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Abstract
We study a non-typical excitation mode of the copper bromide active medium using the kinetic model. The active medium 
is pumped by the pulse train and the laser generation is obtained in the subsequent single excitation pulse. Such mode allows 
one to obtain the laser generation pulse with the extended duration by increase in the pause duration after the pulse train. 
The relaxation processes during the pause are studied to explain such effect. It is shown that this operation mode can also 
be used to obtain the superradiance and amplification pulses of the extended duration that is of interest for active optical 
systems. Based on the comparison with the experimental results, new fundamental results are obtained regarding the copper 
bromide kinetics in the active medium.

1  Introduction

Improvement of frequency–energy characteristics of lasers 
is a relevant problem. It is associated with the overcom-
ing technical limitations and the detailed study of physi-
cal properties of active media. Therefore, the mathematical 
modelling of physical processes in active media and their 
experimental study are closely related to each other. The 
properties of active media on self-terminating transitions 
in metal vapors were studied in a number of both theoreti-
cal works (see, e.g., [1–7]) and experimental works (see, 
e.g., the recent works [8–12] and review in [13]). Moreover, 
there are works on implementation of non-typical excitation 
conditions [14] that provide substantial change of frequency-
energy and amplifying characteristics. In particular, it allows 
one to realize the mode with the increased duration of ampli-
fication [15]. Such a mode is useful for the visualization of 

remote objects with the laser monitor. In [16], the increased 
radiation pulse duration has been achieved using the pump 
by a train of dissociation pulses and a subsequent single 
excitation pulse. The stable temperature was provided by the 
external heating [17] to maintain the stationary temperature 
regime when the delay between the end of the train and the 
excitation pulse is varied. It was shown that the laser gen-
eration is observed even when the delay between the last 
pulse of the train and the excitation pulse reaches 2 ms. The 
prepulse concentrations in the active medium depend on the 
duration of the delay. Hence, the laser generation and elec-
trical characteristics of the excitation pulse depends on this 
duration. The similar effects were studied experimentally 
in [15, 18] where the duration of the generation pulse was 
increased by the decrease of the repetition rate of excitation 
pulses. The results of [16] are of interest from a theoretical 
point of view since one can judge the processes in the active 
medium on the scale of units of milliseconds on their basis.

This paper is devoted to the theoretical study of kinetic 
processes in the active medium with the extended duration 
of a radiation pulse that is provided by the excitation mode 
described above. Such study accompanied by the compari-
son with the experimental results allows us to obtain new 
data about processes that determine the operation of the cop-
per bromide active media.

The paper is organized as follows. In Sect. 2, we describe 
our modelling approach. The operation mode of the model 
system is explained. In Sect. 3, the modelling results are 
given and discussed. Section 3.1 is devoted to the modelling 

Anton Kulagin and Maxim Trigub have contributed equally to this 
work.

 *	 Maxim Trigub 
	 trigub@iao.ru

	 Anton Kulagin 
	 aek8@tpu.ru

1	 Tomsk Polytechnic University, 30 Lenina av., 
Tomsk 634050, Russia

2	 V.E. Zuev Institute of Atmospheric Optics SB RAS, 1 
Academician Zuev Sq., Tomsk 634055, Russia

http://crossmark.crossref.org/dialog/?doi=10.1007/s00340-023-08010-1&domain=pdf


	 A. Kulagin, M. Trigub 

1 3

67  Page 2 of 9

of the pulse train. In Sect. 3.2, the relaxation processes are 
described based on the model results. In Sect. 3.3, we give 
the results of the modelling of the excitation pulse. The 
radiation and electrical characteristics of the active medium 
are discussed here. Section 3.4 complements the results with 
the modelling of the superradiance mode. In Sect. 4, we 
conclude with some remarks.

2 � Modelling approach

The proposed approach to modelling of the copper bromide 
active medium is based on the kinetic model described in 
[19].

First, we simulate the pulse-periodic mode of operation of 
the active medium till the steady-state regime. It allows us to 
obtain the steady-state prepulse concentrations of ions and 
atoms in metastable states as well as the electron tempera-
ture. At this stage, the energy of pump pulses is significant 
but not their shape. Therefore, we use the simplest model of 
discharge circuit (see Fig. 1). The storage capacitor value 
Ch is equal to 1100 pF. The thyratron resistance during dis-
charge is given by

The ohmic resistance R(t) of the plasma is the function of 
the electron temperature and concentration in the active 
medium. The time dependence of these plasma parameters 
is calculated with the kinetic model.

Note the production of copper atoms from the copper 
bromide is not taken into account in our model, i.e. we 
assume that the copper concentration is equal to its steady-
state value. According to the experimental results in [20], 
the concentration of copper and copper bromide atoms does 

(1)Rt =

(

1 + 106 exp

(

−
t [ns]

4

))

[Ω].

not change at times of the order of pulse repetition period 
that was equal to 60 μ s in that work. Hence, the association 
and dissociation of the copper bromide can be ignored in 
the model since these processes are much slower than other 
kinetic processes. Note that our model reaches the steady 
state after 20–30 pulse repetition periods at the frequency 
of 10 kHz. Thereafter, the variation of the primary prepulse 
characteristics of the active medium is comparable with the 
numerical error.

After the last discharge pulse, we proceed to the model-
ling the relaxation of the active medium. Here, the electrical 
current through the gas discharge tube (GDT) is set equal 
to zero, and the initial conditions for the concentrations and 
electron temperature are assumed to be equal to the ones 
at the end of the last discharge pulse. The relaxation dura-
tion corresponds to the pause between the last pulse of the 
train and the single excitation pulse in [16]. Some of our 
findings in this work will be based on the comparison of 
modelling the kinetics of the active medium with the experi-
mental results obtained in [16]. In that work, the experi-
mental setup consists of three power supplies with pulse 
charging of working capacitors. The production of copper 
atoms was provided by a train of dissociation pulses formed 
by the power supply 1 (PS1). The power supply 2 (PS2) was 
responsible for the generation of pulses that suppress the 
radiation in the dissociation pulses from PS1. The amplitude 
of the storage capacitor voltage ( Ch in the model) was 14 kV 
in both the experiment and the model. The parameter of the 
pulses PS2 were selected experimentally to completely sup-
press the radiation from the PS1 [21]. The number of pulses 
in the train varied from 50 to 400. The radiation pulses from 
PS1 were suppressed to accurately measure the radiation 
energy in the subsequent single excitation pulse. Hence, we 
model the train of the pulses from the single source instead 
of two pulses from PS1 and PS2 for the sake of the simplic-
ity. The value of Ch (Fig. 1) is selected so that mean electri-
cal pump power was similar to the one provided by PS1 and 
PS2. In the experiment, after the last pulse of the train, a 
pause � was made. After this pause, the active medium was 
pumped by the single excitation pulse formed by the power 
supply 3 (PS3). The pause � corresponds to the relaxation 
time in the model. The schematic of the experimental setup 
is shown in Fig. 2, where HV1-HV3 are high voltage sources 
that charge the storage capacitors and CS1-CS3 are control 
systems for the respective power supplies. The digital con-
trol system, which is galvanically separated by optical fiber, 
determines the operation mode.

During the experiment, the temperature of the GDT 
wall was kept constant by the external heating [17]. Since 
the self-heating of the active medium is negligible under 
the described conditions, the gas temperature can be 
approximately considered constant along the GDT radius 

Fig. 1   Simplified discharge circuit for pulses of a train
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and equal to the wall temperature. In the model, it was set 
equal to 0.09 eV.

After modelling the relaxation process with a duration 
� , the final values of concentrations and electron tempera-
ture in the active medium are used as new initial condi-
tions for the excitation by a single pulse. Here, we use the 
more complex model of the discharge circuit that takes 
into account the parasitic peaking capacitance Cp (see 
Fig. 3) to obtain the more accurate form of the pump and 
generation pulses. The discharge circuit in Fig. 3 is the 
model of the pumping by PS3.

The capacitance of the storage capacitor Cs = 1650 pF 
is set equal to the experimental one in [16] as well as its 
initial voltage is set equal to 14 kV. The inductance of the 
active medium LR corresponds to the inductance of the 
cylindrical conductor [22] (see also [10] where the similar 
estimate of the active medium inductance was used) and 
is given by

where ld is the length of the discharge (in cm), d is the 
GDT bore diameter (in cm). The parasitic inductance Lp 
is assumed to be equal to LR . The capacitance Cp = 300 nF 
was evaluated based on the experimental waveforms of the 
current and voltage. The resistance Rc is taken equal to 10 Ω . 
The parameters that were used for modelling are compiled 
in Table 1

3 � Results and discussion

3.1 � Pulse train

In this Section, we give our findings from the comparison 
of the modelling results with the experimental ones in [16].

First, let us discuss the features associated with the mod-
elling the pulse train. In our model, we assumed that active 
medium reaches the steady state after a pulse train. In the 
experiment, the difference in the GDT voltage amplitude 
was insignificant between modes with 100, 200, and 400 

(2)LR = 2ld

(

ln
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[nH],

Fig. 2   Schematic of the experi-
mental setup

Fig. 3   Discharge circuit for the single excitation pulse

Table 1   Parameters for the modelling

Parameter Value

Neon pressure under normal conditions 30 Torr
GDT wall temperature 750◦C
Discharge length 90 cm
GDT bore diameter 5 cm
Energy per a dissociation pulse in a train 60 mJ
Pulse repetition frequency in a train 10 kHz
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pulses in a train. Such small difference can be caused by the 
experimental error or the GDT operation instability. It means 
that the plasma resistance was almost the same in these 
modes. The laser generation for the mode with 100 pulses 
in a train differs from the modes with 200 and 400 pulses in 
a train for about 30%. However, the mode with 50 pulses in 
a train significantly differs in both the radiation and electri-
cal characteristics from the modes with a higher number of 
pulses in a train. At first glance, it contradicts our statement 
that prepulse concentration of ions and electron temperature 
reach the steady state after 20–30 pulse repetition periods. 
Actually, it means that there is the slow transient process 
which is not considered in our model. This process is the 
production of copper atoms from the copper bromide. Since 
50 pulses are not enough to reach the steady-state concen-
tration of copper atoms, the decrease of the average pulse 
repetition rate due to the decrease of the number of pulses in 
a train leads to the decrease of the copper atoms concentra-
tion in the excitation pulse. The experimental dependence 
of the GDT voltage amplitude during the excitation pulse on 
the pause duration � for various number N of pulses in a train 
is given in Fig. 4. The polynomial fitting was used in Fig. 4. 
The examples of experimental waveforms for the excitation 
pulse are shown in Fig. 5.

Therefore, we can conclude that the time needed to reach 
the steady-state concentration of copper atoms in the cop-
per bromide active medium exceeds 50 pulses at a pulse 
repetition rate of 10 kHz (i.e. exceeds 5 ms). For the mode 
with 100 pulses in a train, copper atoms concentration can 
probably considered almost steady-state since the further 
increase in a number of pulses in a train does not change the 
plasma resistance. Note that the generation energy is much 
more sensitive to the concentration of the active substance 
than the plasma resistance. Hence, even the small variation 
of the copper atoms concentration results in the noticeable 
change in the generation energy while the plasma resistance 
changes insignificantly.

Note that the use of a single high energy dissociat-
ing pulse instead of a train would lead to a very high 

concentration of electrons and copper atoms in metastable 
level after this pulse. Hence, we would not obtain the las-
ing for as low pause durations as in the mode under con-
sideration. The use of a train of dissociating pulses allows 
us not to excite the active medium more than is necessary 
for the dissociation of copper bromide. Moreover, a high 
energy dissociating pulse can lead to the local overheating 
of the active medium that decreases the discharge stabil-
ity [11].

Fig. 4   Experimental depend-
ence of the GDT voltage 
amplitude during the excitation 
pulse on the pulse duration for 
various N. The fitting curve for 
N = 100−400 corresponds to 
the case when prepulse concen-
trations reach the steady state in 
a pulse train

Fig. 5   Experimental waveforms of the GDT voltage, GDT current 
and generation power in an excitation pulse for N = 50 and N = 200 
for � = 1000 μs
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3.2 � Relaxation stages

Next, let us consider the relaxation processes in the active 
medium during the pause to explain the dependence of the 
radiation and electrical characteristics on the pause duration. 
In Figs. 6 and 7, the time dependencies at different distances 
from the GDT axis are given for the ion concentration, elec-
tron temperature, and concentration of metastable copper 
atoms (lower working level).

The relaxation of the active medium during the pause can 
be roughly divided into the following stages: 

1)	 The first stage corresponds to the pause time up to about 
100 μ s when the electron gas cools down. Also, the met-
astable level of copper atoms decays in this stage. The 
recombination of ions is very slow on these time scales. 
Hence, the decrease in the ion and electron density is 
negligible in this stage. Note that the plasma of the 
active medium is quasineutral, i.e. the spatio-temporal 
distribution of the ion density and electron density are 

the same. Due to the decrease in the concentration of 
copper atoms in the metastable state, the generation 
energy in a single excitation pulse (PS3) increases with 
the increase of the pause duration within this stage. Note 
that there is a small increase in UGDTmax at this stage 
due to a slight decrease in the electron density that also 
affects the generation energy. However, at this stage, its 
effect is significantly less than the effect of the metasta-
ble level decay since UGDTmax is significantly higher than 
the threshold of lasing under conditions of the experi-
ment and simulation.[2)] The second stage corresponds 
to the pause time up to about 1000 μ s. Here, the electron 
gas has already cooled down and the metastable level of 
copper atoms has already decayed. Due to the low elec-
tron temperature, the recombination of ions proceeds 
rapidly. The decrease in the prepulse ion concentra-
tion for the excitation pulse leads to the increase in the 
plasma resistance. In this stage, there is the optimum 
pause duration that corresponds to the maximum genera-
tion energy in a single excitation pulse.

3)	 The third stage corresponds to the pause time of a few 
milliseconds. The ion recombination proceeds slowly in 

Fig. 6   Time dependencies for primary characteristics of the plasma 
during the pause. The solid line is for values on the GDT axis, the 
dashed line is the values at the distance of half the GDT radius, the 
dotted line is for the values at the distance of 80% of the GDT radius 
from the GDT axis

Fig. 7   Time dependencies for concentrations of atoms in metastable 
state corresponding to the lower working levels of the active medium 
during the pause. The solid line is for values on the GDT axis, the 
dashed line is the values at the distance of half the GDT radius, the 
dotted line is for the values at the distance of 80% of the GDT radius 
from the GDT axis
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this stage. In the experiment, the plasma resistance sig-
nificantly grew with the increase in the pause time over 
1 ms. In the model, the increase in the pause time over 1 
ms results in the small increase in the plasma resistance. 
That is the distinctive feature of this stage. In the next 
subsection, we will show that this feature is caused by 
the decrease in the concentration of copper atoms.

3.3 � Excitation pulse

The model waveforms of the GDT voltage, current and gen-
eration obtained in a single excitation pulse after pauses of 
varying length are shown in Figs. 8, 9.

Figure 8, 9 show that the increase in the pause duration 
leads to the significant increase in the duration of the gen-
eration pulse. It was also experimentally observed in [16]. 
The generation pulse duration increases due to the decrease 
in the prepulse ion concentration. It leads to the decrease 
in the GDT current amplitude and the increase in the GDT 
current duration, i.e. the storage capacitor discharges more 
slowly through the GDT. In [15], the low energy input mode 
with the low GDT current of high duration was implemented 
at low pulse repetition rate. It also led to the extended gen-
eration pulse duration. The prerequisite for such effect is 
the low concentration of the atoms on the lower working 
level. In our case, it is realized due to the long pause dura-
tion (relaxation time), and, in [15], it is achieved due to the 

low pulse repetition rate. Note that the increase in the pause 
duration also changes the shape of the generation pulse. The 
peak of the generation pulse power moves to a latter part of 
the population inversion duration. The change in a shape is 
mainly caused by the redistribution of the energy between 
yellow (578.2 nm) and green (510.6 nm) radiation lines. 
The maximum generation energy corresponds to the pause 
duration of about 200 μ s that agrees well with experimental 
results [16].

The existence of the optimum pause duration with 
respect to the generation energy is explained as follows. 
The increase in the pause duration after 200 μ s leads to the 
further decrease in the plasma resistance. That increases the 
duration of the current pulse. The increase in the current 
duration leads to the increase in the generation pulse dura-
tion. However, this dependence is nonlinear since there is 
the negative feedback in active media on self-terminating 
transitions that bounds the generation pulse duration [6]. 
Hence, the generation pulse duration "lags"   behind the 
current pulse duration with increase in the pause duration. 
When the pause duration is about 200 μ s the end of the cur-
rent pulse coincides with the end of the generation pulse. 
When the pause duration is higher than 200 μ s the current 
pulse does not end with the end of the generation pulse. 
The energy input after the end of the generation pulse is 
useless and decreases the efficient factor of the laser. When 

Fig. 8   Waveforms of the GDT current, GDT voltage, and generation 
power for short pause durations

Fig. 9   Waveforms of the GDT current, GDT voltage, and generation 
power for long pause durations
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the capacitance and charge voltage of the storage capacitor 
are fixed, the total energy input per a pulse almost does not 
change. Hence, the decrease in the efficiency factor at the 
fixed energy input leads to the decrease in the generation 
pulse energy.

We have mentioned above that the conductance of the 
active medium almost does not change during the relaxa-
tion after 1 ms in the model. On the contrary, the amplitude 
of the GDT voltage increases with the increase in the pause 
duration over 1 ms in the experiment. When the pause dura-
tion increase from 1 to 2 ms, the GDT current amplitude 
halves in the experiment while it insignificantly changes in 
the model. This distinction is explained by the association of 
copper bromide molecules in a cold plasma. Here, the cold 
plasma refers to the plasma with a low electron temperature. 
Hence, the concentration of the active substance (copper) is 
starting to come down when the relaxation duration is long 
enough. It leads to the decrease in the plasma conductance 
due to the decrease in a number of atoms that can be ionized 
since the buffer gas (neon) atoms weakly ionize in com-
parison with the metal vapor ones. Based on our assump-
tions, we can conclude that the characteristic time of the 
copper bromide molecules association is a millisecond. That 
also agrees with our findings above since the time needed 
to reach the steady-state concentration of the copper must 
be comparable with the characteristic time of the copper 
bromide molecules association. The decrease in the cop-
per atoms concentration leads to the increase in the plasma 
resistance in a single excitation pulse. Also, the restoration 
of copper bromide molecules explains that the generation 
energy drops faster in the experiment [16] with the increase 
in pause duration over 1 ms than in the model.

3.4 � Amplified spontaneous emission

Note the high population inversion duration is of primary 
interest for visualization of processes from a long distance 
using the monostatic scheme of a active optical system 
when the single active medium operates as both the ampli-
fier and the illumination source [23]. In this case, the active 
medium operates without a cavity and the illumination of the 

visualization object is performed by the amplified spontane-
ous emission (ASE). Therefore, it is of interest to determine 
if the extended duration of the ASE (superradiance) can be 
obtained in such operation mode. Such possibility is not 
obvious since the threshold optical gain coefficient is much 
higher without in the absence of a cavity. For this purpose, 
we have additionally modelled the same pump pulse as in 
Fig. 9a but in the superradiance mode. In Fig. 10, the wave-
forms of the generation and ASE pulses are shown sepa-
rately for the green and yellow radiation lines.

Although the ASE pulse is slightly shorter than one for 
the generation pulse, it is still much longer than the typical 
radiation pulse duration of 50 ns. Hence, the approach pro-
posed is promising for the use in active optical systems. It 
allows one to obtain the extended duration not only for the 
generation pulse, but also for the ASE pulse and amplifica-
tion that have been confirmed by our model results. The 
drawback of such approach is the impossibility to obtain 
a good time resolution of the visualization due to the low 
average pulse repetition rate.

4 � Conclusion

We have given the physical description of relaxation pro-
cesses in the copper bromide active medium specific to the 
low frequency operation mode. It is shown that the relaxa-
tion can be roughly divided into three stages. The different 
stages are characterized by the dominance of the different 
transient processes. The qualitative agreement of the model 
results with the experiment is shown.

Based on the comparison with the experimental results, 
we also have shown that the association and dissociation of 
copper bromide molecules in the plasma of active media 
proceeds on time scale of a few milliseconds. In particular, 
in the pulse-periodic operation mode, the time needed to 
reach the steady state concentration of copper atoms due to 
the dissociation of copper bromide exceeds 5 ms, and the 
concentration of copper atoms begins to noticeably lower 
after 1 ms during the relaxation of the low temperature 
plasma. The lack of the direct experimental measurements 

Fig. 10   Time dependence of the 
instantaneous radiation power 
in the single pulse after the 
pause of 1000 μ s. The green and 
yellow lines of the radiation are 
shown separately for the genera-
tion (with cavity) and for ASE 
(without cavity)
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of the rate of processes involving the copper bromide mol-
ecules in plasma is a big obstacle in their modelling. There-
fore, the estimates obtained allow us to make a significant 
progress towards the mathematical description of transient 
processes in copper bromide active media.

Our findings indicate that the decrease in the active 
medium resistance with the increase in duration of the pre-
ceding relaxation is caused by the decrease in the prepulse 
ion concentration. When the relaxation duration is higher 
than 1 ms, the further decrease in the plasma resistance is 
caused by the decrease in the copper atoms concentration 
due the association of the copper bromide molecules.

The model results verify that it is possible to obtain the 
generation with the extended duration in the single exci-
tation pulse following the train of pulses after long pause 
(more than 1 ms). Moreover, we showed that one can also 
obtain the long pulse in the superradiance mode using such 
pumping technique. The superradiance pulse is just about 
15% shorter than the generation pulse under the equal pump 
conditions. It means that such operation mode can be used 
to design active optical systems that require an increased 
duration of the superradiance and amplification.

Note that we have considered the operation mode when 
parameters of the discharge circuit remain unchanged with 
increase in the pause duration. It is of interest to study the 
case when energy input is varied with the pause duration due 
to the change of pumping conditions. Such modification will 
probably optimize the operation of the active medium if it 
can be implemented by reasonable technical means. It will 
be studied in our future works.
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