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Gain dynamics in the active medium of a pulsed e-beam sustained
discharge CO laser: theory and experiment
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Abstract. The small-signal gain (SSG) dynamics is studied
experimentally and theoretically in the active medium of a
pulsed e-beam sustained discharge CO laser in a broad range
of vibrational transitions, various compositions and densities
of the active medium, as well as various positions of a small-
aperture probe laser beam in the gas-discharge region. The
results of measurements are compared with theoretical
calculations based on a spatially homogeneous CO laser
model taking into account the multiquantum VV exchange
processes. The sensitivity of the SSG dynamics to variations
in the active medium and pump parameters is studied. Good
agreement is demonstrated between theoretical and exper-
imental data on the SSG dynamics obtained by using
corrected values of local energy input in the calculations.

Keywords: kinetic model, multiquantum exchange, vibrational level,
carbon monoxide, nonself-sustained discharge, active medium, CO
laser.

1. Introduction

The small-signal gain (SSG) dynamics in the active medium
of a pulsed carbon monoxide e-beam sustained discharge
(EBSD) laser sheds light on the processes of excitation of
vibrational levels of CO molecules and vibration—vibration
(VV) exchange, as well as on the dynamics of propagation
of an excitation wave in the plateau region of the
vibrational distribution function (VDF) and the subsequent
evolution of the quasi-stationary VDF [1—4]. The presence
of a rather wide region with uniform distribution of plasma
parameters in the EBSD facilitates the interpretation of the
results of measurements. For other excitation techniques,
the method of VDF reconstruction from the variation of
intensity of spontaneous emission in the overtone band [5]
is widely used, because the gain measurement is hampered
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by the small length of the uniformly excited region. The
radial inhomogeneity of a plasma introduces a considerable
uncertainty in a low-pressure self-sustained discharge [6],
while in the case of optical pumping by a focused beam [7]
both the radius and length of the medium being excited are
small, i.e., the density and temperature gradients are large
[8]. The nonself-sustained EBS discharge in a chamber with
a large volume of the discharge region and a wide aperture
allows the SSG measurement by a small-aperture laser
beam away from the discharge edges, i.e., under conditions
of the most homogeneous active medium. In this case, the
measurement of the SSG dynamics provides the time-
resolved local diagnostics.

It was shown in [9-13] that for a more correct
description of the vibrational kinetics and heating of the
active medium of a CO laser, a model of VV-multiquantum
exchange (MQE) should be used instead of the normally
employed single-quantum VV-exchange model. However,
for vibrational levels with v > 15, the absence of exper-
imental data about the rate constants of VV exchange
necessitates the use of the results of theoretical calculations
(see, for example, [12, 13]). Therefore, a comparison of the
theory with the experiments on the amplification of radi-
ation on transitions between such levels is quite significant.
From this point of view, it must be noted that the
experimental data on the gain dynamics contain much
more information than the data on energy and spectral
parameters of the CO laser radiation (see, for example,
[11, 14]) which, as a rule, are integrated and averaged.

In this study, the gain dynamics is theoretically inves-
tigated by using the MQE model with the VV-exchange rate
constants [12, 13] calculated by using the semiclassical
theory of collisions. The aim of this work is to compare
the theoretical SSG dynamics with the experimental results.
Such a comparison makes it possible to verify the applic-
ability of the kinetic model used by us for describing the
processes occurring in the active medium of a EBSD CO
laser. We measured the SSG dynamics for a large number of
vibration —rotation transitions (including transitions with
v > 15) for different parameters of the active medium and
pump pulses. We also discuss the extent to which the gain
dynamics depends on such local parameters as the specific
energy input and translational temperature of the gas.

2. Experimental setup

The gas mixture was pumped by a pulsed nonself-sustained
EBS discharge in a discharge chamber with cryogenic
cooling [4]. The average gas temperature T, in the discharge
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chamber of volume ~ 160 L was ~ 100 K. Since the gas
was cooled through the walls of the discharge chamber, the
distribution of the gas temperature 7 before pumping was
nonuniform, the temperature increasing from 77 K (lower
wall of the chamber) to ~ 140 K (upper flange and the foil
separating the chamber from the electron accelerator). The
separation H between the electrodes at the centre of the
discharge region was 90 mm. The geometrical volume of
the discharge region was Vy = HDL ~ 17.8 L, where L =
1.2 m is the length and D = 165 mm is the width of this
region. The distribution of the initial gas temperature in the
volume between the electrodes was measured by a ther-
mocouple probe and the results of measurements are
presented in Fig. 1. For the gas mixture CO: He=1:4,
the gas temperature in the middle of the region between
electrodes was 110 K, while for the gas mixture CO : N, =
1:9, it was 120 K. The temperature gradient along the
height of the discharge gap was ~4 K cm™! for the gas
mixture CO:He=1:4 and ~3Kcem ' for the gas
mixture CO : N, =1:9 (for comparison, the temperature
nonuniformity in a self-sustained discharge may exceed
100 K cm™" [6]). In the vicinity of the warm output
windows, the gas temperature along the axis of the
discharge gap near the electrode edges is 5 K higher than
in the middle of the discharge region.
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Figure 1. Distribution of the initial gas temperature T over the height /
of the interelectrode gap at the middle of the discharge chamber for the
mixtures CO:He=1:4 (/) and CO: N, =1:9 (2) for the average
gas temperature 7, = 100 K in the discharge chamber and the average
gas density N, = 0.12 amagat.

h/mm

The gas in the discharge chamber was ionised by a 150-
keV electron beam. Because the current density of the
electron beam varies along the height of the discharge
gap due to scattering of electrons by the grid cathode of
the discharge chamber and in the dividing foil, by using
Faraday caps [15] we performed probe measurements of the
electron flux density in the beam through a horizontal plane
parallel to the plane of the lower electrode (anode). Figure 2
shows the results of measurements in the form of the
distribution profiles at half the width d of the discharge
region at various distances s from the anode. The highest
(peak) current density ~ 20 mA cm > of the electron beam
was measured near the grid cathode (& = 76 mm).

Pumping of the active medium of a pulsed gas-discharge
laser is characterised by the specific energy input (SEI). In
the experiments, the total energy supplied to the EBS
discharge was determined by measuring the initial (U;)

j/mA em™ |
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Figure 2. Electron beam current density j measured in vacuum at a
distance d from the EIL axis in the discharge chamber for h =7 (1), 46
(2)and 76 mm (3).

and final (after the passage of the pumping pulse) voltage
(U,) across a battery of capacitors with a capacitance
Cy =~ 53 uF. The specific energy input averaged over the
volume V), of the discharge region was estimated as
Oin = Co(UP — U3)2VyNy)~", where N, is the average
gas density in the discharge chamber. The relative gas
concentration at the cryogenic temperature can be presented
in amagat, the density of the gas N, (in amagat) is
numerically equal to the number of moles of the gas in
a molar volume (22.4 L), while SEI is expressed in
JL! amagaf1 alJ L! amagat’1 =2241] mole’l).

The time dependence of the pump power is of conside-
rable importance for interpreting the SSG dynamics. In
order to determine this dependence, we must know the pulse
shape of the EBS discharge current /() (Fig. 3a), which was
measured with a bifilar low-inductance shunt, as well as the
pulse shape of the discharge voltage U(r) (Fig. 3b), which
was measured with a resistive-capacitive divider. The onset
of the signals was obscured by the high-frequency noise
arising in the leading edge of the pump pulse. Figure 3c
shows the pulse shape of the EBS discharge power W (¢) =
U(1)I(t). The pump-pulse duration measured at the 0.1 level
of the maximum power was 40 ps, almost coinciding with
the pulse duration of the EBS discharge current (see
Fig. 3a).

The above measurements were used to determine the
spatially local parameters of the active medium (initial
temperature and the corresponding gas density, current
density of the electron beam and the pump-power dynamics)
which are required for a correct analysis of the experimental
data on the SSG dynamics and for comparing them with the
results of theoretical calculations.

The SSG dynamics in the active medium of a pulsed
EBSD CO laser was measured by the laser probing
technique (the method of SSG measurement was described
in detail in [4]). The error in SSG measurements varied from
2% to 10% of its maximum value. A specially designed
frequency-selective low-pressure cw laser with cryogenic
cooling was used for probing [4]. Cooling was required
for the emission spectrum of this laser to cover the
vibration —rotation transitions with the highest gain in
the investigated medium with a gas temperature
~ 100 K. The use of such a probe laser with a beam
diameter ~ 10 mm allows a spatially local diagnostics of
the SSG dynamics in a broad range of vibration—rotation
transitions under various pump conditions of the active
medium of a wide-aperture pulsed EBSD CO laser.
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Figure 3. Shapes of the current I (a), voltage U (b) and pump power
W = UI (c) pulses in the EBS discharge for the CO : N, = 1 : 9 mixture,
0, =250 T L! amagat’l, Ty = 100 K and N, = 0.12 amagat.

3. Theoretical model

The theoretical model of the population dynamics of
individual vibrational levels is described in [10, 13] and
includes processes of excitation and de-excitation of
molecules by electron impact, multiquantum VV exchange
and VT relaxation, as well as spontaneous and induced
emission.

The multiquantum exchange (MQE) model [12, 13]
takes into account the VV-exchange processes between
CO molecules (the number of quanta being exchanged
varies from one to four) and the nonsymmetric VV exchange
between highly excited and unexcited carbon monoxide mo-
lecules: CO(v) + CO(0) — CO(v — 2) + CO(1) + AE, (where
AE is the energy defect of the reaction), as well as the
nonsymmetric VV' exchange between CO and N, mole-
cules.

The system of vibrational kinetics equations in the MQE
model was solved together with the stationary Boltzmann
equation for the electron energy distribution function
(EEDF). The numerical solution of the Boltzmann equation

for CO—He and CO— N, mixtures took into account all the
fundamental processes of inelastic scattering of electrons
from molecules, including scattering of electrons from
vibrationally excited molecules (see [16] for details). The
Boltzmann equation was solved with a time step determined
by the rate of variation in the parameters monitored in
calculations (the reduced field strength E/N and population
density of the first vibrational level). In the numerical
solution of the Boltzmann equation for the EEDF, the
total energy balance of electrons was monitored and
maintained with an error not exceeding 1 %.

A change in the density of the active medium affects the
VDF and SSG dynamics. Under experimental conditions,
the excited gas was expanded in a buffer volume, which was
much larger than the active medium volume. This effect was
taken into account in calculations of the SSG dynamics in
the same way as in [3].

To analyse the sensitivity of the calculation results to the
exact values of the parameters of the active medium and its
pumping, numerical simulation of the SSG dynamics was
performed by varying the SEI and the initial gas temper-
ature. Calculations were performed for the CO: He=1:4
mixture with the density Ny = 0.12 amagat for local SEI
values Qy = 70 — 150 J L™ amagat™'. The initial reduced
field strength E/N in the middle of the discharge region in
this case was (1.0 — 1.5) x 107'® V cm?. The current and
voltage pulse shapes obtained in the experiments for a
pump-pulse duration of 40 us at the 0.1 level of the
maximum power were used in calculations (see Fig. 3).

Figure 4 shows the SSG dynamics at the 10 — 9P (9)
transition, calculated for three values of SEI, other param-
eters remaining the same. The time dependence of SSG
varies considerably upon variation of SEI. A comparison of
the theoretical and measured SSG dynamics allows one to
estimate Qg in the active medium region being probed.

0 100 200 300 1/ps
Figure 4. The SSG dynamics G, at the 10 — 9 P(9) transition calculated
for the CO:He=1:4 mixture for Qo =150 (7/), 100 (2), and
70 J L7 amagat™' (3), Ty = 110 K and N, = 0.12 amagat.

The SSG dynamics was calculated for Qy =70 J L™ x
amagat | for different initial gas temperatures (Fig. 5).
Note that the SSG amplitudes are extremely sensitive to
the initial temperature. The increase in the gas temperature
by 20 K (from 100 to 120 K) reduces the SSG amplitude by
a factor of ~ 1.8. Therefore, to analyse the SSG dynamics, it
is important to know the local initial gas temperature.

Thus, it is shown that the SSG dynamics is quite
sensitive to the initial translational temperature and to
the local value of the SEI. The distribution of the initial
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Figure 5. The SSG dynamics G, at the 10 — 9 P(9) transition calculated
for the CO : He = 1 : 4 mixture for the initial temperature 7= 100 ( /),
120 K (2) of the medium, Qy=70J L™' amagat™' and N, =0.12
amagat.

temperature (and gas density) and the pump-pulse shape
were quite reliably determined in our experiments. As for
the SEI, only approximate values of Q;, were determined in
the experiments. An analysis of the experimental data
(Fig. 2) on the current density of an electron beam and
of the discharge chamber configuration used in our experi-
ments allowed us to estimate the local values of SEI, which
were found to be (0.7 £ 0.1)Q;, in the interelectrode region.
Note that an additional uncertainty in the values of the
voltage drop in the near-electrode layers (see, for example,
[17]) makes such an estimate quite unreliable; hence we used
an alternative approach. Taking into account a strong effect
of the SEI on the SSG dynamics (Fig. 4), the local SEI value
Qo was used as the variable parameter of the model. The
required value of Q, was determined from the condition of
the best fit of experimental data.

4. Experimental data and their comparison
with the results of calculations

Consider the results of SSG measurements performed for
different distances /4 from the axis of the probe laser beam
(of diameter 10 mm) to the surface of the lower electrode
(anode). Measurements were made in the vertical plane
passing through the centre of the discharge region (d = 0 in
Fig. 2). Figure 6 shows the experimental data obtained for
the 20 — 19 P(12) transition in the CO : He = 1 : 4 mixture
for Q;, = 105 J L~! amagat™! at distances 4 = 14, 34 and
57 mm, corresponding to the initial gas temperatures of
102, 107 and 116 K. The figure also shows the results of
calculations. The observed SSG variations caused by
changes in the probe-beam position are mainly explained
by differences in the initial temperatures and gas densities.
The local SEI values for which a satisfactory agreement
between the theory and experiment was achieved for
different 4 do not differ significantly from one another
and amount to about 0.7Q;,. This suggests that the spatial
inhomogeneity of the local SEI in the region of the active
medium being probed is small. Such a conclusion agrees
with the results of measurements of the energy input
distribution in the EBS discharge [18]. Subsequent SSG
measurements were mainly performed for 7 = 35 4+ 2 mm.

The experimental SSG dynamics in the CO:He=1:4
mixture for the average gas density Ny = 12 amagat and
0, =150 J L™" amagat™' measured for six vibrational
transitions (from 11 — 10 to 21 — 20) is compared with

Gy/m™'
0.6
0.4

0.2

—0.2

G,/m™' [ 7 2

0 200 400 600

Gw/m’1 B

Figure 6. Comparison of the experimental (/) and theoretical (2) data
on the SSG dynamics G, at the 20 — 19P(12) transition for the
CO:He=1:4 mixture for h=14 (a), 34 (b) and 57 mm (c);
0, =701 L™ amagat™, Q,, =105J L™! amagat™, T, =100 K and
Ny = 0.12 amagat.

calculations in Fig. 7. A reasonably good agreement with
the theory is achieved for Q,=94J L' amagat™' =
0.630Q;,. Such a value of Q, allows a satisfactory inter-
pretation of the experimental data on the SSG dynamics not
only in a broad range of vibrational transitions, but also for
various densities of the active medium of the
CO : He = 1:4 composition. This is illustrated in Fig. 8
in which the experimentally measured SSG dynamics at the
transition 19 — 18 P(14) for a density 0.06 amagat of the
medium is compared with calculations.

For the nitrogen-containing mixture CO : N, = 1: 9, the
local value of the SEI was also determined from the
condition of the best fit of experimental results by the
calculated SSG dynamics. As for the helium mixture
CO : He = 1: 4, the obtained values of Q, were found to
be much smaller than Q;,. The results of SSG measurements
in the CO:N,=1:9 mixtures for Q;,, =250 J L 'x
amagat | are compared in Fig. 9 with the results of cal-
culations (Qp = 180 J L™ amagat™' = 0.720,,). The com-
parison was performed for five vibration—rotation transi-
tions: 13 — 12P(9, 15), 16 — 15P(10, 14, 16). Such a rea-
sonable agreement between the theory and experiment in the
CO—N, mixture is obtained for a smaller correction of the
SEI than in the CO—He mixture, which can be explained by
a slightly slower rate of heating of the nitrogen-containing
mixture.

Note that there are a number of constraints on the
applicability of the spatially homogeneous theoretical model
used by us for describing experimental data on the SSG
dynamics for large SEI values (more than 300 J L~ 'x
amagat™' for the CO-He mixture and more than
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Figure 7. The SSG dynamics G,, at six vibrational transitions for the CO : He =1 :4 mixture for Ny = 0.12 amagat and 7, = 100 K. The

experimental data (/) correspond to Q;, = 150 J L' amagat™'; the theoretical dependences (2) were calculated for Qg = 94 J L™ amagat™".
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Figure 8. The SSG dynamics G, for the 19 — 18 P(14) transition for the
CO : He = 1 : 4 mixture for Ny = 0.06 amagat and 7, = 100 K. The expe-
rimental data (/) correspond to Q;, = 150 J L™! amagat™'; the theore-

tical dependences ( 2) were calculated for Qy =94 J L~ amagat™".

400 J L' amagat’l for the CO—N, mixture). For such SEI
values, the theoretical model is in agreement with experi-
ments at times that are short compared to the characteristic
gas-dynamic times. An explanation of this effect is beyond
the framework of the spatially homogeneous model of the
active medium. This effect is probably explained by the
formation of compression and rarefaction waves due to
nonuniform heat release in the active medium [19, 20].

5. Conclusions

We have measured the SSG dynamics in the active medium
of a pulsed EBSD CO laser for various parameters of the

Gw/m"
1.5

1
0 200 400 600 800 t / us

~15 I I I I I

0 200 400 600 800 1/ps

Figure 9. The SSG dynamics G,, at the vibration—rotation transitions
16 — 15P(10) (1), 16 — 15P(14) (2), 16 — 15P(16) (3), 13 — 12P(9)
(4), and 13 — 12P(15) (5) for the CO: He = 1 : 4 mixture for Ny =
0.12 amagat and 7, = 100 K. The experimental data are shown with the
measuring error and correspond to Q;, =250 J L™ amagat™'; the
theoretical dependences were calculated for Qy = 180 J L™! amagat™'.
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medium and pump pulses in a broad range of vibration—
rotation transitions (including transitions for v > 15). The
theoretical model developed by us satisfactorily describes
the SSG dynamics as a whole. Agreement with the
experimental data was observed in a broad range of
vibrational transitions at different densities and different
compositions of the active medium, which points not only
to the reliability of the set of VV-exchange constants used
by us, but also to a correct determination of the active
medium and pump parameters obtained in the experiments.
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