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Abstract:
A number of pulsed experiments have been carried out using a high-voltage
circuit containing R,L, and C in certain arrangements. A spherical spark gap of steel
electrodes was used as a high-current switch operated by a voltage of up to 8kV and
triggered in both self-triggering and third-electrode triggering modes.
Current measurements were carried out by using both current-viewing resistor and
Rogowski coils designed for this purpose. Typical current waveforms have shown
obvious dominating inductance effect of the circuit components in an underdamped
oscillation.
The behavior of the circuit impedance was studied by recording both pulsed current
peaks and the charging voltages when currents of up to 2.5kA were recorded. The
duration of these current pulses were found to extend between 0.1μs and 0.3μs
depending on the values of the circuit components as well as the spacing of the spark
gap electrodes along which the plasma propagates at atmospheric pressure. Over the
whole range of experimental conditions, the average nominal impedance values were
ranged between (2-10)Ω depending on the gap and circuit parameters. Typical
damage patterns were observed with average diameters of up to 8.3 mm on the high
voltage electrode and 10.5 mm on the grounded sphere resulting from accumulative
discharges and power dissipation within the gap.
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Introduction:
Pulsed power technology (PPT)
has been used in a wide range of
applications including lasers [1],
generation of relativistic electron
beams for high power microwaves [2],
environment [3], and industry [4]. In
PPT, different high voltage switches
[5] have been used as key components
to transfer electrical energy from the
storage unit to the load. Plasma
switches are among these switching
devices, which can
potentially
transport high electrical currents at
relatively low power dissipation with
controllable repetition rate. These

plasma switches cover thyratrons,
pseudospark, and spark gaps [6-8].
Because of their simple design and
construction, low cost, and capability
of current le
vel control, spark gaps have stimulated
interests in a number of research
activities [9-14]. In these studies, a
number of operating parameters was
investigated including repetition rate,
discharge
region
of
operation,
electrode erosion, gas pressure, and
damping conditions of the output
signals. [9].
At particular gas pressure P and
electrode spacing d, the product pd is
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known as the sparking parameter and is
characterized by the Paschen curve for
each gas and g Department of Physics,
eometry [10]. The mechanism involves
the production of plasma and the
propagation of plasma particles
between the electrodes of the spark gap
giving rise to a high current flow
through the circuit. Characteristic
current-voltage curves can then be
deduced from the output signals after
recording the charging voltage of the
capacitor or the energy storage unit.
Previous experiments [11-17] were
carried out to study the effect of the
breakdown conditions and the plasma
characteristics where breakdown could
be preceded by corona stabilization in
non-uniform electric field geometry.
Such studies establish a correlation
scheme between charged particle
density and its governing parameters.
Moreover, these experiments intended
to select a method for triggering for a
single and multiple spark gap.
However, electrode surface flashover
was found to be adequate to operate
typical spark gaps with certain
geometry and gas pressure.
One of the prime objectives of this
paper is to investigate the temporal
behavior of the impedance of an
atmospheric pressure spark gap with
spherical electrodes. Analysis of the
discharge current oscillograms under
various damping conditions was
carried out as two triggering
techniques were followed after being
designed for these experiments. Such
analysis may establish a scope for
understanding the efficiency of
switching since it is governed by the
gap resistively and breakdown voltage
level.

Materials and Methods:
A group of capacitors was stacked
into a bank to deliver a capacitivelystored energy of variable level. This
energy was controlled by the amount
of charging voltage which was applied
from a dc-power supply as shown in
Fig.(1). The experimental procedure
starts by setting the electrode spacing
of the spark gap (d) measured by a
calibrated filler gauge.
To establish a proper damping
conditions in the circuit, the capacitor
bank (C = 39μF) was charged through
a current-limiting resistance to variable
voltages. For each specified voltage, a
discharge current was recorded when
the spark gap had been triggered via a
particular mode. To make sure that
there was no additional inductance
coupled to the circuit from the
triggering device, a number of
experiments was carried out by spark
gap self-triggering (self breakdown). In
such conditions, the bank erected to a
certain voltage level enough to
establish self-breakdown followed by
the transport of discharge current.
The charging voltage was monitored
by a (1000:1) standard high voltage
probe, which was connected to a
digital multimeter. The discharge
current was recorded on a digital
double beam storage Oscilloscope by
using a cylindrical current-viewing
resistance (CVR) (current shunt) which
was designed and constructed for this
purpose.
For
cross-correlated
measurements of the discharge current,
Rogowski coils also threaded into the
grounded connection of the RLC
circuit. These coils were designed,
constructed, and calibrated to record
the pulsed discharge currents [18].
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output of the Rogowski coil to measure
the current rather than its rate of
change.

Results and Discussion:
Exploring the current-voltage and
current-time characteristics of the
operational pulsed circuit, a number of
preliminary experiments was carried
out using the circuit shown in Fig.(1b).
By operating the spark gap with selfbreakdown mode, measurements of the
time required for charging the C-bank
up to a voltage sufficient for selfbreakdown (charging time ) were
necessary to test the reliability of the
circuit as well as the range of
reproducibility. As was discussed in
the proceeding section, current
measurements were carried out by both
CVR and Rogowski coils. Therefore,
for each charging voltage, there was a
corresponding time-varying discharge
current signal to be inspected. Fig.(2)
shows four typical oscillograms
obtained for a spark gap spacing of 0.5
mm using self-triggering mode (a and
b ) and third-electrode triggering mode
(c and d). With a charging voltage of
2.8 kV , a typical peak discharge
current of (1.25±0.05)kA could be
obtained for self triggering while a
peak

(a)

(b)

Fig. (1) Experimental setup (a)
photograph of the pulsed RLC
circuit (b) Equivalent circuit
A 50Ω matching coaxial impedance
were connected to each input of the
oscilloscopes to
any possible
mismatch in signal propagation. A
proper RC-integration circuit was
constructed and connected to the

VCharging=2.83kV
d=0.5mm Rogowski

VCharging=2.83kV
d=0.5mm CVR

(a)

(b)
VCharging= 3kV
d=2mm Rogowski

VCharging= 3kV
d=2mm CVR

(c)

(d)

Fig. (2) Typical discharge current oscillograms recorded by CVR and Rogowski coil;
( a, b) self- triggering and (c ,d) third-electrode triggering
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current value of (1.35±0.05)kA was
obtained with a 3 kV charging voltage
in the other mode of triggering with
longer spacing(2mm). The features of
the signals illustrate the effect of both
triggering mode and gap spacing on the
damping conditions of the circuit. A
graphical representation of the
charging and discharging times is
shown in Fig.(3). The performance of
the pulsed circuit may be envisaged by
the ratio (discharging time/charging
time) for self-breakdown condition.
The differences in current values may
be
imposed
by
the
(inductance/resistance)
ratio
of
Rogowski coil which is reasonably
acceptable in pulsed techniques [18].
A linear dependence of the breakdown
voltage on the spark gap spacing is
shown in Fig.(4) . This behavior
demonstrates that these experiments
were run along the right side of the
Paschen curve with a nonthermal
plasma generated within the gap at
atmospheric pressure. At this pressure
the plasma is highly conductive as
spark ignition proceeds to arcing which
may impose a shrinkage of both
normal and abnormal glow regions in
the current– voltage characteristic
curve of the discharge [19].

Fig. (4) Charging voltage versus gap
spacing for self-breakdown
In Fig.(5), a typical discharge current –
charging voltage characteristic curve is
shown when both CVR and Rogowski
coil measurements of the current are
demonstrated .
Two regions may be distinguished in
this curve; one region showing a
gradual increase in the current with
raising the charging voltage and the
other, i.e., after a charging voltage of
about 7kV , shows a very slight change
in the current which illustrates that
there is no additional source of charged
particles including that from secondary
emission for the 2mm gap spacing
where the electrical power is dissipated
. To investigate the impedance
behaviour of the spark gap, a number
of parameters were considered
including the damping conditions, gap
spacing and pulse duration. Two
approaches were adopted to analyze
the results of the output current signals.
The first was to take a number of
oscillograms for various gap spacing.
A number of current values was
extracted from each oscillogram that
corresponds to a certain d. For a
number of d-values ranged from 0.5
mm to 2.5 mm, the nominal impedance
Z (charging voltage /discharge current)
was plotted as a function of the rise
time of each

Fig. (3) Rise time of the pulse as a
function of charging time for Selfbreakdown triggering
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Fig. (5) Typical discharge current-charging voltage characteristic curve for
d=2mm under third-electrode triggering mode

(a)
(b)
Fig. (6) Impedance as a function of current rise- time for self-breakdown mode
(a) CVR (b) Rogowski coil, extracted from the same current oscillogram
pronounced current peak on the same
record the peak value and its rise time.
oscillogram under self-breakdown
Through a similar manner to that
conditions as shown in Fig.(6) .
discussed above, the values of Z were
The same trend of behaviour is obvious
deduced and plotted as a function of
in both CVR and Rogowski coil
the corresponding value of the rise
measurements of the current, Fig.(6a
time as shown in Fig. (7). It can be
and b). The values of Z increases with
concluded from Figs.(6 and 7) that
enlarging d while the impedance shows
time-varying impedance exists due to
a prompt increase with rise time as a
the inductance and resistivity of the
result of current degrading as the signal
spark gap as well as the expansion of
damps out due to the finite closure
plasma channels along the spacing d .
time of the spark gap [9].
The gap closure time may be taken as
The other way of analysis was to take
the time required for the plasma to
the first half cycle of each current
expand between the two gap electrodes
signal in a number of oscillograms and
resulting in an impedance collapse.

(a)
(b)
Fig. (7) Typical impedance behaviour for self-breakdown mode at d=0.5mm (a)
CVR (b) Rogowski coil, extracted from various current oscillograms

634

Baghdad Science Journal

Vol.8(2)2011
Over the whole range of experimental
conditions being undertaken, the
average values of an overall nominal
impedance were found in the range (210)Ω depending on the gap and circuit
parameters.
Taking the full-width at the half
maxima of current signals obtained for
gap spacing ranged from 0.5 mm to
2.5mm, a graphical representation
demonstrates that the time required for
short-circuiting the gap shows slight
fluctuations as shown in Fig.(8) . Such
behaviour illustrates the effect of
damping conditions created within the
gap throughout the time interval of
plasma expansion, i.e., oscillation
conditions need more than τfwhm to
damp out for this circuit which is
slightly underdamped.
Over a number of experiments
conducted with the spark gap and by
having an accumulative number of
shots exceeding one thousand, power
dissipation within the

Fig. (8)Variation of time of full
width at the half maxima τfhwm
with gap spacing
gap resulted in an erosion on the
surfaces of both electrodes as shown in
Fig.(9). Erosion rate may increase
nonlinearly with upgrading current
levels [14].
The damage pattern created on the two
surfaces has the dimensions of about
8.3mm on the high voltage electrode
and 10.5 mm on the grounded
electrode. The expansion of plasma
particles towards the grounded
electrode and space change effect may
be responsible for this difference in
pattern dimensions.

Fig. (9) A photograph of the experimental spark gap showing the formation of
spark and damage patterns
self-breakdown mode and typically
with gap length ranged between 0.5mm
and 2.5mm showed a number of
characteristic curves illustrating the
dependence of the discharge current
with respect to other circuit parameters
and the expansion of nonthermal
plasma channels between the spark gap
electrodes. The triggering method was

Conclusion:
The time-varying impedance of an
atmospheric-pressure spark gap of
spherical electrodes has been studied
with pulsed electric field of a wide
range of strength level governed both
by the applied voltage and gap
parameters. Experiments operated with

635

Baghdad Science Journal

Vol.8(2)2011

found to have an effect on the
discharge current pulses monitored by
both current viewing shunt and
Rogowski coil. Damage patterns on the
surfaces of the gap electrodes were
photographed as they resulted from
power dissipation within the gap
controlled by discharge current levels.
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خصائص مماوعة تفريغ كهربائي وبضي في مفتاح بالزما كروي تحت الضغط
الجىي االعتيادي
عبذ الرضا سلمان حساوي*

عبذ الحسيه عباس خضير*

آالء فاضل احمذ الراشذي*

*قسٌ اىفٍضٌاء /ميٍح اىعيىً /جاٍعح تغذاد

الخالصة:
أسرخذٍد دائشج فىىرٍح ّثضٍح عاىٍح ذذرىي عيى ٍقاوٍح وٍرسعح وٍذاثح الجشاء ذجاسب ذفشٌغ
مهشتائً فً ٍفراح تالصٍا مشوي اىشنو وصيد فىىرٍح اىشذِ فٍها اىى. 8kV
أسرخذٍد ٍقاوٍح ٍجضئ وٍيفاخ سوغىفسنً ىقٍاط ذٍاس اىرفشٌغ اىْثضً عْذ قذح ٍفراح اىثالصٍا تَْطٍِ
مهشتائً واىنرشوًّ دٍث وصيد قٍَح اىزسوج ىيرٍاس اىى  2.5kAو صٍِ اىْثضح ذشاودد تٍِ  0.1μsو
.0.3μs
اوجذخ اىرجاسب وجىد سيىك دثً سائذ فً اىذائشج ٍعرَذا عيى قٍَح ٍنىّاخ اىذائشج وسيىك اىثالصٍا اىَْرقيح
تٍِ قطثً فجىج اىَفراح واّعناط رىل عيى ٍَاّعح اىذائشج اىْثضٍح  .وتسثة اىرفشٌغاخ اىنهشتائٍح اىَرشامَح
وذفاعو اىطاقح ٍع سطخ اىقطثٍِ ىىدظ وجىد اثاس ىيرفشٌغ اىنهشتائً وصيد اقطاسٓ  8.3mmعيى قطة
اىفىىرٍح اىعاىٍح و 10.5mmعيى قطة ٍفراح اىثالصٍا اىَىصىه تاالسضً .ذذد جٍَع اىضشوف اىرجشٌثٍح
اىَعطاج وجذ اُ قٍَح اىََاّعح ذرشاوح تٍِ  2اوً و 10اوً ٍعرَذج عيى ضشوف اىرزتزب وطشٌقح ذذيٍو ّرائج
اشاساخ ذٍاساىرفشٌغ اىنهشتائً.
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