))
1079 . DR o
Davidson’s M(U)  ~ T -=--_.
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ULyl ULv]

Fig. 7 a) Voltage dependence of the formative time delay: symbols — experimental data,
dashed line — fit with 4(U) obtained from relation (23) based on Davidson’s
model, red solid line — fit with the empirical A(U) given by (25);

b) The A(U) dependence: open triangles and dashed line — A(U) as suggested in
(Davidson, 1955; Dutton et al., 1953; Morgan, 1956), squares and red solid line —
empirically obtained A(U) expressed by relation (25).

As in the case of Schade’s model, the agreement of Davidson’s model (24) with the
experiment is achieved only at low overvoltage. Accordingly, an empirical correction of
the parameter A(U) was made, thus improving the agreement of the model and the
experiment throughout the voltage range. The fit including our empirical dependence:
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A(U)=0.28— 0.2897(U724°)/77‘B[},L571] (25)

and the fitting parameter i, /i, =10" is shown in Fig. 7a by the red solid line. The
corresponding empirically obtained values of A are shown in Fig. 7b (m) accompanied by
dependence (25) (the red solid line in Fig. 7b).

5. CONCLUSION

Several approximate empirical and semi-empirical models are applied for description
of decreasing behavior of the formative time delay voltage dependence in argon at low
pressures. Different models show a different agreement with the experimental data,
depending on whether they are based on power, exponential functions or the product of
power and exponential functions. Also, the models from the literature are used for
description of t;(U) dependence, but the applied models achieve a good agreement with
the experimental data only at low overvoltage. Because of their deviation at high working
voltage, certain corrections are necessary. In this paper, empirical corrections of the
existing models are suggested, thus achieving an excellent agreement with the experiment
over the entire voltage range. The application of appropriate, theoretically founded simple
models allows for a better understanding of the basic physical processes in various
experiments. Consequently, a simultaneous analysis of the experimental results and
theoretical models could be useful for studying the formative time delay under different
conditions.
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NAPONSKI ZAVISNI MODELI VREMENA FORMIRANJA
PRAZNJENJA U ARGONU

U radu su prikazana merenja vremena formiranja praznjenja t; u argonu, pri niskim pritiscima i na
razlicitim radnim naponima U. Opadanje vremena formiranja praznjenja sa porastom napona teorijski je
opisano razlicitim empirijskim i semiempirijskim modelima. Takode, postojeci modeli iz literature
primenjeni su za opisivanje eksperimentalno dobijene zavisnosti t(U). Medutim, modeli iz literature
pokazuju slaganje sa eksperimentom samo na niskim prenaponima AU (4U = U —U; gde je Us staticki
probojni napon). Na osnovu analize eksperimentalnih podataka uradene su empiriske korekcije
postojecih modela i na taj nacin postignuto je dobro slaganje sa eksperimentom u celokupnom opsegu
radnih napona.

Kljuéne reci: praznjenje u argonu, elektricni proboj, vreme formiranja praznjenja, empirijski
modeli, semiempirijski modeli



