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Abstract This study explains the breakdown mechanism in different triggered spark gap switches. Two
different trigger electrode configurations are tested for the switch predischarge operation in a nitrogen
laser circuit. The behavior of the breakdown voltage, when a trigger pulse is applied to the trigger
electrode, is investigated, and the results are reported. Based on the experimental measurements new
empirical expressions for breakdown voltages are obtained. The self triggered breakdown voltage is also
calculated and the differences between the self triggered and external triggered breakdown voltages are
reported.
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INTRODUCTION

For voltages higher than 10 kV, no solid state
electronic element is capable of operating as a
reliable switch. Different types of thyratrons can
switch high voltages and currents with time delay of
about 10 us and very low jitter down to a few
nanoseconds. Howeverthese elements are expensive
and the application is aggravated by the energy
supply required for heating the cathode { 1]. Thus, for
high voltage engineering only spark gaps are nearly
unlimited in appli;:ations [2]-[8],ifthey are properly
controlled [9]. Spark gaps are now used extensively
in the field of high voltage engineering, plasma
research, and laser physics to switchelectrical energy
at high voltages and currents [10].
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Design and construction of spark gaps require
essential information about the electrical breakdown
in gases, ionization and deionization processes,
electrode processes, discharge mechanism, and the
transition state from self-sustained discharge to a
complete breakdown. Also, some knowledge about
the breakdown conditions in uniform and non-uniform
fields are required. The sparking and minimum
breakdown voltages are the points that are to be taken
into consideration in the gas breakdown mechanism
[11].

In the early stage of the gas breakdown, the corona
by trigger electrode, and the cathode electrons are the
pirme source for the gas ionization. However, several
other processes such as photoionization, and thermal
ionization must be taken into account. In addition,
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different ion loss mechanisms such as deionization
by recombination, negative ion formation, and
diffusion should also be considered in analysis.

GAS BREAKDOWN MECHANISMS

If the process of electron multiplication by electron
collision, ionization by secondary electron and
electron loss by attachment are considered
simultaneously in a gas, then neglecting other
processes the expression for the current becomes
[12, 13]:

I=I [exp(a-n)d - (/a)]/{(a-n) - oy [exp (o-1)d-11}

¢y
where I is the current generated by primary electrons
of the cathode, and d is the distance from cathode to
anode. Parameters a.and yare the Townsend’s primary
and secondary ionization coefficient, respectively,
and n is the electron attachment coefficient.

In two-electrode gaps, cathode plays a very
important role in gas discharge and this in switch
operation. This electrode supplies the initial electrons
for the ionization initiation, for sustaining and for the
completion of the discharge. There are several ways
in which the required energy may be supplied to
release the electrons. These include (1) photelectronic
emission, (2) electron emission by positive ions and
excited atom impact, (3) thermionic emiséion, @
field emission, and (5) secondary electron emission
by photon impact [13]-[14].

The process of transition from self-sustained dis-
charges to breakdown is explained first by the
Townsend mechanism. As the voltage between
electrodes in a gas increases, the electrode current
increases in accordance with Equation 1. At some
point, there is a sudden transition form the dark
current I_ to a self-sustaining discharge. At this point
the current I becomes indeterminate as the
denominatorinthe Equation 1 vanishes. This condition
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can be shown as:
ay [exp (o - n)dl/(e-m) = 1 @)
since a>>1 approximately, then,

v [exp (@ d)-1]=1 3)

where 0 represents the effective ionization coeffi-
cient.

Theoretically the value of the current at this stage
becomes infinitely large, but in practice it is limited
by the extemnal circuitry and some other processes.
Equation 3 defines the condition for onset of spark
and is called the Townsend criterion for spark forma-
tion or Townsend breakdown criterion. In this situa-
tion, the discharge is then self-sustaining and can
continue in the absence of the source producing I.
So, this criterion can be said to define the sparking
threshold in Townsend gas breakdown mechanism.

An alternative expression is obtained by rewriting

Equation 3 as:
o d=Ln (1+1/y)=K )

where @ is often very strongly dependent upon gas
pressure or field strength. The exact value of K is of
minor importance and can be treated as a constant for
many conditions of p and E. However, the growth of
the charge carrier in a uniform field described by
Townsend exponential rate is valid only aslong as the
electrical field of the space charges of electrons and
ions can be neglected compared with the external
field.

When the charge concentration is higher than 10°
but lower than 10%, the growth of an avalanche is
weakened, and if the carrier number in avalanche
reaches 108, the space charge field becomes the same
magnitude as the applied field. Under this condition,
the space charge developed in an avalanche is ca-
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pable of transforming the avalanche into channels of
ionization known as a "streamer”, that leads to rapid

development of breakdown.

II1. Gap Breakdown Voltage

The breakdown voltage of the gap can be determined
by the Townsend criterion Equation 3 and by the use
of appropriate o/p and 7y corresponding to the low
value of E/P. For the currents below 107 A, the spark
charge distortions are kept to minimum, and more
importantly, no damage to electrons is observed, If
o/p = f (E/P) is used in the Equation 3 we obtain:

fEP)pd-Ln(l+1/¥)=K &)

Foruniform field V = Ed, where V, is the breakdown
voltage, then Equation 5 becomes:

exp [f (V,/pd) pd] =K (6)
or
V, = f (pd) Q)

which means that the breakdown voltage of auniform
field gap is a unique function of the product of
pressure and electrode separation for a particular gas
and electrode material. Equation 7 is known as the
paschen’s law, and has been established
experimentally.

The breakdown voltage for the uniform field gaps
in air over a wide range of pressure and gap length is

given by schumann [13]:

o/p = C [(E/p) - (E/p)_J? (8)

Where C is a constant and E_ is the limiting value of
E at which effective ionization starts. Combining this
relation with the criterion Equation 4 the breakdown
voltage becomes:

L1
V, = K/ (Pd)?+ (E/P), (pd) ©)
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Inserting the constants E_and K/C, Equation 9 be-

comes:
1
V,=6.72 (Pd)? +24.36 (pd) kV (10)

which is valid for uniform field gaps in the air for a
range of the product pd from 102 bar-cm (10® pa-m)
to 5x10? bar-cm (5 x10*pa-m).

In non-uniform fields, such as point-plane, and
sphere-plane gaps, the field strength and, thus, the
ionization coefficient can vary across the gap. In this
case, the electron multiplication is governed by the
integral of, a., over the defined path, i.e.:

Ef:ladx (11)

The criterion condition here, for breakdown may be
determined by modifing the discussed formulation for
the uniform field to take into account the non-uniform
distribution of a.

Inaunfirom field gap, whenthe criterionis satisfied,
the ionization process usually leads to a complete
breakdown of the gap. But, in non-uniform fields,
various discharge processes known as "corona" are
observed long before the complete breakdown occurs.
These processes may be transient or in a steady state
depending on the nature of field gap. In most cases,
where there is anon-uniform field, the phenomenon of
corona discharge is of particular importance.

SPARK GAP DESIGNS

The field distorted spark gap switches are devloped
here, because of their simplicity and because they
could be designed with electrodes of large area. On
triggering, large amounts of ionization are known to
be produced all along the edge of the trigger electrode,
and it is hoped that this would result in the circuit
carring arcs on succesive discharges being distributed

over this large area. This yields a small rate of erosion
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per unit area of elecrodes, and as a result would
increase the switch lifetime.

Our spark gaps are basically three-electrode
switches, consisting of ahigh voltage electrode, alow
voltage electrode, and a trigger electrode mounted in
a proper place inside the discharge region. Details of
the design and construction of these switches are
reported recently [15].

Two kinds of controlling mechanisms for the
spark gap condition are employed. In the first design,
the gap electrode distance, and in the second one, the
gas pressure is varied during the measurements. In
both mechanisms, however, the critical product (pd)
can be controlled precisely. Atmospheric operation
of the electrode-controlled spark gap is also possible,
which is demonstrated in this work.

Figure 1 shows a simplified diagram of the two
designed spark gaps. The first design, as shown in
Figure 1la, is constructed of two adjustable plane
electrodes with a grid held between them as the
trigger electrode. While the distance between the
main electrodes can be adjusted, with respect to each
other, their distances can also be varied with respect
to the grid. The diagram of the second gap is pre-
sented in Figure 1b, whichis a three electrode system
consisting of a high voltage electrode, a low-voltage
electrode, and a trigger assembly mounted inside the

ANODE

ANODE

CATHODE
(a) (b]

TRIGGER

Figure 1. A simple diagram for the spark gaps. (a) the grid
trigger electrode and (b) the pin trigger electrode configu-
ration for the designed spark gaps.

146 - Vol. 9, No. 3, August 1996

grounded low-voltage electrode.

In order to test the constructed spark gaps, a
Blumlein-driven nitrogen laser is used in which the
two switches can be examined as the triggerelement.
A simple circuit is used for generating a high voltage

pulse of about S kV to trigger the spark gaps.

RESULTS AND DISCUSSIONS

A. Gap Distance-controlled Sprak Gap
To study the breakdown voltage variation, the main
gap distance is changed from 4 mm to 20 mm and the
breakdown voltages are measured. Figure 2 shows
the measured values of these voltages, V,, while the
distance between the mesh electrode and the cathode
is 2mm. For measuring this voltage, it is confirmed
that the switch is not self firing at this voltage level.
Formeasuring the breadkdown voltages, the nitrogen
gas pressure in the laser tube is high enough that the
breakdown can not occur in the laser main discharge
tube.

In this experiment, the atmospheric air pressure is

considered for the spark gap operation and analysis.
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Figure 2. The measured average breakdown voltage, V,,as
a function of the main gap distance, d, for the grid triggered
gap. The self breakdown voltage, V, is calulated from
Equation 10.
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The sclf triggered breakdown voltages, V,, calcu-
lated from Equation 10, is also displayed in Figure 2.
The brecakdown voltage, V, , which shows the
cffectivensess of the field distrotion by the mesh
electrode in the discharge process.

In the second measurement the role of the trigger
electrode distance, i.e., mesh electrode, with respect
to the cathode (ground) electrode is investigated. For
this purpose this parameter is changed from 1 mm to
4mm, and the spark gap operation and its voltage
breakdown are studied. The observation shows that
the optimum distance for the system is in the range of
2-3 mm, Therefore, the breakdown voltages for these
valucs are investigated. The results of these mea-
surements for the two values of d, are presented in
Figure 3.

It is noticed that this parameter has a major effect
on the stable operation of this spark gap and, as a
result, on the laser system. As shown in Figure 3, at
higher mesh distance, the threshold breakdown volt-
age increases with distance at first, butat some higher
distances, the voltage relatively decreases for the
same main gap vlalue. The operational main gap
distance for this switchis 17 mm at applied voltage of
13 kV, where the mesh distance is about 2mm with

APPLIED VOLTAGEKV]

1 1.2 14 16 18 2
PRESSURE,P(bar)

Figure 3. The behavior of the breakdown voltage as a
function of the grid distance from the cathode, d,.
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the trigger pulse of 5 kV.

B. Pressure-controlled Spark Gap

To investigate the breakdown voltage for this switch,
this parameter is measured in a similar way that was
described in the previous section. The main gap
distance in this case is constant of about 5 mm and the
annular distance between the trigger electrode and
the cathode is fixed at about 1.5' mm. By connecting
the outlet of the spark gap to a sehsiﬁve gauge and a
needle valve, the smooth variation of nitrogen gas
pressure in the switch is accomplished. The gas
pressure is changed from 1 bar (1 x10*pa) to 2 bar (2
x10pa) at gauge in 0.1 bar (1x107pa) step, and as
described above the switch breakdown voltages are
measured.

The voltage behavior for this spark gap as a
function of the gap pressure is shown in Figure 4,
where as the same trigger pulse of about 5 kV is
applied to the trigger electrode. Using the given
values for pd product in Equation 10, the self trig-
gered breakdown voltage is calculated which is also
displayed in Figure 4. The comparison between the
two voltages indicated that the breakdown voltage,

APPLIED VOLTAGE(kV)

-
PO de3mm /
oL O dp2mm /—J

GAP DISTANCE,d{mm)
Figure 4. The measured average breakdown voltage, V,, of

the pin triggered gap as a function of the nitrogen gas
pressure. Self breakdown voltage, V , is also shown.
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V.. is considerably lower than the self triggering
voltage, V_, which shows that the field distortion
produced by the third electode considerably reduces
the breakdown voltage for the gap. There is, there-
fore, a good margin between the laser operating

voltage and the spark gap breakdown voltage.

C. Comparison of the two Spark Gaps

There are basically two phases to closing a spark gap.
The first is the initial phase of streamer formation at
the high electric field region surrounding the trigger
electrode and its propagation to the opposite elec-
trode. This is followed immediately by the second
phase of arc formation which switches on the electri-
cal breakdown. The time lags (delay) associated with
the first and second phases are known as statistical
and formation time, respectively. In practice, most of
the timing jitter is known to be realted to the first
process.

For the triggered spark gaps, it is noticed that the
placement of the trigger electrode inside the dis-
charge has a major effect on the field distortion and
the initial phase of ion formation. The pin electrode
mounted in the cathode electrode (Figure 1b) pro-
vides amore uniform breakdown field than the mesh
electrode assembly of Figure 1a. The reason is that
the initial phase of ionization is just in the small
region surrounding the trigger pin electrode, and then
it propagates from cathode to anode in a more uni-
form fashion. The first phase of streamer formation
is, therefore, limited to a small area which results in
a nearly uniform field for the second phase of the
switch breakdown.

To check this piont more precisely, the paschen
curve for this switch is plotted in Figure 5. Based on
the experimental data points an expression such as

V,=16 (pd)%+ 18.9 (pd) (12)

was deduced to fit the experimental results fairly
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Figure 5. Variation of the measured average breakdown
voltage, V,, with respect to (pd) product for the gap. The
values of V, are based on the introduced Equation 12.

well. The curve based on Equation 12 is also dis-
played in Figure 5 which shows a good agreement
between the two plots. If Equation 12 is compared
with Equation 10 for the breakdown voltages in the
air, severl interesting results will be obtained. First,
both equations, in general, show a similar (pd)
dependece. Second, there are obvious differences in
the constant values of E_ and K/C as expected. Com-
paring the critical ionization field, E, it can be
observed that because of the presence of the trigger
electrode, the effective ionization starts at arelatively
Iower value of the applied field (18.9 kV/cm). Be-
cause of the trigger pin, secondary processes in
comparison to the self breakdown condition are en-
hanced which result in a higher value for the second-
ary ionization coefficienty. This fact can be deduced
from a decrease in the value of K in Equation 12, and
the point that there is an inverse relation between K
and v, Eqution. 4.

Onthe otherhand, for the mesh electrode a similar
relation canbe developed, but the bestexpression has
proved to be

1
V., =34 (pd)? + 3.3 (pd) + 0.7 (pd)* (13)
where Equation 13 has an extra dependence on (pd)?
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as well. For a small value of (pd), this term has a little
contribution to the voltage breakdown, but as (pd)
increases, its effect also increases considerably. The
measured average breakdown voltages and calcu-
lated values from Equation 13 are presented in
Figure 6.

Considering Equation 13, it can be concluded that
thé breakdown field in this case is notuniform and the
mesh electrode has distorted the applied field consid-
erably. This fact can be checked b'y comparing this
breakdown voltage with that of self-breakdown volt-
age. By comparing Equations 13 and 10, which are
both for the air, it is found that the E_is considerably
decreased, and also K/C shows a decrease from the
value of 45.16 to 13. 69 (kV)¥cm. This result indi-
cates that the secondary effects have changed the
breakdown field pattern irregularly in the case of the
mesh triggereing electrode.

As was stated in our recent report [15], the pres-
sure controlled spark gap with cathode-mounted pin
electrode gave a better performance in terms of
regular firing and stability. The output power of the
nitrogen laser for the case in which triggering, was
accomplished by the pressure-controlled spark gap

was almost twice the case of the other spark gap
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Figure 6. Variation of the measured average breakdown
voltage, V_, Versus (pd) product for the gap (a). The values
of V| are calculated from introduced Equation 13.
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switch. But at that time we did not have a clear
answer for this effect. The result of this study clearly
shows the reason for this difference, which is directly
related to the breakdown conditions for the switches.
The better performance of the pressure controlled
spark gap is due to the fact that the field distortion
caused by the third electrode is nearly uniform in this
spark gap whereas the other breakdown discharge is
nonuniform.

In summary the results of this study can be sum-
marized as follows: (1) for externally triggered-elec-
trodes, the gap breakdown voltage is considerably
lower than the self-breakdown voltage; (2) the field
distortion greatly depends upon the trigger electrode
geometry and its place inside the discharge region;
(3) Empirical expression for the breakdown voltage
of each gap is obtained. The behavior of the break-
down voltage for the pressure controlled spark gap
with a trigger electrode inside the cathode is nearly
similar to that of the uniform field breakdwon volt-
age; and (4) Because of the uniformity in its dis-
charge, the pressure-controlled spark gap gives a
better performance in terms of regular firing, stability
, and as a result higher output power, when employed

in a nitrogen laser as the trigger element.
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