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a b s t r a c t

The discharge processes of ultraviolet (UV) pre-ionized electric-discharge pulsed DF laser operating with
a SF6–D2 gas mixture are studied. A mathematical model based on continuity equation of electrons and
Kirchhoff equations for discharge circuit is established to describe the discharge processes. Voltage and
current waveforms of main discharge and voltage waveforms of pre-ionization are solved numerically
utilizing the model. The calculations correctly display some physical processes, such as the delay time
between pre-ionization and main discharge, breakdown of the main electrode and self-sustained volume
discharge (SSVD). The results of theory are consistent with the experiments, which are performed in our
non-chain pulsed DF laser. Then the delay inductance and peak capacitance are researched to analyze
their influences on discharge processes, and the circuit parameters of DF laser are given which is useful to
improve the discharge stability.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Electric discharge non-chain pulsed HF/DF lasers have attracted
much attention in the field of high power medium wave infrared
lasers, which have significant applications in many fields such as
spectroscopy, laser radar transmitters, laser ranging, atmospheric
monitoring, military, etc. [1–6]. Usually, these lasers use strong
electronegative SF6 as F atoms donor, which makes it difficult to
develop uniform and stable discharge in gas mixture, especially
with a bigger discharge gap. In order to obtain stable SSVD in
mixtures of SF6, many kinds of discharge technologies were used.
Rickwood obtained stable discharge with semiconductor pre-io-
nizer Electric discharge technology, whose maximum discharge
gap was 1.2 cm and cathode area was 50�0.9 cm2 [7]. Scott pre-
sented an X-ray pre-ionized self-sustained discharge DF/HF laser,
whose maximum stable discharge gap was 2.4 cm and cathode
area was 45�2 cm2 [8]. Brunet reported photo-triggered dis-
charge, which pre-ionization pulse was applied when the voltage
across the electrodes was well above the steady-state breakdown
voltage, obtaining a uniform discharge in the region with gap of
3.5 cm, length of 45 cm and width of 8 cm [9]. Apollonov in-
troduced a self-initiated volume discharge (SIVD), which the
cathode surface possessed of small-scale (50 μm) non-uni-
formities and the discharge characteristics was independent of
, Fine Mechanics and Physics,
ina.
pre-ionization. Based on this new discharge technology, the stable
discharge gap reached 27 cm with the cathode area of
100�20 cm2 [10]. In our lab a stable SSVD is obtained with spark
pin UV pre-ionization discharge technology, and the output energy
was 4.95 J with pulse duration of 149 ns [11].

The discharge stability and deposited energy must be further
enhanced in order to obtain preferable output performances,
which would require detailed experimental study on circuit
parameters of DF laser. And the theoretical model of discharge
circuit is helpful to understand the discharge processes, predict
optimum circuit parameters and explain the experimental results,
all of which have extremely vital significance for experimental
study.

In this paper, the circuit characters of non-chain pulsed DF la-
ser, initiated by UV pre-ionization electric-discharge, are re-
searched theoretically and experimentally. The aim of our work is
to study in more detail the SSVD development in time and to
obtain optimum circuit parameters that govern the discharge
processes.
2. Physical processes of discharge in DF laser

2.1. Discharge circuit

The LC inversion circuit used in our non-chain pulse DF laser
for investigating the processes of discharge is presented schema-
tically in Fig. 1. C1 and C2 are storage capacitances of main
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Fig. 2. Photograph of plane electrodes and spark pins.

Fig. 3. Equivalent circuit diagram of LC inversion circuit.
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electrodes and pre-ionization electrodes. C3 is peaking capacitance
and L is delay inductance. L1, L2 are charging inductances and SG is
rotary spark switch. HV and TV are high voltage source and trigger
source respectively. A, B are the voltage test points of main dis-
charge and pre-ionization discharge respectively. Plane electrodes
as main electrodes were used in the laser system, and the spark
pins as pre-ionization electrodes were set both sides of the elec-
trodes symmetrically, as shown in Fig. 2. The discharge is formed
between plane electrodes of size 120 cm�4 cm, which are spaced
by a 4 cm gap.

Working processes of LC inversion circuit is described as fol-
lows. Firstly, HV charge to C1 and C2 through L1 and L2 respectively.
Secondly, under the control of TV, the circuit is reversed after the
breakdown of SG switch. However, breakdown of main electrodes
cannot be realized due to strong electronegativity of SF6, which is
responsible for the high impedance of gas mixture, and C1 will
charge to C3 at the moment. The gap between the spark pins is
small and the electric field is more concentrated at the pinpoint, so
the pre-ionization electrodes generate spark discharge with the
breakdown of SG. Intense UV radiation generated from spark
discharge passes through the gap and forms photoionization,
which produces a large quantity of initial electrons and decrease
impedance of gas mixture. Lastly, under the effect of UV pre-io-
nization, C3 will discharge to the main electrodes and initiate
stable SSVD in the gas mixture.

2.2. Calculation model of discharge circuit

The equivalent circuit of LC inversion circuit is shown in Fig. 3.
The resistance of SG (RSG) is equivalent to a variable resistance.
Before breakdown of SG switch, the value of RSG is infinitely great,
and whose branch circuit is equivalent to open. Contrarily, with
the breakdown of SG, the value of RSG rapidly goes to infinitely
little and the branch circuit is equivalent to short. The reference
directions of current for each branch circuits are marked in Fig. 3.

Using the circuit equations of Kirchhoff, some equations that
can describe the relation between circuit parameters with time
have been given by the following equations:
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Fig. 1. Circuit diagram of LC inversion circuit.
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u1, u2 and ud are voltages of C1, C2 and main discharge respectively.
iL1, iL2 and iL are branch currents of L1, L2 and L respectively. The
variable resistance RSG¼0.1þ100exp(�t/(5�10�9)) [12]. The
main discharge current id can be expressed as follows:

= ⋅ ⋅ ⋅ ( )i e n u s 7d e e

where e, s and ue are electron charge, area of cathode and drift
velocities of electron respectively. Based on the measuring result
of quasi-stationary voltage, Apollonov gave a conclusion that only
ionization of SF6 by electron impact and electron attachment to
SF6 molecules are substantial processes for SSVD, at least for en-
ergy depositions not exceeding 200 J/l and SSVD durations longer
than 200 ns (the deposited energy in unit time and unit volume is



Fig. 4. Waveforms of main discharge voltage, current and pre-discharge voltage
with DF laser.
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not exceeding 1 J/l/ns), whereas some influences can be neglected
such as step ionization, Penning process, attachment of electron to
excited molecules of SF6, and ionization of dopes, etc. [13]. During
the processes of SSVD in the SF6-based gas mixtures, βei and kd
should be approximately equal, so their effect on electron con-
centration can be neglected in the simulation. Here, βei and kd are
rate constants of electron–ion recombination and electron-impact
detachment of electrons from negative ions, respectively [14]. The
continuity equation describing the growth of electron densities
(ne) between the electrodes is

α η= ⋅ ⋅ − ⋅ ⋅ + ( ) ( )
n
t

n u n u n t
d
d 8

e
e e e e pre

where α is collision ionization coefficient, η is adsorption
coefficient, ue is electron drift velocity and npre(t) is the electron
density produced by UV pre-ionization. Yoshiro has measured the
electron density produced by single spark gap discharge, and
found that the electron density was linear increase with the dis-
charging current when the discharging current exceeded a
threshold value [15]. Consequently, in the calculations npre(t) is
approximated by the form npre(t)¼k � ipre, where k is constant
coefficient (the value of k equals 1/e in the calculation) and the
pre-discharging current ipre¼(ud�u1þu2)/Rpre.

The specific expressions of the seven coupled differential
equations are represented by Eqs. (1)–(6) and (8). Based on the
Runge–Kutta theory, the seven variables (u1, u2, iL1, iL2, ud, iL, and
ne) can be obtained through solving the differential equations. The
deposited energy can be expressed as the integral of main dis-
charge voltage and current on time

∫= ( )W i u td 9
T

0
d d

where T is the periodic time.
3. Comparison of numerical and experimental results

3.1. Numerical calculations

After charging to storage capacitance and before breakdown of
SG switch, the terminal voltages of storage capacitances are equal
to the voltage of HV and the currents of each branch circuits are
equal to zero. These voltages and currents would be initial values
of differential equations, for inductances and capacitances in the
circuit limit the jump of currents and voltages respectively. The
circuit parameters of non-chain pulsed DF laser and related data
are shown in Table 1:

With the above initial values and related data, the differential
equations was solved numerically using the Runge-Kutta method.
Fig. 4 shows the calculations of main discharge voltage, current
and pre-discharge voltage. Firstly, the terminal voltage of pre-io-
nization electrodes reaches its critical breakdown voltage (17 kV)
rapidly, and spark discharge channel forms between the spark
Table 1
Circuit parameters and related data of non-chain pulsed DF laser [16].

Parameters Values Parame

Working pressure p 10 kPa Delay i
Area of cathode s 320 cm2 Chargin
Gap of electrode d1 4 cm Chargin
Gap of spark pins d2 5 mm Numbe
Charging voltage u0 34 kV Collisio
Main storage capacitances C1 227 nF Adsorp
Pre-ionization capacitance C2 52 nF Drift v
Peak capacitance C3 30 nF Electric
pins. Then the pre-discharge voltage decreases to its sustaining
voltage (7 kV), which can sustain spark discharge for 50 ns. After
that, the pre-discharge voltage will attenuate to zero through the
LC resonance. Secondly, after the breakdown of pre-ionization
electrodes, through a delay time of 250 ns, the terminal voltage of
main electrodes reaches its critical breakdown voltage (33 kV),
realizing glow discharge breakdown. Then the main discharge
voltage decreases to its sustaining voltage (21 kV) quickly, and this
process of SSVD can continue 150 ns. Simultaneously with the
breakdown of main discharge, the discharge current rises from
zero and reaches peak value in the stage of SSVD. The deposited
energy can be expressed as the integral of main discharge voltage
and current on time, so the effective discharge is mainly con-
centrated on the stage of SSVD. From Eq. (9), we can obtain a
deposited energy of 47.25 J. The total stored energy of the capa-
citance W0¼0.5C1u02¼131.206 J, and the efficiency of deposited
energy is 36.01%. The residual energy would be consumed by re-
sistance elements in circuit.

3.2. Experimental results and discussion

The device of non-chain DF laser has been previously described
in details [11]. The mixture ratio (SF6:D2) used in this experiment
was 10:1, and the total pressure and charging voltage were equal
to the values used in the calculations. Two high voltage probes of
60 kV were connected to the test points A and B (as shown in
Fig. 1) in order to test voltage waveforms of main discharge and
pre-discharge respectively. A room temperature HgCdTe detector
was placed in the main optical path to test waveform of laser
pulse. All these waveforms, just as shown in Fig. 5, were recorded
by a TDS3052B oscilloscope with 500 MHz bandwidth. In Fig. 5,
channel 1 is laser pulse shape of DF laser, channel 2 is the voltage
waveform of pre-discharge which used a probe with attenuation
ters Values

nductance L 2 μH
g inductances L1 600 μH
g inductances L1 200 μH
r density of SF6 N 7.24�1016�p/T cm�3

n ionization coefficient α/N 11.269� (E/N)1.159

tion coefficient η/N 7.0�1021exp[�2.25�1018(E/N)]
elocities of electron ue 1.027�1019� (E/N)0.7424

field intensity E ud/d1



Fig. 5. Waveforms of discharge voltage and laser pulse: laser pulse shape (Channel
1), pre-discharge (Channel 2), main discharge (Channel 3).

Fig. 6. Discharge photo between main electrodes.

Table 2
Comparison of calculations and experimental results with discharge parameters.

Comparing results Calculations Experimental result

Breakdown voltage of pre-ionization/kV 17 15
sustaining voltage of pre-ionization/kV 7 Not obvious
sustaining time of pre-ionization/ns 50 Not obvious
Breakdown voltage of main discharge/kV 33 35
sustaining voltage of main discharge/kV 21 20
sustaining time of main discharge/ns 150 100
Delay time/ns 250 220
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ratio of 2000:1, so the voltage scale is 10 kV actually, and Channel
3 is the voltage waveform of main discharge which used a probe
with attenuation ratio of 1000:1, so the corresponding voltage
scale is 10 kV actually.

The breakdown voltage of pre-ionization electrodes is 15 kV,
whose time of sustaining discharge is not obvious. After a delay
time of 220 ns, the terminal voltage of main electrodes reaches its
critical breakdown voltage (35 kV) and realizes glow discharge
breakdown. Then the main discharge voltage decreases to its
sustaining voltage (20 kV) quickly, whose process of SSVD can
continue 100 ns. Lastly, the main discharge voltage damps to zero
through the LC resonance slowly. With the breakdown of main
electrodes, energy starts to inject into the gain area, which results
in the dissociation of SF6 molecules into F atoms and sub-fluoride
molecules. Then F-atoms react with D2 to generate excited DF
molecules. Therefore the laser pulse starts to form with stimulated
transition of excited DF molecules. The measured laser pulse width
is about 148.8 ns, the single pulsed energy is 2.5 J, and the elec-
trical to optical efficiency is 1.905%. The SSVD between main
electrodes is shown in Fig. 6.

Comparing Fig. 4 with Fig. 5, the measured pre-ionization and
main discharge voltage waveforms are consistent with the simu-
lation results, and the start time of laser pulse in experiment
matches that of deposited energy in calculation. The experimental
sustaining stage of pre-ionization discharge waveform is not ob-
vious. However the sustaining time of pre-ionization discharge is
about 50 ns on calculation. The basic parameters (α, η, ue, etc.)
used for calculation neglected the influence of D2 on discharge,
which lead to low calculation of electron concentration, low cur-
rent and longer life of plasma in the discharge area step by step. In
addition, the occurrence of discharge instabilities may lead to
shorten the sustaining time of discharge in the experiment.
Therefore, the time of discharge sustaining on calculation is gen-
erally longer than experiment. In addition, the calculated sus-
taining time of main discharge voltage is 50 ns above the mea-
sured value, which may verify the difference of discharge sus-
taining time between calculation and experiment. To obtain ac-
curate discharge duration, the results of calculation can be revised
by minus 50 ns. Comparison of calculations and experimental re-
sults with discharge parameters are shown in Table 2. Revised
calculations are consistent with experiments, thus this model can
be applied to explore the discharge characteristics of non-chain DF
laser.
4. Influence of circuit parameters on discharge

Using the above model, influences of delay inductance L and
peaking capacitor C3 on discharge were studied separately, whose
results are shown in Figs. 7 and 8.

Theoretical calculation indicates that L has no effect on break-
down time and voltage of pre-ionization discharge. Therefore
voltage waveform of pre-discharge is indicated by the dashed
curve in Fig. 7(a) at L¼2 μH to observe the delay time between
main discharge and pre-discharge. The delay inductance has a
great effect on voltage waveform of main discharge. The smaller
the L, the steeper the pulse front of voltage waveform, and the
shorter the delay time between pre-discharge and main discharge.
Under the same condition of gas parameters, the delay inductance
has no obvious effect on breakdown voltage, sustaining voltage
and sustaining time of main discharge. As shown in Fig. 7(b), the
delay inductance has obvious effect on the peak value of discharge
current. According to the theory of gas discharge, the UV radiation
produced by pre-ionization discharge can induce ionization of
mixture gas. After the UV light starts to irradiate, the density of
charged particles in discharge area will gradually increase till it
reaches maximum. Then, because of the stop of UV radiation, ion–
electron recombination, electron adsorption by SF6, and some
other effects, the density of charged particles will gradually de-
crease. When the density of charged particles reaches its max-
imum value, breakdown of main discharge may be most beneficial
to form uniform glow discharge, and the discharge current is
maximum under this condition. The calculated main parameters of
discharge with different delay inductance are shown in Table 3.

Table 3 shows that when the delay inductance L equals 8 μH,
the main discharge current reaches maximum 14.52 kA, the de-
posited energy in discharge area is upto 53.47 J, and the deposited
efficiency is 40.753%, which are helpful to obtain a high output



Fig. 7. voltage waveform (a) and current waveform (b) of LC inversion circuit at different L.

Table 3
Calculated main parameters of discharge with different delay inductance.

Delay inductance
L (μH)

Delay
time (ns)

Peak cur-
rent (kA)

Deposited en-
ergy (J)

Deposited effi-
ciency (%)

2 250 12.83 47.25 36.012
8 440 14.52 53.47 40.753

16 550 12.76 46.99 35.814

Table 4
Calculated main parameters of discharge with different peaking capacitor.

Peaking capa-
citor C3 (nF)

Sustaining
time (ns)

Peak cur-
rent (kA)

Deposited en-
ergy (J)

Deposited effi-
ciency (%)

22 135 16.94 48.02 36.599
42 155 15.56 50.65 38.603
62 142 12.95 38.62 29.435
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energy for DF laser.
The result in Fig. 8 shows that C3 has obvious effect on dis-

charge voltage and current. The smaller the C3, the steeper the
pulse front of voltage waveform, and the bigger the discharge
current. Comparing the calculations of voltage and current at dif-
ferent values of C3, it is found that a nonlinear relation existed
between the sustaining time of discharge and C3. When C3¼42 nF,
the sustaining time of discharge is the longest, and the discharge
current is moderate, which may be beneficial to deposit energy.
When C3¼22 nF, the discharge current is bigger, but the sustaining
time of discharge is smaller, which may cause instable discharge.
The calculated main parameters of discharge with different peak-
ing capacitor are shown in Table 4. The calculations show that
when C3¼42 nF, the deposited energy is the biggest, which sug-
gest that this peaking capacitor matches with the discharge
parameters.
5. Conclusions

A theoretical model of discharge for non-chain DF laser in a
SF6–D2 gas mixture excited with UV pre-ionized electric-discharge
is described. The discharge processes of non-chain DF laser are
studied with this model and compared with experiment, and the
model results of breakdown and sustaining time of discharge
versus time showed good agreement with experiment data, which
indicate that the model had good practicability. In addition to that,
Fig. 8. Voltage waveform (a) and current wavefo
the influences of delay inductance and peaking capacitance on
discharge characters are calculated, and conclusions are as follows:

(1) The delay time between pre-ionization and main discharge is
determined by delay inductance, and the delay time that
matches the discharge characters of gas mixture is helpful to
deposit more energy.

(2) The peaking capacitance that matches the discharge para-
meters of LC circuit is helpful to increase the output
rm (b) of LC inversion circuit at different C3.
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performance of DF laser.

The model can effectively and conveniently describe the dis-
charge processes of non-chain DF laser. The numerical calculation
can show the evolvable relationship of discharge voltage and
current with time intuitively.
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