
Abstract. The gain dynamics in the active medium of an
overtone CO laser operating on the transitions between high
vibrational levels is studied experimentally and theoretically.
The gain dynamics is measured on the vibration ë rotation
transitions of the CO molecule [the P(12) spectral line in the
vibrational bands from 20! 18 to 36! 34] in COëHe and
COëN2 laser mixtures. The maximum small-signal gain was
0.43 mÿ1. The theoretical model of the CO laser was
signiécantly improved. It was shown that multiquantum and
asymmetric VV-exchange processes should be included in the
analysis of the population dynamics of high vibrational levels
of the CO molecule.
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1. Introduction

Our work is a continuation of papers [1, 2] devoted to the
experimental and theoretical study of the characteristics of
a pulsed electroionisation overtone CO laser. It was expe-
rimentally demonstrated in these papers that the eféciency
of pump energy conversion to the overtone laser radiation
amounts to 11% in the multifrequency regime [1] and to
0.6% in the frequency-selective regime [2]. The overtone
lasing was obtained on more than 400 lines in a broad
(from 2.5 to 4.2 mm) wavelength range in overtone vibra-
tional bands from 6! 4 to 38! 36. Many of these lines
can be used in laser spectroscopy and for the transport of
laser radiation through the atmosphere [3 ë 5]. The features
of formation of the emission spectrum of an overtone CO
laser, which were observed for the érst time, were also
discussed in papers [1, 2]. The authors of these papers
pointed out that a comparison of experimental and com-

putational data revealed the necessity of improving the
kinetic model of the active medium of the CO laser with
inclusion of multiquantum vibrational VV-exchange pro-
cesses involving high vibrational levels [2].

In this paper, we present the experimental and theoret-
ical study of the small-signal gain (SSG) dynamics. The aim
of this study was to consider processes that affect the
formation of the emission spectrum of the overtone CO
laser operating on high vibrational transitions. We modiéed
substantially the kinetic model of the active medium of the
CO laser taking into account new data on stimulated-
emission cross sections and the rate constants for multi-
quantum VV exchange between CO molecules. The model
also includes the asymmetric VV exchange between carbon
monoxide molecules [CO (V� 2� � CO (0)! CO (V )�
CO (1)] and between CO and N2 [CO (V� 2)�N2(0)!
CO(V )�N2(1)] molecules.

2. Experimental

Experiments were performed on a cryogenic laser setup
with a 1.2-m long active medium described in detail in
papers [1, 2]. The optical cavity � 3 m in length consisted
of a spherical (with a radius of curvature of 20 m) copper
mirror mounted on the laser chamber and a diffraction
grating (200 lines mmÿ1, lmax � 3:2 mm) operating in the
autocollimation regime. The laser radiation was extracted
from the cavity in the zero order of the diffraction grating;
the laser-beam aperture was determined by an intracavity
diaphragm 20 mm in diameter.

In the experiments, the overtone CO-laser oscillation
started after the termination of a 25 ë 30-ms current pulse.
The time delay of the laser pulse relative to the pump pulse
(from � 70 ms to several hundred microseconds) was deter-
mined by the time interval required for the SSG in the active
medium to achieve the threshold value in the laser cavity.
This threshold value was changed by varying the intracavity
optical losses. The optical losses were controlled by intro-
ducing into the cavity a plane ë parallel CaF2 plate mounted
at a speciéc angle to the cavity axis. By varying this angle,
we changed the optical losses arising from the radiation
reêection from the plate. In some cases, several such plates
were mounted inside the cavity.

The optical losses introduced by the remaining optical
elements of the laser cavity (a highly reêecting mirror, a
diffraction grating, the output mirror of the laser chamber)
were measured separately for each element. The highest
losses were introduced by the diffraction grating, for which
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the loss factor arising from radiation scattering and absorp-
tion was equal to 9� 1 %, while the spectral coefécient of
radiation extraction in the zero diffraction order rose almost
from zero to 8 % as the laser wavelength increased from 3.2
to 4 mm (see Ref. [2], Fig. 3c). The optical losses arising
from the scattering and absorption of radiation inside and
outside the discharge chamber (including diffraction losses)
were negligible compared to the total losses in the cavity.

We calculated the threshold gain in the laser cavity using
the optical loss measurements. Note that, apart from the
above-listed losses determined experimentally, there occur
losses in the active medium which exist for only a short
period, when gas-dynamic waves initiated by the discharge
propagate through the medium. The instant of their appea-
rance and their duration are determined by acoustic
processes. Under our experimental conditions, these pro-
cesses lasted for � 10ÿ4 s. Such perturbations of the active
medium may lead to errors in the determination of the
instant of attainment of the SSG threshold.

The time characteristics of output laser pulses were
measured with a cryogenic Au ëGe photodetector and
recorded with a storage oscilloscope. The instant of onset
of the pump pulse (the energy input) was taken as the origin
of the time axis. The delay of the laser pulse was far greater
than duration of its leading edge, which was of about several
microseconds under our experimental conditions. The inter-
relation between the delay of the laser pulse and the
intracavity optical losses was employed to investigate the
dynamics of SSG build-up in the active medium of the
overtone CO laser.

To describe the SSG build-up dynamics corresponding
to different experimental conditions, two parameters were
considered in the processing of experimental data. One of
them is the time delay td required for the SSG in the active
laser medium to achieve a given value equal to 0.05 mÿ1

(when the minimal measured value of the SSG exceeded this
value, we used a linear data extrapolation). Another para-
meter is the rise time tmax during which the SSG increased
from 20% to 80% of its maximum value amax.

3. Experimental results

3.1 Small-signal gain

The build-up dynamics of SSG a was measured on éve
vibration ë rotation transitions of the CO molecule for two
laser mixtures: CO : He � 1 : 4 (a speciéc energy input of
320 J Lÿ1 Amagatÿ1) and CO : N2 � 1 : 9 (380 J Lÿ1 Ama-
gatÿ1). The overtone CO laser was tuned to the P(12)
spectral line in the vibrational bands 20! 18 (l �
3.041 mm), 26! 24 (3.341 mm), 29! 27 (3.512 mm),
33! 31 (3.767 mm), and 36! 34 (3.982 mm). Fig. 1
shows the experimental data obtained in these measure-
ments. As the number V (V� 2! V ) of vibrational
transition increased, the time delay td for these two laser
mixtures increased similarly (Fig. 2a), varying from � 70 ms
(V � 18) to � 170 ms (V � 34). In all these experiments, the
rise time tmax was approximately the same and equal to
100� 30 ms on the average.

Therefore, these experimental data demonstrate a weak
effect of the composition of the laser medium on the time
dynamics of SSG growth. The temporal parameters of the
gain increase measured experimentally are in good agree-
ment with the measurements of the SSG dynamics in the

active medium of the overtone electroionisation CO laser
performed using a master oscillator ë ampliéer laser system
[6, 7].

Fig. 2b shows the dependence of the maximum SSG
value amax on the number of vibrational transition for two
laser mixtures. In the nitrogen-free COëHe laser mixture,
the amax value was almost independent of the transition
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Figure 1. SSG dynamics measured for the P(12) transition in the
20! 18, 26! 24, 29! 27, 33! 31, and 36! 34 vibrational bands
for the CO : He � 1 : 4 (speciéc energy input of 320 J Lÿ1 Amagatÿ1)
and CO : N2 � 1 : 9 (380 J Lÿ1 Amagatÿ1) laser mixtures at a mixture
density of 0.18 Amagat.
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Figure 2. Time delay td (a) and maximum SSG amax (b) as functions of
the vibrational level number V (the V� 2 transition) for the data given in
Fig. 1.
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number and was equal to 0:20� 0:05 mÿ1 for the vibra-
tional transitions from 20! 18 to 36! 34, and also (see
Section 3.2) for the 38! 36 transition. In the helium-free
COëN2 laser mixture, the dependence of amax on the tran-
sition number V was different. As the transition number was
increased, the amax value initially increased from 0.18 mÿ1

(for the 20! 18 transition) to 0.43 mÿ1 (33! 31), and then
dropped sharply with increasing transition number.

3.2 Features of overtone lasing on high vibrational
transitions

In Ref. [8], the absence of overtone lasing on the vibra-
tional transitions higher than 37! 35 was attributed to the
conversion of vibrational energy corresponding to high
vibrational levels of the electronic ground state of the CO
molecule to the excitation energy of electronic states. In
Ref. [2], the overtone lasing was nevertheless obtained on
the spectral lines in the 38! 36 band. In this case, the
output characteristics of the overtone CO laser operating
on the highest vibrational transitions were found to sub-
stantially depend on the nitrogen content in the laser gas
mixture. In particular, when nitrogen was added to the
COëHe laser mixture, the output pulse energy of the
overtone CO laser operating on the 38! 36 band lowered
and that of the laser operating on the 36! 34 band
increased.

In this paper, we investigated the effect of nitrogen
additions to the laser mixture on amax and the output
characteristics of the CO laser operating on the 38! 36
vibrational band. Fig. 3 shows the dependence of amax for
the 38! 36 P(12) vibration ë rotation transition on the
nitrogen fraction X in the CO : He : N2 � 1 : 4 : X laser
gas mixture. In the nitrogen-free CO : He � 1 : 4 (X � 0)
laser mixture, amax was equal to � 0:16 mÿ1. When the
concentration of nitrogen in the laser mixture was increased
to X � 0:3, amax reduced by about a factor of 1.5, down to
the threshold value of the gain in the cavity with minimal
optical losses (the horizontal dashed straight line in Fig. 3).

A reduction of the SSG resulted in the variation of
output laser characteristics. Fig. 4 displays the speciéc laser
energy extraction (curve 1 ) and the threshold value of spe-
ciéc energy input (curve 2 ) as functions of nitrogen fraction
in the laser mixture for minimal optical losses in the laser
cavity. Small additions of nitrogen resulted in a decrease of
laser energy extraction from 70 mJ Lÿ1 Amagatÿ1 for X � 0
to nearly zero for X � 0:25 (a speciéc energy input of
� 300 J Lÿ1 Amagatÿ1). Increasing the nitrogen fraction
from zero to 0.42 caused the threshold value of speciéc

energy input to rise by more than a factor of two: from 170
to 370 J Lÿ1 Amagatÿ1. For a speciéc energy input of
� 370 J Lÿ1 Amagatÿ1, the duration of output laser pulse
shortened from 180 ms for X � 0 to � 10 ms for X � 0:42
(Fig. 5, curve 1 ), while the delay of the onset of lasing
increased from 220 to 340 ms (Fig. 5, curve 2 ). This effect of
nitrogen additions to the laser mixture can be explained by
processes of asymmetric VV exchange (see Section 4).

Replacement of helium with argon, a heavier rare gas,
lowers the rate of vibration ë translation (VT) relaxation of
the upper vibrational levels of the CO molecule in the laser
mixture and may therefore lead to a signiécant increase in
the population of these levels. We performed an experi-
mental comparison of the energy characteristics of the
overtone CO laser operating on the 37! 35 P(13) and
38! 36 P(14) vibration ë rotation transitions for two laser
mixtures ë CO : He � 1 : 6 and CO : Ar � 1 : 6 (Fig. 6).
When helium in the laser mixture was replaced with argon,
the threshold energy input lowered by 10%ë20%, while
the maximum laser energy extraction increased by almost
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Figure 3. Maximum SSG value amax for the 38! 36 P(12) transition as
a function of the nitrogen fraction X in the CO : He : N2 � 1 : 4 : X laser
mixture at a mixture pressure of 0.12 Amagat and an energy input of
� 300 J Lÿ1 Amagatÿ1.

0 0.1 0.2 0.3 0.4

S
p
ec
ié
c
en
er
gy

ex
tr
ac
ti
o
n
� mJ

L
ÿ1

A
m
a
g
a
tÿ

1

T
h
re
sh
o
ld

sp
ec
ié
c
en
er
gy

in
p
u
t� JL

ÿ1
A
m
a
g
a
tÿ

1

1 2

Nitrogen fraction X

0

10

20

30

40

50

60

70

0

50

100

150

200

250

300

350

400

Figure 4. Laser energy extraction at an energy input of � 300 J �
Lÿ1 Amagatÿ1( 1 ) and threshold speciéc energy input ( 2 ) for the 38!
36 P(12) transition as functions of the nitrogen fraction X in the
CO : He : N2 � 1 : 4 : X mixture at a mixture density of 0.12 Amagat.
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Figure 5. Delay of the onset of lasing ( 1 ) and duration of output laser
pulse ( 2 ) on the 38! 36 P(12) transition as functions of the nitrogen
fraction X in the CO : He : N2 � 1 : 4 : X mixture at a density of
0.12 Amagat and a speciéc energy input of 370 J Lÿ1 Amagatÿ1.
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30% for the 37! 35 P(13) transition and by nearly a factor
of two for the 38! 36 P(14) transition.

4. Theoretical analysis

4.1 Modiécation of the theoretical model

A comparison of experimental and calculated data per-
formed in Refs [1, 2] displayed a reasonable agreement
between them as regards the spectral and energy character-
istics of the overtone CO laser. The situation with temporal
characteristics is different. The analysis showed that the
pulse duration of the overtone radiation and its delay
relative to the pump pulse exceed the calculated values. The
results of this analysis are consistent with the conclusion of
Ref. [9], in which the calculated population dynamics of
individual high vibrational levels was compared with
experimental data on the optical pumping of the CO
molecules, and the conclusion that the evolution of
vibrational distribution function in experiment is slower
than in theory.

The detailed experimental data on the SSG dynamics on
high overtone transitions of the CO molecule, which were
presented in the previous Section, allowed us to carry out a
detailed comparison between calculated and experimental
data. In this case, several improvements were made in the
kinetic model to take into account the latest theoretical and
experimental data. We adopted the multiquantum vibra-
tional exchange (MVE) model as the physically most
substantiated one from the viewpoint of analysis of kinetic
processes at high vibrational levels [2, 10, 11].

The rate constants previously employed in this model
were corrected in accordance with the results of a recent
theoretical paper [12], where the rate constants of several
VV-exchange processes between the CO molecules were
calculated with the use of a reéned quasiclassical technique.
Because this set of rate constants is not complete enough,
the total array of rate constants was obtained on the basis of
data interpolation and extrapolation using the same techni-
que as in Refs [10, 11].

Asymmetric CO(V� 2)� CO(0)! CO(V )� CO(1) VV-
exchange processes were included in the kinetic model of the
CO laser, which became possible with the appearance of
Ref. [12]. Furthermore, the asymmetric CO(V� 2)�
N2(0)! CO(V )�N2(1) VV-exchange reactions between
vibrationally excited CO molecules and unexcited nitrogen
molecules were also included in the model. The rate
constants for these reactions in the T � 100ÿ 500 K tem-
perature range were recently derived by quasiclassical
calculations in Ref. [13]. Since the resonance in asymmetric
exchange with N2 molecules occurs for V � 38 and with CO
molecules for V � 40, the exchange with N2 molecules plays
a more signiécant part. An analysis of the kinetic rate
constants for asymmetric VV exchange reactions showed
that these processes compete with those of VT relaxation in
the depopulation of high vibrational levels of the CO
molecule.

In accordance with experimental and theoretical data
[14 ë 16], the rate constants of VT relaxation of vibratio-
nally excited CO molecules in collisions with helium atoms
were substantially changed. The experimental data of
Refs [15, 16] suggest that the rate constants K VT

1ÿ0 for the
CO(V � 1)�He! CO(V � 0)�He reactions are signié-
cantly lower than the values given in Ref. [17], particularly
at low gas temperatures T < 200 K, at which the values of
rate constants differ several-fold. In Ref. [14], the depend-
ence of VT relaxation rate constants on the vibrational
quantum number was determined using quasiclassical cal-
culations. At high vibrational levels, this dependence turns
out to be smoother than the dependence that follows from
the modiéed Schwartz ë Slawsky ëHerzfeld theory [18] pre-
viously used in the kinetic model. In the modiéed model, the
calculated data of Ref. [14] were normalised in such a way
that the values of K VT

1ÿ0 rate constants coincided with the
data of experimental papers [15, 16].

The spontaneous emission probabilities for transitions at
the fundamental frequency and the érst and second vibra-
tional overtones of the CO molecule were also updated in
accordance with the new data given in Ref. [19].

5. Results of theoretical calculations
and comparison with experimental data

The modiéed MVE model was applied to simulate the SSG
dynamics in the CO : He � 1 : 4 laser mixture under the
conditions typical of the experiments outlined above: an
initial gas temperature of 105 K, a mixture density of
0.18 Amagat, and a speciéc energy input of 320 J Lÿ1

Amagatÿ1. We took into account the density variation in
the thermal gas expansion caused by its heating due to
discharge and also due to VV exchange and VT relaxation
(earlier the model of Ref. [20] employed a constant density
approximation for the active medium).

The estimates show that the gas density can be assumed
constant for several tens of microseconds after the onset of
pumping. Then, the expansion proceeds at constant pressure
through the egress of the heated active medium to a large
buffer volume (� 0:1 m3). The density variation of the
active medium in this case is approximately taken into
account within the framework of the uniform model,
because the laser beam aperture (20 mm in diameter) in
experiments amounted to only a small fraction of the lateral
section of the discharge gap (90� 160 mm). The density
variation of the active medium affects the formation of
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vibrational distribution function in VV exchange reactions
and hence the SSG dynamics.

We described the time dependence of the active-medium
density N(t) by the expression

N�t� � N0 exp

�
ÿ t

t

�
�N0

T0

T

�
1ÿ exp

�
ÿ t

t

��
,

which simulates a transition to the isobaric regime. Here,
N0 and T0 are the initial density and temperature of the
active medium; t � Drvs; Dr is the characteristic transverse
dimension of the active medium; and vs is the sound velo-
city. A similar approach was earlier employed in Ref. [21].
The translational temperature of the active medium in this
case was calculated from the equation

dT

dt
� W

NCV

� kT

NCV

dN

dT
,

where W is the power density of heat release due to direct
heating and vibrational relaxation; CV is the heat capacity
of the active medium; and k is the Boltzmann constant. The
density variation of the active medium was accordingly
taken into account in the solution of kinetic equations for
vibrational level populations as well.

The results of calculations for the four vibrational
transitions 26! 24, 29! 27, 33! 31, and 36! 34 [the
P(12) vibration ë rotation transition] are given in Fig. 7. A
characteristic feature of the calculated dependences is that
the gain on the overtone transitions is retained for a
relatively long time (� 10ÿ3 s) after the end of the pump
pulse. Fig. 8 serves to compare the 29! 27 transition data
calculated employing the model of Refs [10, 11] and the
modiéed MVE model (curves 1 and 2, respectively). The
data derived with the aid of the modiéed MVE model are
characterised by a longer delay time td, a smaller amplitude
of the gain, and its slower decay.

Fig. 8 also shows the data calculated neglecting asym-
metric CO(V� 2)� CO (0)! CO(V )� CO(1) processes
(curve 3 ). The asymmetric VV exchange is responsible
for a signiécant increase of the maximum value of gain,

which is in qualitative agreement with the results of the
earlier study of asymmetric VV exchange [22]. It should be
emphasised that the effect exerted by asymmetric VV
exchange on the results of calculations depends substantially
on the choice of VT relaxation rate constants, because these
two processes compete at high vibrational levels.

The gain dynamics was calculated employing both the
model of Refs [10, 11] and the modiéed MVE model. Fig. 9
gives a comparison of the calculated and experimental data
for the 26! 24, 29! 27, 33! 31, and 36! 34 transi-
tions. The modiéed MVE model provides a substantially
better description of the experimental data, despite the fact
that the time delays td observed in the experiments still
exceed the calculated ones. The reason may lie with gas
dynamic perturbations, which are responsible for transient
optical losses in the laser medium at times of the order of
100 ms that are hard to take into consideration.

Fig. 10a illustrates how the overtone frequency-selective
CO-laser eféciency normalised to the peak value depends on
the nitrogen concentration in the CO : He : N2 � 1 : 4 : X
mixture for transitions from 32! 30 to 38! 36. When the
nitrogen concentration is increased from zero to 8.5%, the
eféciency of lasing increases for all vibrational transitions
located below the 37! 35 transition, but lasing vanishes at
the 38! 36 transition. Fig. 10b gives a comparison of the
calculated and experimentally measured eféciencies of the
overtone CO laser for the 36! 34, 37! 35, and 38! 36
transitions in relation to the nitrogen density in the
CO : He : N2 � 1 : 4 : X laser mixture.

The experimental and theoretical dependences agree
quite satisfactorily when the nitrogen concentration is
increased, the lasing eféciency increases for the 36! 34
transition, decreases for the 38! 36 one, and remains
nearly invariable on the 37! 35 transition. The reason
is that a substantial fraction of the êux of vibrational quanta
to the upper CO levels is intercepted in the asymmetric VV
exchange and is transferred to the lower vibrational levels of
the N2 molecules to be subsequently returned to the CO
molecules. Therefore, the asymmetric VV exchange between
the CO and N2 molecules in nitrogen-containing mixtures
plays a signiécant part and should be taken into account in
the simulation of the CO-laser active medium.
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Figure 7. SSG dynamics for the P(12) transition in the 26! 24,
29! 27, 33! 31, and 36! 34 vibrational bands calculated for the
CO : He � 1 : 4 mixture at a density of 0.18 Amagat and an energy input
of 320 J Lÿ1 Amagatÿ1.
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Figure 8. SSG dynamics for the 29! 27 P(12) transition calculated
using different kinetic models ë the model of Ref. [11] ( 1 ), the modiéed
model ( 2 ), and the modiéed model neglecting the asymmetric VV
exchange between carbon monoxide molecules ( 3 ); a CO : He � 1 : 4

mixture, a density of 0.18 Amagat, and an energy input of 320 J�
Lÿ1 Amagatÿ1.
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6. Conclusions

We have presented the results of our experimental study of
the SSG dynamics for high overtone vibration ë rotation
transitions of the CO molecule. The gain amax achieved its
maximum equal to � 0:4 mÿ1 for the 33! 31 P(12)
transition in the CO : N2 � 1 : 9 laser mixture. In the
nitrogen-free CO : He � 1 : 4 laser mixture, it was nearly
two times lower and almost independent of the vibrational
level number. The results of the investigation of the effect of
nitrogen on the SSG and the lasing characteristics of the
CO laser operating on the 38! 36 vibrational transition
testify that the interaction of N2 molecules with highly
excited CO molecules plays a signiécant part in the
production of population inversion on high vibrational
levels. Employing the COëAr laser mixture (instead of
COëHe) resulted in a signiécant improvement of the
energy characteristics of the laser operating on the
extremely high vibrational transitions 37! 35 and
38! 36.

The kinetic processes were theoretically analysed using a
numerical model. The model was signiécantly improved in
accordance with the recently published data on the rate
constants for single- and multiquantum VV exchange, VT
relaxation, and on radiative transition probabilities. Calcu-
lations performed for the COëHe mixture showed that the

gain on the érst-overtone vibrational transitions is retained
for a relatively long time (� 1 ms) after the pump pulse and
the maximum gain on high transitions amounts to approxi-
mately 0.2 mÿ1 for a nitrogen-free mixture. These data agree
well with experimental data, but the experimentally
observed time delays td were found to exceed the calculated
ones. One reason for the discrepancy between the theory
and experiment may lie in discharge-initiated gas dynamic
perturbations, which introduce additional radiation losses
for time periods of the order of 100 ms.

The theoretical analysis of the effect of small additions
of nitrogen to the COëHe active medium was performed on
the basis of a modiéed kinetic model. As in experiments,
increasing the nitrogen concentration in the laser mixture
resulted in an increase of the calculated eféciency of lasing
of the CO laser on vibrational transitions located below the
37! 35 transition and in the disappearance of lasing on the
38! 36 transition. This is caused by the asymmetric VV
exchange between nitrogen molecules and highly excited
carbon monoxide molecules: CO(V� 2)�N2(0)! CO(V )
�N2(1). Our investigation demonstrated that these proc-
esses should be taken into account in the analysis of the
dynamics of the population distribution function at high
vibrational levels of the CO molecule.
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