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Multiquantum vibrational exchange

in highly excited CO molecules

A Tonin, Yu M Klimachev, Yu B Konev, A K Kurnosov,

A P Napartovich, D V Sinitsyn, Yu V Terekhov

Abstract. The kinetics of exchange by vibrational quanta is
studied theoretically and experimentally in highly excited
CO molecules by analysing the recovery time of the inver-
sion population on the selected vibrational-rotational tran-
sitions in a doubly Q@-switched pulsed CO laser. A model of
vibrational kinetics that takes into account the multiquan-
tum vibrational exchange between CO molecules in the
temperature range between 100 and 300 K is described in
detail for the first time. This model is compared with the
model of single-quantum vibrational exchange. Good agree-
ment between experimental data and theoretical calcula-
tions performed using the model of multiquantum vibra-
tional exchange is the first direct confirmation of the validity
of this model.

1. Introduction

The mechanism of population inversion in a CO laser is
determined by the energy exchange between molecules in
the excited vibrational states. Therefore, to develop a model
of such a laser, it is necessary to study the dynamics of the
vibrational exchange. The first and the simplest model took
into account the exchange by vibrational quanta (the VV
exchange) assuming that only one quantum can be trans-
ferred in a collision [1]. A set of the rate constants (RCs)
for one-quantum processes CO (v) + CO(u) — CO(v — 1)+
CO(u + 1) used in calculations was verified experimentally
only for lower vibrational levels v and u. The rate constants
used for higher vibrational levels were extrapolated from
the measured rate constants. Upon extrapolation, the ex-
pressions in the first order of the perturbation theory have
been used [2—5]. However, this procedure was not sub-
stantiated physically for calculations of the VV exchange
rates in the highly excited CO molecules. In particular, the
rate constants determined by this method rapidly increase
with increasing quantum numbers v and u and in the case of
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quasi-resonance exchange they begin to exceed the gas-
kinetic values already at small values of v and u (~ 6).

In Ref. [6], more realistic quantum-mechanical numerical
calculations of the rates of one-quantum vibrational ex-
change (OVE) were performed for CO molecules. The
calculations of the vibrational distribution function (VDF),
i.e., the dependence N(v) of the population on the vibrational
level number, with RCs close to those calculated in Ref. [6]
proved to be in disagreement with the experiment [7]. This
is not surprising, because a decrease in the OVE rate con-
stants at higher levels is compensated by an increase in the
RCs of multiquantum vibrational exchange (MVE). The first
experimental evidence of a noticeable role of the two-quan-
tum exchange processes in the establishment of the VDF at
levels with v > 15 has been obtained in experiments on the
double resonance in CO [8]. The two-quantum exchange
RC estimated in this paper well agrees with the theoretical
calculations performed later [9, 10], from which it follows
that the m-quantum exchange processes

CO(v) + CO(u) — CO(v — m) + CO(u + m) 1)

become appreciable when the probabilities of the (m — 1)-
quantum processes are of the order of unity (m is the
number of quanta transferred). As shown in Ref. [10], the
RCs for processes (1) (m = 2) approach the one-quantum
RCs when the vibrational quantum number v exceeds 10.

An analytic theory of the vibrational exchange was devel-
oped in [11, 12] and references cited in these papers. This
theory can be used to obtain the scaling of the dependence
of the RCs on vibrational quantum numbers and temperature
based on the exponential dependences of the interaction cross
sections on the energy of colliding particles. However, to
obtain the parameters of analytic approximations of the
interaction cross sections in practice, it is necessary to per-
form calculations that are similar to those presented in
Ref. [10]. As far as we know, such calculations have not
been carried out so far.

A kinetic model of a CO laser that takes the MVE into
account was developed in Refs [7, 13]. The RCs at the temper-
ature 100 K required for this model that were taken from
Refs [9, 10] gave good agreement between the calculated
and experimental VDF. However, it was found that the calcu-
lated stationary VDF comparatively weakly depends on the
approximation chosen for the RC calculation. Calculations
[7, 13] also showed that the time evolutions of the VDF after
the frequency-selective perturbation, which is typical for the
CO laser [8], strongly differ for high vibrational levels
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(v = 25) in these two models. The method of the double Q-
switching in a frequency-selective CO laser proposed in
Ref. [14] yielded for the first time the data on the recovery
time of the population inversion, which could be compared
with calculations. Such a comparison with the model of a
CO laser in the OVE approximation [15, 16] showed that
the OVE model cannot be applied to the description of the
establishment of the VDF for v > 14, and that a more realistic
model should be used that takes into account the MVE.

The aim of this study is to verify experimentally a model
of the active medium of a CO laser that takes the MVE into
account. The MVE model [7, 13] has been formulated for the
constant gas temperature.

This precluded a comparison of calculations with experi-
ments. Here, we generalise the MVE model to the case when
the gas temperature varied from ~ 100 to 300 K. We verified
this MVE model by measuring the recovery time of the sec-
ond laser pulse energy with respect to the energy of the first
pulse upon double Q-switching in a frequency-selective CO
laser oscillating on high vibrational transitions.

2. Formulation of the problem
and kinetic model of the VV exchange

The OVE model in a CO laser with the CO — N, — He mix-
tures was described in detail in Ref. [17]. It contains detailed
information on the RCs and all important processes proceed-
ing in the active medium of the CO laser, such as electronic
excitation of molecules, the VV exchange between molecules,
the vibrational-translational (VT) relaxation, spontaneous
and stimulated emission, and spectroscopic data. This infor-
mation was used in the MVE model without any
modifications.

The data presented in a review [18], where the calculations
of RCs were generalised and some original papers were con-
sidered (for example, [10]), were used for the development of
the MVE model. The data for individual processes at the gas
mixture temperatures 100, 200, 300, 500, and 1000 K were
reported in Ref. [18]. For the three- and four-quantum
exchange only a few RCs were presented. We estimated all
the elements from a total RC matrix in kinetic equations.

A system of kinetic equations describing the time depend-
ence of the population 7, of CO molecules in the vibrational
level v is schematically described by the expression

dn
dilv = Ri_y + Ryy + Ryy' + Ryt + Ry, + Ripg, @)

where Ry, Ryy, Ryy/, Ryt, Ry, Ripg are the rates of
electronic excitation of molecules, intra- and intermolecular
VV exchange, VT relaxation, and spontaneous and stimu-
lated emission, respectively. More detailed equations are
well known (see, for example, [3, 19]), and we do not pre-
sent them here. The MVE rates are calculated from the

expression

v
RVV = E [Wu+m,u Ryim + Wufm,v Ny—m

mz=1

_(Wv‘wm + WU,U*n‘l)nU]a (3)

where W,,,,, is the frequency of transitions from the level
v+m to the level v and W, ,, is the frequency of
transitions from the level v — m to the level v in processes of

the type (1). In turn, the transition frequencies are
determined by the expressions

Ql "‘II
v+m,v l m»

izm

Z lel ":7!11) n;, 4)

izm

v+mu - U myu —

where Qlﬁiﬁ;:{, is the RC of the m-quantum exchange. In the
case of one-quantum exchange, the summation is per-
formed not only over the vibrational levels of CO but also
over the levels of No.

For lower vibrational levels, the effect of unharmonicity
and, hence, of the MVE is negligible, so that we took the
RCs for v <5 from Ref. [17]. Analysis of the data from
Ref. [18] allows us to choose the range of v for each number
of the quanta being exchanged in which the probability of the
multiquantum transitions will be of the order of unity. Proc-
esses that fall within this range can be considered as being
near-resonance processes, and those that do not fall within
this range, as nonresonance processes. All the values of u
and v for which the inequality v —u > 6 is satisfied, fall
within the nonresonance range.

For near-resonance exothermic processes of the type

CO(v—k) +CO(v—1) — CO(—k — 1) + CO(v) (5)

the RC can be represented in the form

O it = Q2 ®(0, ). ©)
The data presented in Ref. [18] permit the function @ (v, k)
to be found only for some quantum numbers v. For the rest of
v < 16, the function @ was obtained by a linear extrapolation.
For v > 16, it was assumed that @ (v, k) = @ (16, k), because
the dependence of @ on k becomes weak with increasing v.
This procedure was applied for calculations of the function
@ at the gas temperatures equal to 100, 200, and 300 K. Here-
after, we will call the RCs calculated by this method the
modified RCs (MRCs). We used these MRCs for v > 10.
In the range 10 > v > 5, the MRC:s for near-resonance proc-
esses were calculated using a linear interpolation of the RCs
from Refs [17, 18]. The RCs for nonresonance processes were
determined by a linear logarithmic interpolation

U v,U _1
In Q) ¢ —In Q| “)7 (7)

1 v,v+1
nQ =,

w,w— 1=

QU U+1 (

where Q,j’f’;,jfé and QUU+1 are the RCs from [18] and [17],
respectively, and 1 <w < v - 5.

For the resonance two-quantum exothermic processes,
the data from Ref. [18] allow the function @ to be determined
by the same method as for one-quantum processes. However,
the data of Ref. [18] are insufficient for the construction of
the function @ in the case of resonance three- and four-quan-
tum processes. We assumed the RCs for exothermic processes
to be independent of the quantum numbers and equal to the
corresponding RCs from Ref. [18].

The transition probabilities for nonresonance processes
are small. We assumed that their dependence on the quantum
numbers corresponds to that obtained from the perturbation
theory [20]. The perturbation theory yields the following
dependence of the RC on the initial quantum numbers v
and u of colliding particles and the number m of quanta being
exchanged:
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Figure 1. Rate constants of one- (a), two (b), three (c), and four-quantum (d) VV exchange at 100 K.
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where F(AE) is a universal adiabaticity function for
nonresonance processes (see, for example, [19]); AE,;/
is the energy defect of a given process; ¢, ,_p, is the matrix
element in the lowest order of the perturbation theory, in
which an exchange by m quanta is possible. These matrix
elements can be calculated using the values of the cor-
responding Einstein coefficients 4, , for spontaneous tran-
sitions and the transition frequency v:

qv,u—m :

Vu3,u—m . (9)
qm,0

AU,U—m ~

The Einstein coefficients A4,, for transition in the CO
molecule are presented, for example, in Ref. [4].

For nonresonance processes, the RCs were normalised by
equating them to the RC [18] at the boundary of the reso-
nance range. The MRCs were determined by the above
method at 100, 200, and 300 K. Their values at intermediate
temperatures were obtained by a linear logarithmic interpo-
lation. The MRCs for endothermic processes were found
from the principle of detailed balancing. Fig. 1 shows the
MRCs for one-, two-, three-, and four-quantum processes
at 100 K, which were used in calculations for comparison
with experimental data.

3. Experimental set-up and method

We used in our experiments a cryogenic pulsed Q-switched
electroionisation CO laser. The length of the laser active
medium was 150 cm and the maximum active volume was
1 litre. The energy, spectral, and temporal parameters of

this laser operating on transitions from 3 — 2 to 23 — 22
were studied in detail in Ref. [21].

Fig. 2 shows the optical scheme of the set-up. The laser
cavity consisted of the optical system for double Q-switching
and a spectral selector, which were located from the opposite
sides of the active medium /. A laser cell was closed by two
flat CaF, plates 2 tilted at the Brewster angle to the cavity
axis.

10

spll

\
Y

Figure 2. Optical scheme of a spectrally selective double-switched elect-
roionization CO laser:

(1) active medium; (2) Brewster windows; (3) rotating mirror; (4, 8, 9)
totally reflecting spherical mirrors; (5) totally reflecting plane mirror;
(6) optical screen; (7) diffraction grating; (/0) CaF, plate outcopler;
(11) diaphragm.

The optical system for double Q-switching consisted of a
plane rotating mirror 3 (the rotational velocity was V <
60000 min~"), a spherical mirror 4 (the radius of curvature
was r = 2 m), and a plane mirror 5 with an optical screen 6
that controlled the duration and the duty ratio of laser pulses.
Rotating mirror 3 was mounted in a focal plane of a spheri-
cal mirror 4 (i. e., at the distance L = r/2 from it). An opaque
screen 6 had two slits in it of width s spaced by the distance d.
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The parameters s and d determined, respectively, the dura-
tion 7 of a single laser pulse and the delay time 7;_, between
the first and second pulses. By varying V, s, and d, we could
control the temporal parameters of a two-pulsed CO laser:
the time 7., (t,y) of switching on (off) of a cavity, 7, and
Ti_». In our experiments, 7., (7o) and T were equal to 0.2
and 1.0 ps, respectively. The delay time 74 between the pump
pulse (the pump pulse duration was ~ 40 ps) and the first
laser pulse was varied in the range from 200 to 650 ps (Fig. 3).

|l
[
1

2

Figure 3. Schematic arrangement of the detected moments and a typical
time dependence of the emission intensity of a doubly Q-switched elect-
roionization CO laser: (/) Onset of the oscilloscope sweep; (2) onset of
the pump pulse; (3) emission of a doubly Q-switched electroionization
CO laser (tqy = 200— 650 ps, t;_, = 1.5 — 10 ps).

A spectral selector of the laser cavity was completely inde-
pendent of the optical double Q-switching system. It con-
tained a 150 litre mm ™" diffraction grating 7 with the blaze
angle of 26°45" and an intracavity telescopic beam expander
(Fig. 2) consisting of spherical mirrors 8 (r = 0.5 m) and 9
(r=1.0m). On a mirror 8 a diaphragm 7/ was mounted
of diameter 18 mm. The total cavity length was 6.5 m.
The diffraction grating was mounted in an autocollimation
scheme. Its resolving power was ~ 5000, corresponding to
the spectral resolution of ~ 0.35 cm™! in the wavelength
range under study. The angle of incidence o of the laser
beam on the diffraction grating was controlled with a relative
error of ~ 0.02 %, corresponding to the accuracy of the wave-
length setting of 0.4 cm ™.

Laser emission was extracted from the cavity by reflecting
from a plane CaF, plate /0 mounted at the angle 8 = 7° to the
optical axis. The advantages of this scheme over other spec-
trally selective schemes of Q-switched IR lasers have been
discussed in detail in Ref. [22].

The system for detection of the laser output (not shown in
Fig. 2) consisted of an IR detector with a time resolution of
~ 107" s, a thermoelectric calorimeter with a sensitivity of
~107% J, and an IR spectrograph with a spectral resolution
of ~ 0.5 cm ™! and the spectral range between 4.5 and 6.5 pm.

The experimental conditions, which were chosen, taking
into account the possibility and convenience of comparison
of theoretical calculations with experimental results, were
as follows. The laser mixture had the composition CO :
N, = 1: 1, the laser mixture density was N = 0.047 Amagat,
the initial temperature of the active medium was 100 &+ 3 K,
and the specific energy input was varied between 270 and
400 J litre™' Amagat™' with an accuracy of 5%.

To compare reliably theoretical calculations with experi-
mental data, it was important to know with good accuracy
real optical losses f;, per round trip in the laser cavity. For

this purpose, we measured reflection coefficients of all ele-
ments of the laser cavity (except Brewster windows) in the
wavelength range from 5.0 to 6.5 um. The measurement
method and the results are reported in Ref. [16].

When comparing the theory with the experiment, we used
the ratio R = Q,/Q; (where Q; and Q, are the energies of the
first and second laser pulses) to characterise the degree of
restoration of the inverse population on the chosen vibra-
tional-rotational transition in the CO molecule. This ratio
was obtained for each pair of laser pulses by numerical inte-
gration of the corresponding temporal intensity profiles for
each pulse with the subsequent normalisation to the total out-
put energy.

Note that we obtained the single-frequency lasing upon
double Q-switching on many vibrational-rotational transi-
tions of the vibrational bands from 5 — 4 to 33 — 32. The
vibrational-rotational transitions in each vibrational band
were separated in accordance with two criteria: (1) The differ-
ence between the wavelength of the separated line and those
of the nearest lines from the adjacent vibrational bands
should be at least two times greater than the resolution of
the spectral selector and (2) the separated laser line should
fall within the transparency window of the atmosphere and
should be only weakly absorbed by water vapour.

The use of the telescopic beam expander resulted in the
improvement of the spectral resolution of the spectral selector
(~0.35cm™") compared to that of the scheme used in
Ref. [16]. However, total losses in the laser cavity measured
by the method described in Ref. [16] remained large
(~ 40 — 50%). For this reason, the reliable single-frequency
lasing was achieved on many vibrational-rotational transi-
tions only near the threshold. However, when we increased
the specific energy input into the active medium, the resolving
power of the spectral selector was insufficient for providing
single-frequency lasing at most of the transitions. As a result,
only four vibrational-rotational transitions proved to be
acceptable for comparison with the theory, namely, the
13 — 12P(11), 15— 14P(13), 19 — 18P(15), and 20—
19P(14) transitions. The single-frequency lasing on these tran-
sitions was observed when the pump energy was considerably
greater than the threshold.

For these transitions, we measured peak intensities of a
short laser pulse as functions of the delay time 74 for different
energy inputs Q;, (Fig. 4). For the values of Q;, used, the val-
ues of 74 in the range from 350 to 600 ps correspond to the
conditions when the VDF can be considered quasi-stationary.
We obtained all experimental results under these conditions

I, (rel. units)
1.0 |

0.5

0 1 1 1 1
100 200 300 400 500 14/ ps

Figure 4. Dependences of the peak intensity 7, of a Q-switched pulsed CO
laser on the time delay 74 for specific energy inputs Q;, = 350 (1), 305(2),
and 270 J litre™' Amagat™' (3) for the 18 — 17P(18) transition.
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Figure 5. Theoretical (MVE: solid curves, OVE: dashed curves) and expe-
rimental (circles) dependences of Ron t;_, for the 13 — 12P(11) transition
for 0, = 250 (a) and 290 J litre ™' Amagat™"' (b); 74 = 590 ps.
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Figure 7. Theoretical (MVE: solid curves, OVE: dashed curves) and expe-
rimental (circles) dependences of Ron 7,_, for the 19 — 18P(15) transition
for Q;, = 330 T litre™' Amagat™' (a) and the 20 — 19P(14) transition for
Oin = 560 J litre ™! Amagat™! (b); 4 = 590 ps for both transitions.
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Figure 6. Theoretical (MVE: solid curves, OVE: dashed curves) and expe-
rimental (circles) dependences of Ron t,_, for the 15 — 14P(13) transition
for Q;, = 335(a)and 375 ] litre™ Amagat" (b); Tg = 590 ps.

(14 = 350 — 600 ps, ;, = 250 — 560 J litre™' Amagat™').

4. Results and discussion

We used in our calculations the same parameters of the
active medium (Q;,, T, N, the mixture composition, etc.)
and laser emission (g4, 7, T1_5, transition wavelengths, etc.),
as well as the cavity losses as in experiments. Q-switching
was simulated by varying the threshold amplification in

time. We assumed that it decreased linearly with time for
0.25 ps from the value that exceeded the gain at the selected
transition by several times to the preliminary chosen para-
meter b (the threshold gain), then remained constant for
0.5 ps, and then increased to its initial value for 0.25 ps.
Thus, Q-switching occurred for 1 ps. The parameter b cor-
responded to the cavity losses, which were measured by the
method described in Ref. [16].

We calculated R as a function of t,_, using the kinetic
model considered above. The results of our calculations are
shown in Figs 5—7 by solid curves. Circles represent the
experimental data. We also presented in Figs 5—7 the similar
dependences calculated using the OVE model. One can see
from Figs 5—7 that the model of the active medium of a
CO laser, which takes the MVE into account, describes the
experimental results much better than the OVE model. The
recovery time of the second laser pulse energy with respect
to the first pulse energy is an important parameter of the
dynamics of vibrational exchange. Taking into account the
fact that in real measurements of the dependences of R on
T1_, (see Figs 5-7) the maximum values of R for different tra-
nsitions were in the interval between 0.8 and 0.9, this time was
determined for the level R = 0.8 and was denoted as 7.

The time 74 g measured for the transitions under study for
the parameters of the active medium and laser emission was
in the range from 3.6 to 6.3 pus. In Table 1 are presented the
experimental values of 7yg and its values calculated using
the two models of the vibrational exchange. In our opinion,
a great discrepancy between the values of 7, g calculated using
these two models should be explained. After a short pertur-
bation of the population n,, it starts to recover according to
the equation
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Table 1. Recovery times 7,3 of the second pulse energy with respect to the
first pulse calculated using the OVE and MVE models and measured
experimentally.

T " To.g/Hs

ransition -1 . .
w—v-=1P(J)) Ou/J 7" Amagat™ zq/pss OVE MVE Experi-

ment

13— 12 P(11) 250 590 230 580 6.3
13— 12 P(11) 290 590 230 530 42
15— 14 P(13) 330 590 1.70 545 4.0

15 14 P(13) 375 590 150 5.00 3.6

19 — 18 P(15) 330 590 145 580 5.5

20 — 19 P(14) 560 590 130 3.60 3.7

where An, is the population perturbation, t,, is the VV
relaxation time, which, according to (3), is described by the
equation

1 -
_ 2 : § : i,i+m 2 : v,0+m
- ( niQUﬁufm + ”iQi,i—m )
Tyy

mz=1 i=0 izm

Fig. 8a shows the dependences of 1/z,, on the number of
the perturbed vibrational level, which were calculated for the
typical experimental conditions. One can easily see that for
v > 8, the frequencies 7., calculated using the MVE model
(curve 1) are noticeably lower than those obtained using
the OVE model (curve 2). For v > 30, the frequencies can dif-
fer by a factor of five. Curve 3 in Fig. 8a illustrates the
contribution of the one-quantum exchange processes to
1/7,, for the MVE model. The difference between curves /
and 3 shows that the role of multiquantum processes is quite
important. The VDFs calculated with the help of different
models at the moment 74 = 590 ps (under the conditions cor-
responding to Fig. 8a) are shown in Fig. 8b. Their compa-
rison agrees with the conclusion made in Ref. [7] about a
weak sensitivity of the stationary VDF to the choice of the
vibrational exchange model.

g N(v)

16
15

14

13 1 1 1 1
0 10 20 30 v 0 10 20 30 v

Figure 8. Dependences of 1/, on the number v of the perturbed vibratio-
nal level calculated for conditions in Fig. 5a using the MVE (/) and OVE
(2) models. (a) Curve 3 illustrates the one-quantum exchange contribution
to 1/7,, for the MVE model. (b) Logarithmic dependences of the VDF are
calculated using the MVE (dashed curve) and OVE (solid curve) models
under the same conditions.

Evolution of the VDF in a low-temperature gas excited by
a discharge is characterised by two stages. At the first stage,
an accumulation of excited molecules on the lower vibra-
tional levels occurs. The duration of this stage is deter-
mined by the specific pump power per molecule. When the
number of vibrational quanta per molecule becomes critical,

the VDF evolution is determined by the vibrational exchange
between excited molecules. At this stage, the VDF exhibits a
plateau, which results in the appearance of a partial inversion.
The duration of the plateau formation is determined by mul-
tiple processes of the vibrational exchange, and the rate of the
VDF evolution depends on the effective exchange frequencies
and the plateau level. The characteristic setting time of a
given level of the VDF is approximately proportional to
the square of the level number [23], i.e., it is two orders of
magnitude longer than the time of exchange by vibrational
quanta between molecules on the plateau. In our experi-
ments, this time was a few hundreds of microseconds. The
measured time 7, ¢ is determined by the vibrational exchange
time for molecules on the VDF plateau. Therefore, one should
expect that it would be of the order of microseconds, which
agrees both with experiments and calculations.

The quantity 7,, plays an important role in the laser
kinetics. It allows one to estimate the saturation intensity
I, /o7, upon selective lasing both on the transitions of the
fundamental band and on the overtone transitions in the
CO molecule (hv is a photon emitted at the transition fre-
quency and o is the induced transition cross section). This
important parameter characterises nonlinearity of an active
medium with respect to the action of induced radiation.

5. Conclusions

Theoretical and experimental studies of the kinetics of
vibrational exchange between highly excited CO molecules
allowed us to develop a model of the MVE kinetics in the
active medium of a CO laser suggested in Refs [7, 13]. The
MVE rate constants, which are required for the theoretical
description of the CO laser, were determined by extrapo-
lation and interpolation of the multiquantum exchange RCs
known from the literature. The model includes the m-quan-
tum exchange processes (m = 1, 2, 3, 4) in the temperature
range from 100 to 300 K.

The theoretical MVE calculations are in good agreement
with the experimental values of R measured upon selective
lasing on several vibrational-rotational transitions in the
CO molecule (v = 13 — 20), which represents the first direct
experimental confirmation of the MVE model.

The double Q-switching method can be used to obtain
new information of the VV exchange kinetics. By decreasing
the cavity losses, we can advance to the region of higher levels
v where the discrepancy between the OVE and MVE calcu-
lations is even greater. In this case, it will be possible not
only to confirm the validity of the MVE model for the
description of the CO laser operation but also to correct
the MVE rate constants.
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