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Influence of discharge circuit parameters
on the repetition rate-energy output characteristics
of a laser on self-terminating transitions of atomic copper

N A Yudin

Abstract. The excitation circuits of a copper vapour laser
(CVL) with a partial or total discharge of the storage capaci-
tor were analysed. Based on this analysis, the effect of pre-
pulse electron density on the repetition rate-energy charac-
teristics of a CVL was shown to be minimal when the fol-
lowing conditions are fulfilled: R > 2(L/C)"/? and L/R < 1,
(for partial-discharge pump schemes; C is the storage capa-
citor capacity, L is the discharge circuit inductance, R is
the prepulse resistance of the active medium, and 7, is the
switch turn-on time) and for a high frequency of free oscil-
lations in the discharge circuit of a CVL. The conclusion
was drawn that traditional pump schemes limit the energy
capabilities of a CVL. The repetition rate-energy character-
istics of a CVL can be improved by resorting to schemes
with a shock or complex excitation circuit or their combi-
nation.

1. Introduction

A copper vapour laser (CVL) belongs to the class of self-
terminating lasers. To efficiently pump the active medium of
lasers of this class, it is necessary to form excitation pulses
with a rise time that is short in comparison with the inversion
lifetime. Under these excitation conditions, the efficiency of
a CVL may be as high as 10% [1]. Attempts to form the
above excitation conditions in real lasers have not been suc-
cessful, and, therefore, the laser energy characteristics and
efficiencies have been appreciably lower than the predicted
ones. Bokhan et al. [2] showed that the repetition rate-energy
characteristics of lasing of a CVL are restricted due to a low
rate of energy input into plasma because of the existence of
inductance in the discharge circuit. The effect is that the
heating rate of the electrons that persist since the previous
pulse is not high enough for a gas-discharge excitation mode.

The latter, in turn, brings about an increase in the para-
sitic population of metastable levels and lowers the rate of
excitation of the resonance states of atomic copper. Increas-
ing the switching rate of the commutator upon formation of
the excitation pulse does not imply a corresponding increase
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in the build-up rate of the voltage across the ohmic compo-
nent of the impedance of the laser discharge circuit due to
the presence of inductance and does not eliminate the above
effect. Hence, to optimise the pump parameters of the active
medium of a CVL, one needs to know how the pulse front of
the voltage across the ohmic component of the impedance of
the discharge circuit (across the plasma) varies with changes
in the circuit parameters and the turn-on commutator time.
It is known that a discharge is aperiodic for
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where R;,L, and C; are the resistance, the inductance, and
the capacity of the discharge circuit, respectively. When
R, < 2(L/C))"?, the oscillatory mode is observed and the
energy in the circuit dissipates during many oscillation peri-
ods. Demkin et al. [3] showed that, in excitation schemes with
a partial discharge of the storage capacitor, the storage
capacitor can be selected at any electron density so that con-
dition (1) is fulfilled at least up to the termination of the laser
pulse.

Therefore, it is necessary to analyse the operation of two
excitation schemes: the scheme with a partial discharge of the
storage capacitor, when the discharge in the circuit is aperi-
odic, i.e., condition (1) is fulfilled, and the scheme with a
complete discharge of the storage capacitor, when the dis-
charge in the circuit is oscillatory. In CVL excitation
schemes, a series discharge circuit is used, as a rule, which
contains a storage capacitor, a switch, and a gas-discharge
tube (GDT) paralleled by an inductor (Fig. 1).
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Figure 1. CVL excitation schemes with a partial (a) and complete (b) disc-
harge of the storage capacitor C.
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2. Excitation scheme with a partial discharge of
the storage capacitor

This scheme (see Fig. 1a) employs, as a rule, oscillating tubes
as a switch. The free-running process is aperiodic when the
roots of the characteristic equation
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P2 =
are real, i.e., when condition (1) is fulfilled. Consider the
limiting case of an infinitely large capacity of the storage
capacitor C. In this case, p; =0 and p, = —R;/L, and the
voltage across the capacitor, the current in the circuit, and
the voltage across the inductor are determined by the expres-
sions:

Uc(t) = U, 3)
1) = (Z—) 11— exp(pat)l. @
UL(t) = —Upexp(pa1). )

The storage capacitor in real excitation schemes is
selected so that the voltage across the capacitor is virtually
constant during the discharge, i.e.,

CU{
E < T(), (6)

where E is the energy of the excitation pulse. In this case, the
amplitude of the voltage across the plasma may reach Uj (for
an ideal switch) and the voltage build-up rate is determined
by the exponent exp(p,f), according to expressions (4) and
).

To ensure a unique correlation between the commutator
switching and the build-up time of the voltage across the
plasma, the constant t=1/p, = L/R; must be smaller
than the turn-on time of the switch. The turn-on time of
the oscillating tubes is ~ 10 ns and the inductance of the dis-
charge circuit does not exceed 1 pH for GDTs with an inter-
nal diameter of the discharge channel no below 20 mm. In this
case, the prepulse plasma resistance should be no less than
100 Ohm, which is, as a rule, realised in schemes of this
kind for an excitation pulse repetition rate (PRR) up to
10 kHz.

It follows from the above discussion that the conditions
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should be fulfilled for efficient pumping of the active
medium of a CVL. Here, R is the prepulse plasma resistance
and 7, is the turn-on time of the switch. We emphasise that
the maximum practical efficiency of a CVL of ~ 3% was
obtained, as revealed by an analysis, under precisely these
pumping conditions [4]. It is known that the plasma resist-
ance is R ~ pneo(V )l /n, Tgr2 and the inductance of a coaxial
GDT is L ~ In(r/r,)l. Here, py. is the pressure of the buffer
gas (neon), ¢ is the cross section for electron collisions with
the atoms of the buffer gas, (V') is the average electron

velocity, n, is the electron density, 7T, is the gas temperature,
/ and r are the length and the radius of the GDT channel, and
1, is the radius of the reverse current guide of the GDT.

This means that matching the pump parameters to con-
ditions (7) and (8) for given / and r is possible only by
increasing the voltage across the GDT and the pressure of
the buffer gas and also by reducing r,. The best matching
will be achieved, other conditions being equal, in active media
with a lower working temperature, for instance, in lasers on
vapours of chemical metal compounds. Soldatov et al. [5]
experimentally confirmed the analysis conducted above,
attaining a physical efficiency of a copper vapour laser of
~ 9% under conditions (7) and (8) and a current disruption
following the laser pulse. Condition (8) is the most critical be-
cause, in a real laser, we cannot significantly lower the induc-
tance of the discharge circuit and the prepulse plasma resist-
ance decreases with increasing PRR.

3. Excitation scheme with a complete discharge
of the storage capacitor

This scheme of excitation of the active medium of pulsed
lasers (see Fig. 1b) has gained the widest acceptance. It
employs gas-discharge thyratrons as a switch. To analyse
the operation of this scheme, the switch will be assumed to
be an ideal switch capable of turning on instantly. To stand-
ardise the initial conditions, the time characteristics of the
circuit are conventionally described by its response to a ‘unit
pulse’; the turning on of an ideal switch may be treated as the
one.

Since the length of a unit pulse is infinitely small, the pulse
response may be treated as a free oscillation in the circuit
beginning from the time 7 = 0. The character of free oscilla-
tions is entirely determined by the differential equation of the
circuit. Therefore, even with an ideal switch, the build-up time
of the current and of the voltage across the plasma is deter-
mined by the frequency of free oscillations in the circuit:
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As the PRR increases, the rate of build-up of the voltage
across the plasma lowers due to an increase in the prepulse
electron density, i.e., due to a reduction of the plasma resist-
ance. This is the major factor that initiates the mechanism
described in Ref. [2]. The only way to retain or to increase
the build-up rate of the voltage across the plasma upon
increasing the PRR is, according to formula (9), to increase
the frequency of free oscillations in the circuit. For a given
inductance of the discharge circuit, this is accomplished by
reducing the capacity of the storage capacitor, which permit-
ted Soldatov and Fedorov [6] to obtain a CVL lasing PRR of
~ 235 kHz.

The optimal storage capacitor may be thought of as hav-
ing a capacity (by analogy with the aperiodic process
considered above), whereby the energy stored in it is com-
pletely released in the ohmic load during the pulse.
Modelling this process revealed that the optimal capacity
of the storage capacitor lies in the 100 — 300 pF range for typ-
ical parameters of the active medium and the CVL discharge
circuit. However, these conditions are hard to fulfil in the
scheme with a thyratron switch under consideration, because
they lie outside the range of stable thyratron operation [7] and
were realised only in the scheme with a tasitron [6].
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4. Schemes with shock and complex excitation
circuits

The above analysis of the operation of traditional schemes
for pumping the active medium of a CVL revealed that the
schemes under consideration limit the energy potentialities
of a CVL. To improve its energy characteristics, one should
use new schemes capable of operating at a high frequency of
free oscillation in the discharge circuit. In this case, it is
expedient to place the switch outside the discharge circuit
in order to reduce its inductance. Schemes with a shock
excitation circuit [8], which are widely used in induction
heaters and other devices, comply with these requirements.

These schemes were used in self-terminating lasers only
recently [9, 10]. The use of the shock excitation circuit to
pump the active medium of self-terminating lasers improved
their energy characteristics. However, an increase in the fre-
quency of free oscillations results in a shortening of the length
of the excitation pulse. This may also restrict the repetition
rate-energy characteristics of a CVL when the length of
the excitation pulse is shorter than the inversion lifetime in
the active medium. These limitations manifest themselves
most amply in a CVL with a shock circuit (Fig. 2), which
is used to pump CuBr and hybrid lasers [10, 11].

Investigations were carried out employing a GL-201-type
GDT (Istok Co.) and an unstable cavity in the range of exci-
tation PRRs between 12 and 18 kHz. The gas-discharge
channel of the GDT was made of an Al,O; ceramics
20 mm in diameter and 800 mm in length. A TGI2-500/20
thyratron was employed as the switch. The maximum average
output laser power of 11 W was obtained for an excitation
PRR of 12 kHz and a voltage across the rectifier of
7.9 kV, with a storage capacitor in the shock circuit shown
in Fig. 2. The average output power was observed to decrease
virtually linearly to 3 W as the PRR was increased from 12 to
18 kHz. The resultant dependence of the average output laser
power on the excitation PRR contradicts the above reason-
ing. However, this behaviour of the average output laser
power becomes explicable if we consider the operation of
the CVL discharge circuit given in Fig. 2.

C, = 1650 pF  C; = 500 pF
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Figure 2. Scheme with a shock CVL excitation circuit.

A high-voltage rectifier charges the storage capacitors
C, — C4 through a choke-diode circuit Ly — D. After their
charging and upon operation of the switch, the capacitors
C; — C; and C, — Cy4 recharge. The C, and Cj capacitors
are charged to a high voltage in the course of the recharge,

and their potential difference is induced across the GDT elec-
trodes. After the recharge of capacitors, two shock circuits
are formed, which consist of the C;,C, and C;,C, capacitors
and work for the GDT. It is precisely this kind of operation
that should ideally permit forming excitation pulses with a
high frequency of free oscillations.

However, during recharge of the storage capacitors, the
current also flows through the C; — GDT — C; circuit owing
to a high prepulse electron density in the active medium. This
results in a reduction of both the build-up rate of the voltage
across the active medium and the amplitude of the voltage
across the GDT.

As the excitation PRR increases, the prepulse electron
density builds up, which enhances the process described
above and is responsible for the observed dependence of
the average output laser power on the PRR. In this case,
the half-amplitude length of the laser pulse is significantly
shorter (~ 10 ns for an output PRR of 12 kHz) than that typ-
ically realised in the traditional excitation scheme (~ 20 ns).
It may be assumed that the reduction of the laser pulse length
is associated with the fact that the excitation pulse length is
shorter than the inversion lifetime in the active medium.
The following series of experiments involving a CVL with
a complex discharge circuit is evidence in favour of this
assumption.

The investigations were carried out using a CVL with an
unstable cavity and an LT-10Cu-type GDT of the Istok Co.
The gas-discharge channel of this tube was made of an
Al,O; ceramics 14 mm in diameter and 400 mm in length.
A TGI2-500/20 thyratron was used as the switch. The exci-
tation scheme was a typical series circuit incorporating
the thyratron, the GDT, and the storage capacitor (see
Fig. 1b). A ~ 100 pH inductor was placed in parallel with
the GDT. A high-voltage rectifier charged the storage capaci-
tor via a choke-diode circuit. The power supply was matched
to the load by selecting the storage capacitor in such a way as
to minimise the reverse voltage impressed on the thyratron
anode [7].

For a rectifier voltage of 5.7 kV, an excitation PRR of
18 kHz, and a storage capacitor of 1240 pF, the reverse volt-
age at the thyratron anode did not exceed 500 V. The length
of the current pulse at a level of 0.1 was 120 ns. The lasing
commenced 40 ns after the onset of the excitation pulse.
The half-amplitude length of the output laser pulse at a wave-
length of 510.6 nm was ~ 6 ns. The complex discharge circuit
in the laser was formed by replacing the storage capacitor
with a distributed four-chain capacity (Fig. 3) equal to
1240 pF, which is equivalent to replacing a simple oscillatory
circuit by a complex circuit made up of four simple ones.

The parameters of every chain were selected from the con-
dition that the wave impedance of each subsequent chain
should be lower than the preceding one, because the plasma
resistance diminishes during the excitation pulse. All other
factors being equal, the current pulse length at a level of
0.1 was observed to shorten to 90 ns, the pulse acquiring a
more square shape. In this case, the half-amplitude width
of the laser pulse at a wavelength of 510.6 nm rose to
12 ns with a corresponding increase in the output laser
power.

It is pertinent to note that similar relationships are also
observed for a CuBr laser, with a nearly threefold gain in out-
put laser power obtained in this case. Clearly the operation of
a CVL with a complex excitation circuit calls for a more thor-
ough investigation than the foregoing one.
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Figure 3. Distributed storage capacitor.

5. Conclusions

The above consideration of the schemes of excitation of the
active medium and the experimental results obtained allow
the following conclusions:

(1) In the case of schemes for active-medium excitation
with a partial discharge of the storage capacitor, the effect
of prepulse electron density is minimal when conditions (7)
and (8) are fulfilled.

(2) For excitation schemes with a complete discharge of
the storage capacitor, the effect of prepulse electron density
diminishes as the frequency of free oscillations in the dis-
charge circuit increases.

(3) The excitation conditions satisfying the criterion for
efficient pumping of the active medium are impossible to
form in a discharge circuit that represents a simple oscillatory
circuit.

(4) The conditions for efficient pumping of the active
medium may be amply realised in a laser having a discharge
circuit in the form of a shock or complex oscillatory circuits or
their combination.
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