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Abstract.  The lasing characteristics of a copper vapour laser in a 
tube with forced heating, having a length of 50 cm and a diameter 
of 2 cm, excited by a train of pulses are investigated. Comparative 
studies of the frequency and energy characteristics of the laser are 
performed with a leading edge duration of the excitation pulse of 
~25 ns (when the capacitance discharges through a thyratron and a 
magnetic compression line) and ~3 and 1 ns (using circuits with a 
high-speed switch – kivotron). It is shown that a decrease in the 
leading edge duration gives rise to an increase in the optimal pulse 
repetition rate up to ~30 kHz, the generation efficiency up to 3.2 % 
and the generation power per unit length over 100 W  m–1. The 
results obtained confirm the concept of limiting the frequency and 
energy characteristics of a copper vapour laser due to the insuffi-
cient rate of energy input into the plasma at high prepulse electron 
concentrations. 

Keywords: copper vapour laser, frequency and energy characteris-
tics, duration of the excitation pulse leading edge.

1. Introduction 

Despite the competition from diode-pumped solid-state lasers 
in the visible range, a copper vapour laser, thanks to a num-
ber of its unsurpassed parameters, is used in the field of preci-
sion materials processing [1, 2], medicine [3], in physical 
experiments [4, 5], in high-speed registration of objects and 
processes with the help of amplifiers of brightness [6 – 10], etc. 
For high-speed amplifiers of brightness, high repetition rates 
of generated pulses f together with a high output power are 
required. These requirements are satisfied by CuBr – Ne – H2 
mixture lasers having a maximum output power at repetition 
rates of tens of kilohertz [11, 12]. However, for practical 
applications, long-life sealed devices are more promising, e.g., 
those using a mixture of Cu – Ne – H2 or Cu – Ne at high (more 
than 100 Torr) pressure of neon. The optimal repetition rate 
for these lasers, corresponding to the maximum power and 
lasing efficiency, lies in the range f = 5 – 20 kHz [12 – 15], and 
for CuBr – Ne – H2, the values of f = 20 – 50 kHz [12, 16] are 

typical. With increasing f, the energy parameters become 
worse. In Ref. [17], the lasing efficiency of a CuBr – Ne – H2 
laser was ~0.7 % at an optimal repetition rate of f = 50 kHz, 
0.42 % at f increased to 100 kHz, and 0.13 % at f = 200 kHz. In 
Ref. [18], in a copper vapour laser with modified kinetics, the 
lasing efficiency reached 2.8 % at f = 18 kHz, and in Ref. [19] 
it was 1.4 % at f = 25 kHz, 0.7 % at 50 kHz and 0.3 % at 
100 kHz. At present, under the conditions of a lower energy 
input the repetition rate f » 230 kHz has been achieved in 
Cu – Ne – H2 lasers [20] and f » 700 kHz in CuBr – Ne – H2 
lasers [11], but these lasers have a low output power and effi-
ciency, which limits the field of their applications. 

In Ref. [21], it was shown that the limitation of the fre-
quency and energy lasing characteristics in a copper vapour 
laser arises due to an insufficient energy input rate, which 
leads to slow heating of electrons at their high prepulse con-
centration ne0. When the pulses become closer to each other 
and ne0 grows, a variety of processes occur that worsen the las-
ing conditions, such as reduction of the electron gas heating 
rate, skin effect, stepwise processes of resonant states depopu-
lation, increasing the degree of vapour ionisation, etc. Finally, 
this leads to a redistribution of the upper and lower laser 
states pumping in favour of the latter, which limits the fre-
quency and energy characteristics of lasing [22, 23]. 

One of the ways to increase the efficiency of lasing on self-
terminating transitions is to shorten the leading edge of the 
pump pulse, up to the ‘instantaneous’ one, with a duration of 
~10–9 s [14, 21, 24]. In Ref. [25], it was shown that in this case 
the frequency and energy characteristics are also significantly 
improved. In particular, it is predicted to increase the average 
lasing power per unit length to ~200 W m–1 without decreas-
ing the efficiency in gas-discharge tubes (GDTs) with a diam-
eter of d = 2 cm [22]. At present, it is the shortening of the 
leading edge and control of the pump pulse duration that is 
expected to offer prospects for increasing the power and effi-
ciency of self-terminating lasers [14, 15, 25 – 27]. 

To generate pump pulses with a nanosecond leading edge, 
a new type of a switch, kivotron, was used as a discharge 
device with a planar or coaxial geometry based on an ‘open’ 
discharge with generation of counterpropagating electron 
beams [28 – 30]. Recent studies have made it possible to deter-
mine the range of operation conditions and parameters, in 
which high switching characteristics of kivotrons, which are 
of interest for the excitation of lasers, are preserved. The 
utmost separately achieved parameters of kivotrons are as 
follows: switching time for an active inductive load up to 
100 ps, f up to 100 kHz, operating voltages U = 2 – 100 kV, 
and switched current densities up to 1 kA cm–2 [30]. 

The purpose of this work is a comparative study of the 
frequency and energy characteristics of a Cu – Ne laser for dif-

Frequency and energy characteristics of a Cu – Ne laser at different 
durations of the leading edge of the excitation pulse

P.A. Bokhan, P.P. Gugin, Dm.E. Zakrevskii, M.A. Lavrukhin

https://doi.org/10.1070/QEL16987

P.A. Bokhan, P.P. Gugin, M.A. Lavrukhin A.V. Rzhanov Institute of 
Semiconductor Physics, Siberian Branch, Russian Academy of 
Sciences, prosp. Akad. Lavrent’eva 13, 630090 Novosibirsk, Russia; 
e-mail: bokhan@isp.nsc.ru;	
Dm.E. Zakrevskii A.V. Rzhanov Institute of Semiconductor Physics, 
Siberian Branch, Russian Academy of Sciences, prosp. Akad. 
Lavrent’eva 13, 630090 Novosibirsk, Russia; Tomsk State University, 
prosp. Lenina 36, 634050 Tomsk, Russia	

Received 1 March 2019; revision received 12 April 2019	
Kvantovaya Elektronika  49 (8) 749 – 753 (2019)	
Translated by V.L. Derbov



	 P.A. Bokhan, P.P. Gugin, Dm.E. Zakrevskii, M.A. Lavrukhin750

ferent durations of the leading edge of the excitation pulse 
under a wider range of conditions than those considered in 
Ref. [25]. 

2. Experimental setup and measurement 
technique

The studies were performed with a copper vapour laser, hav-
ing an active element similar to that described in Ref. [25], 
except for the fact that a 50 cm long GDT with an internal 
diameter d = 2 cm was made of BeO ceramics. Cylindrical 
electrodes made of reactively sintered silicon carbide SiC with 
a specific resistance of r » 0.5 Ohm cm were mounted at the 
ends of the GDT. The external surface of the electrodes was 
metallised with a molybdenum film and connected to water-
cooled cylindrical inlets installed at the ends of the silica cas-
ing. With a return conductor installed near the housing, the 
calculated inductance of the active element was ~150 nH. 
The tube was placed in a silica casing with a diameter of 
60  mm, filled with a heat insulator made of special-grade 
ZrO2 powder. The GDT had independent temperature con-
trol (up to 1600 °С) with the help of a built-in heater made of 
Mo wire, wound on the external surface. Temperature control 
was carried out using an infrared pyrometer of the KM3st 
series. The heaters were powered by half-cycles of the mains 
voltage through a step-down transformer, protected from the 
effects of high-voltage pulses by LC filters. In every fourth 
pause of heater pulses, a train of 10 high-voltage pump pulses 
was applied. The pulse-train method for studying laser prop-
erties has several advantages over the regular-pulse method in 
the self-heating regime, because in the latter case it is difficult 
to observe the optimal temperature conditions and pump 
parameters simultaneously. The method makes it possible to 
study the lasing characteristics in a wide range of excitation 
parameters and active medium temperatures. 

Comparative studies were carried out for three types of 
pump pulses: (i) formed by the capacitance during its dis-
charge through a TGI1-1000/25 thyratron and the magnetic 
compression line with the leading edge duration t » 25 ns 
after the terminal stage (at a level of 0.1 – 0.9); (ii) formed by a 
kivotron with t » 3 ns filled with a mixture of He and H2 with 
a pressure of 2 and 1 Torr, respectively, and operable up to a 
repetition rate of f » 30 kHz with a switched voltage of up to 

U0 = 19 kV; and (iii) formed by a kivotron with t » 1 ns, filled 
with a mixture of He and H2 with a pressure of 4 and 0.5 Torr, 
respectively, and operable up to f » 13 kHz at U0 = 17 kV. A 
planar kivotron with the generation of counterpropagating 
electron beams was used, consisting of two accelerating gaps 
of 3 mm each, separated by a common molybdenum anode 
grid with a geometric transparency of ~92 %. The working 
diameter of SiC cathodes with r = 0.5 Ohm cm was 30 mm. 

Figure 1 shows how the GDT is connected to the power 
supply when using a kivotron. In contrast to Ref. [25], the 
GDT was grounded at one end through current-measuring 
resistance and shunted by three parallel arrays of high-speed 
C4D05120E SiC diodes. This made it possible to reduce the 
voltage pulse on the GDT during the charging of the working 
capacity during 50 – 60 ns to a voltage U » 300 – 400 V, which 
does not affect the output characteristics of the laser. In the 
variant with magnetic compression, the traditional pumping 
circuit with peaking capacitance was used [14]. The pump and 
lasing parameters were recorded using a Tektronix TDS 
2024B oscilloscope with a 200 MHz band, signals to which 
were fed from resistive voltage dividers, a current shunt, and 
a FK 32 vacuum photodiode. The switching characteristics of 
the kivotron were measured using a Tektronix DPO 70804 
oscilloscope with a bandwidth of 8 GHz, and the laser output 
power was recorded with a S310C thermal sensor (Thorlabs). 
As a rule, the parameters of the pump and lasing pulses were 
set to the third pulse and then remained unchanged until the 
end of the train. The experimental data presented below is 
mainly obtained by measuring parameters in the tenth pulse. 

3. Experimental results and discussion 

As an example, Fig. 2a shows waveforms of voltage U on the 
GDT, current I through it, input instantaneous pump power, 
which is their product, P = UI, and the laser pulse, in the case 
of power supply from a generator with magnetic compression 
line. The optimal working capacitance С = 15d 2/L » 1100 pF 
(d and L expressed in cm) was used. The peaking capacitance 
was Ср » 1000 pF. The pressure of the neon buffer gas was 
pNe = 45 Torr, the tube temperature T = 1525 °C was close to 
an optimal one, and the repetition rate and the voltage were f = 
3 kHz and U0 = 16 kV. Figure 2b shows oscillograms for the 
case of feeding the GDT with the pulses generated by the 
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Figure 1.  Wiring diagram of the active element connection.
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kivotron with t » 1 ns, C = 1100 pF, pNe = 45 Torr, T = 
1570 °C, f = 10 kHz, U0 = 17 kV. From the oscillograms of the 
current I and the input power P, it can be seen that they are 
significantly different. In particular, when powered by a 
kivotron on the leading edge of a current pulse, a surge hav-
ing a duration of ~5 ns is registered, caused by the displace-
ment current through the parasitic capacitance of the GDT 
and the inductance of the current shunt. The discharge cur-
rent reaches a maximum with the delay time td, which at f = 
10 kHz amounts to ~10 ns. With increasing f, this delay 
decreases, and at f > 20 kHz the peaks of the displacement 
current and the discharge current merge. The value of td also 
decreases with increasing the GDT temperature. As a result, a 
nearly square-shaped pump pulse P is formed on the GDT, in 
contrast to the bell-shaped pulse generated in the circuit with 
magnetic compression.

Figure 3 shows the behaviour of the lasing energy (in the 
tenth pulse) wlas as a function of T in the gas-discharge tube in 
the circuit with magnetic compression for f = 3 kHz and in the 
circuit with kivotron for f = 10 kHz. The increase in the opti-
mal operating temperature Topt corresponding to the maxi-
mum of wlas, when using a kivotron, is associated with the 

achievement of a higher magnitude of the voltage amplitude 
at a given value of U0, which allows maintaining the required 
temperature of electrons at higher pressure of copper vapour.

For Topt Fig. 4 shows the dependences of the average las-
ing power Plas and lasing efficiency hlas on f, determined rela-
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Figure 2.  Oscillograms of pulses of voltage U, current I, pump power P, 
and lasing energy wlas for the tenth pulse in a train of pulses: (a) circuit 
with magnetic compression, C = 1100 pF, T = 1525 °C, f = 3 kHz, U0 = 
16 kV and (b) circuit with a kivotron, C = 1100 pF, T = 1570 °C, f = 
10 kHz, U0 = 17 kV.

1350 1400 1450 1500 1550 T/ºC
0

1

2

3

wlas /mJ
2

1
3

Figure 3.  Effect of temperature T on the lasing energy wlas in the tenth 
pulse: ( 1 ) circuit with magnetic compression, f = 3 kHz, t » 25 ns, U0 = 
16 kV,  = 1100 pF, pNe = 45 Torr; ( 2 ) circuit with a kivotron, f = 
10 kHz, t » 1 ns, U0 = 19 kV, C = 1100 pF, pNe = 45 Torr; ( 3 ) circuit 
with a kivotron, f = 20 kHz,  t » 3 ns, U0 = 20 kV, C = 440 pF, pNe = 
150 Torr.

Plas/W

hlas (%)

0

10

10 20 f/kHz

0 10 20 f/kHz

20

30

0.5

1.0

1.5

1

2

3

1

2

3

a

b

Figure 4.  Dependences of (a) the average power Plas and (b) the lasing 
efficiency hlas on the repetition rate f: ( 1 ) circuit with magnetic compres-
sion, t » 25 ns, pNe = 45 Torr, U0 = 16 kV, C = 1100 pF; ( 2 ) circuit with 
a kivotron, t » 1 ns, pNe = 45 Torr, U0 = 17 kV, C = 1100 pF and ( 3 ) 
t » 3 ns, pNe = 45 Tor, U0 = 17 kV, C = 1100 pF.
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tive to the energy stored in the capacitance C, for the circuit 
with magnetic compression at U0 = 16 kV and for the circuit 
with a kivotron with t = 1 ns at U0 = 17 kV. The choice of the 
operating voltage at the kivotron, U0 = 17 kV, was deter-
mined by the fact that at f = 3 kHz, the generation energy for 
both variants was the same. This condition leads to the fact 
that hlas in the circuit with a kivotron at low frequencies is 
lower than in the circuit with magnetic compression. At f » 
5  kHz, the values of hlas become comparable, and at f > 
6 kHz, the kivotron circuit turns out to be much more effi-
cient. As a result, the maximum output power for a kivotron 
with t = 1 ns is nearly 3 times higher than for a circuit with 
magnetic compression. It is noteworthy that hlas in the circuit 
with a kivotron increases up to f » 10 kHz, and then a slow 
decrease occurs. It is due to the fact that, at f > 10 kHz, the 
kivotron itself is triggered earlier than the voltage at Cp 
reaches its maximum value, which leads to a decrease in the 
amplitude of the voltage applied to the GDT.

To increase the switching delay time and, therefore, to 
work at higher repetition rates, the kivotron operated at a 
reduced pressure of the He – H2 mixture, which increased the 
switching duration t to 3 ns. The lasing characteristics Plas 
and hlas as functions of f with U0 = 17 kV are shown in Fig. 4 
by curves 3. It follows from them that, although the optimal 
repetition rate is ~3 times higher ( f » 16 – 17 kHz) than the 
frequency for the circuit with magnetic compression, Plas and 
hlas  are smaller than these characteristics for the variant using 
a kivotron with t = 1 ns. The comparison of the voltage oscil-
lograms shows that with increasing f a redistribution of the 
voltage drop between the GDT and the kivotron occurs not in 
favour of the GDT. 

To increase the impedance of the GDT, the neon pressure 
in the active medium of the laser was increased to pNe = 
150 Torr. Increasing the working pressure leads to the neces-
sity of increasing U0. To save the energy input, C was reduced 
to 440 pF. Figure 3 shows the effect of T on the lasing energy 
at U0 = 20 kV and f = 20 kHz (3). An increase in U0 leads to 
an increase in Topt above 1600 °С, and in the experiment it 
was not reached. Figure 5 shows the dependences of Plas and 
hlas on f at t = 3 ns. Studies have been carried out for f ³ 
15 kHz, since at lower frequencies the quasi-stationary regime 
does not have time to be established during a train of 10 
pulses. One can see a significant increase in the optimal f in 
comparison with the repetition rate for pNe = 45 Torr. Due to 

the better matching of the pump generator with the GDT, 
higher efficiency was obtained. However, the value of the 
optimal energy input, corresponding to the maximum of wlas, 
despite the large differences in the pump pulse parameters, 
remains almost the same. This follows from Fig. 6, which 
shows the dependences of the lasing efficiency hlas on the 
stored energy W. Apparently, this fact is due to the develop-
ment of stepwise processes of depopulation of the upper 
working levels, since according to calculations by the models 
of Refs [31, 32], the concentration of electrons reaches 
(2 – 3) ́  1014 cm–3 by the end of the laser pulse.

A significant difference in the lasing characteristics is 
observed when using different ways to pump the laser. At 
pNe = 45 Torr and excitation by pulses in a circuit with mag-
netic compression line, wlas and hlas decrease at f = 3 kHz, 
and in a circuit with t = 1 ns, these parameters increased 
with the repetition rate until f = 10 kHz with a further grad-
ual decrease. In the scheme with t = 3 ns, at an increased 
neon pressure pNe = 150 Torr, during a train of pulses, the 
average lasing power Plas » 40 – 50 W at hlas » 2.6 % and 
~54 W at hlas » 2.3 % was achieved. From the above results, 
it follows that Plas increases by 3 times when using the kivot-
ron for the GDT with pNe » 45 Torr and 5 times for pNe » 
150 Torr, compared to Plas for a power circuit with a mag-
netic compression circuit at a pressure pNe » Tor. The lasing 
power per unit length at pNe » 150 Torr reaches ~100 W m–1, 
which is twice as good as the power for the active Kristall 
LT-40Cu element with the addition of hydrogen and a GDT 
length of 120 cm [13].

4. Conclusions 

Experimental studies have demonstrated the positive effect of 
reducing the duration of the voltage pulse leading edge on the 
energy characteristics of the Cu – Ne laser. With decreasing t 
to 1 – 3 ns, the optimal pulse repetition rate range increases to 
f » 30 kHz, the lasing efficiency reaches 3.2 %, and the lasing 
power per unit length at pNe » 150 Torr exceeds ~100 W m–1. 
In this case, the magnitude of the energy input corresponding 
to the maximum wlas, despite the differences in the parameters 
of the pump pulses, remains almost the same. The obtained 
results confirm the validity of the previously developed con-
cept of the mechanisms for limiting the frequency and energy 
characteristics of a copper vapour laser [21, 22, 24, 25]. 
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efficiency hlas on the repetition rate f; the scheme with a kivotron, t » 3 
ns, pNe = 150 Torr, U0 = 19 kV, C = 440 pF.

0

1

2

3

hlas (%)

40 60 80 100 120 W/mJ

2

1

Figure 6.  Dependences of the lasing efficiency hlas on the stored energy 
W: ( 1 ) circuit with a kivotron, pNe = 150 Torr, f = 20 kHz, C = 440 pF, 
t » 3 ns; ( 2 ) circuit with magnetic compression, pNe = 45 Torr, f = 3 
kHz , C = 1100 pF, t = 25 ns.



753Frequency and energy characteristics of a Cu – Ne laser

Therefore, we can expect a further significant improvement in 
its output characteristics with the improvement of the pump 
generator. 
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