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Abstract

In this research, the effect of self-absorption by the active medium molecules on the output power of a
continuous-wave carbon dioxide laser at low pressures was studied. The effect of the discharge current, output
mirror transmittance, and total gas pressure on the laser output power was discussed. It was observed that self-
absorption depends on the concentration of carbon dioxide molecules, the output mirror transmittance of the
optical resonator, and the discharge current used, and that there is a threshold value for both the transmittance
and the discharge current at which absorption significantly affects the output power.
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1. Introduction

The output power of CO- lasers is affected by
changes occurring in the optical cavity of the
laser system, such as scattering losses,
absorption losses at the mirror surfaces,
diffraction losses, in addition to absorption
losses by gas molecules that heat up without
being excited [1]. Unexcited CO> gas molecules
inside the continuous-wave laser chamber have
a significantly negative effect on the output
power [2]. This effect is attributed to fluctuations
in the cavity losses resulting from thermal
convection generated by self-absorption of
radiation by the gas that heats up without being
electrically excited inside the chamber [3].

The instability in losses occurs at a certain
threshold level of the laser output power, and this
threshold is determined by the initial state of the
temperature change resulting from the rapid
increase in the absorption coefficient of CO;
molecules with increasing gas temperature [4].
After this threshold, the laser output power
decreases due to the increasing cavity losses
caused by the self-absorption of hot CO;
molecules [5].

The gain coefficient g(vo) of the active
medium at the center of the laser's produced
transition band is given as follows [2]:

2
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where A is the wavelength, ty, is the spontaneous
emission lifetime, N1 and N are the population

a0=
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values in the lower and upper laser levels,
respectively, g1 and g2 are the degeneracy values
for each of the levels, and g(vo) is the normalized
gain function, given as follows [4]:

9(vo) = — 2)

where Av is the homogeneous spectral line width
(MHz), which is a function of the gas pressure
inside the chamber (p) and its temperature (T),

and is given as follows [3]:

Av = 7.58[X(C0,) +0.73(N,) + 0.6(He)lp |==  (3)

The homogeneous spectral line width of the
laser beam is directly related to the absorption
coefficient of the active medium for the resulting
wavelength. The absorption coefficient ayo(J) at
the central frequency (vo) of the P(20) transition
is given as follows [3]:

A0(J)=Y X [(2J-1)/(2]+1)](FIO-FO)N  (4)
where Y = A¥[4n*Avtgp], X is the mole fraction
of CO; gas in the gas mixture, N is the total
density of gas molecules, J is the rotational
guantum number, and F(Imn) is the fractional
population of the vibrational level (Imn) with
rotational quantum number J

Also, the spectral line width is related to the
population inversion achieved during operation
through its dependence on the gas temperature,
which determines this value, as follows [4]:
N=Noexp (-AE/KgT) (5)

Several published studies have investigated
the absorption of the gas medium for the 10.6 um
band of the CO, laser [6-12]. These studies
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included investigating the dependence of the
absorption coefficient of pure CO; gas and the
absorption coefficient of the CO.:Nz:He gas
mixture on both the total gas pressure [13,14]
and its temperature [15]. The absorption
spectrum of the CO. laser gas medium was
represented by a homogeneous function at a total
gas pressure of 10 Torr at the central frequency
(vo) of the band, as in Eq. (4) [3].

Self-absorption by the hot gas can affect the
oscillation line because the absorption
coefficient a.o(J), which depends on the
rotational quantum number (J), is primarily
affected by the gas temperature. The value of (J)
at which the maximum value of the absorption
coefficient ayo(J) is obtained increases with the
gas temperature. At temperatures above 400 K,
the absorption coefficient avo(J) is an increasing
function of the rotational quantum number J for
the range J<20. Therefore, the absorption loss
due to self-absorption is also a function of J and
increases with it for the same range.

In this research, the effect of self-absorption
by the active medium molecules on the output
power characteristics of a locally manufactured,
low-pressure CW CO: laser was discussed.

2. Experimental Part

A CO; laser system operating in continuous-
wave mode with longitudinal electrical
discharge and axial gas flow at a relatively low
pressure was used [16-18]. The length of the
electric discharge tube used was 110 cm with an
inner diameter of 0.8 cm. The length of the
connecting tube used to isolate the front mirror
from the electric discharge region to protect it
from damage was 10 cm with the same diameter
as the electric discharge tube. The optical
resonator length was 126 cm when the
connecting tube was not used, while it was 144
cm when the connecting tube was used. The
resonator used was of the hemispherical type,
consisting of two mirrors: a gold-coated metallic
rear mirror with total reflectivity and a radius of
curvature of 5 m. Four different plane mirrors
(each used separately) were used as the front
mirror: two made of ZnSe with total reflectivities
of 40% and 60%, respectively, and two made of
germanium (Ge) with total reflectivities of 40%
and 80%. A premixed gas mixture of CO2:N2:He
with proportions of 10:6:84 was used.

3. Results and Discussion

The operating results of the continuous-wave
CO; laser system shown in Fig. (1) and
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previously used [13] were adopted. These
included measuring the laser output power as a
function of the electric discharge current for
different values of the total gas pressure, as well
as measuring the output power as a function of
the total gas pressure for different values of the
discharge current.

In this research, the system was operated
using the intermediate connecting tube, as shown
in Fig. (2). In this case, the electric discharge
chamber is divided into three distinct regions —
as shown in the figure — which are: the region
where the gas is electrically excited without
being cooled (Region C) at both ends of the
chamber, the region where the gas is electrically
excited and cooled by the gas flow (Region B) at
one end of the chamber, and the active region of
the chamber (Region A). In Region C, self-
absorption of radiation inside the chamber
causes gas heating, and the losses resulting from
self-absorption are negligible in the other
regions where the gas flow works to limit the
heating process.
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Fig. (1) Schematic diagram of the CW CO; laser system and
the electric discharge regions in the case of not using a
connecting tube

Fig. (2) Schematic diagram of the CW CO;, laser system and
the electric discharge regions in the case of using a connecting
tube

The laser output power of the laser system
was measured as a function of the discharge
current for different values of the total gas
pressure inside the chamber, as shown in Fig.

Printed in Iraq 22



IRAQI JOURNAL OF APPLIED PHYSICS LETTERS

(3). It is clear that the output power increases
with increasing discharge current, which
represents the amount of electrical power
transferred to the active gas medium. This
increase continues until the electric discharge
reaches its maximum stability, at which the
maximum laser output power is obtained. After
this limit, the laser output power begins to
decrease despite the continued increase in
pumping power transferred to the active
medium. This decrease is attributed to the
increase in the amount of heat generated by the
electric discharge resulting from the increase in
the discharge current (PH=12¢.R), where PH is
the generated thermal power, |4 is the discharge
current, and R is the impedance of the gas
medium.
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Fig. (3) Variation of laser output power with electric
discharge current for different values of gas pressure inside
the laser chamber

The behavior of the laser output power as a
function of the discharge current and total gas
pressure was similar to that obtained in the case
of operating the system without using the
connecting tube [15-17], with a slight difference
in the optimal value of the discharge current.
This similarity between the two cases shows that
increasing the gas pressure inside the laser
chamber (or any of the components of the gas
mixture) leads to an increase in the laser output
power. However, this continuous increase in the
total gas pressure — at the optimal value of the
discharge current — will inevitably lead to an
increase in the spectral line width and thus an
increase in the absorption coefficient of the gas
mixture (a,) and a decrease in the gain
coefficient (ay) according to equations (1) and
(2). Also, reducing the gas temperature
strengthens the population inversion condition in
the laser levels, and although this leads to an
increase in the spectral line width and thus a
decrease in the gain coefficient, it
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simultaneously works to reduce the value of the
absorption coefficient of the gas mixture.

To determine the optimal value of the electric
discharge current for the conditions of this work,
the laser output power was measured as a
function of the total gas pressure inside the
chamber for more closely spaced values of the
discharge current (40, 45, 50 mA). According to
Fig. (4), the optimal value of the discharge
current is close to 45 mA, at which the maximum
laser output power was obtained.
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Fig. (4) Variation of laser output power with gas pressure for
different values of the electric discharge current (40, 45,
50mA)

Figure (5) shows the change in laser output
power as a function of the discharge current for
different values of the CO2 gas proportion in the
gas mixture (8, 10, 15%). It is observed that the
laser output power is significantly affected by
changing the amount of CO, gas. Since the
absorption coefficient of the CO2:Nz:He gas
mixture is proportional to the amount of CO; in
the mixture, it can be said that the threshold for
absorption losses resulting from self-absorption
by the active medium molecules may be affected
by the mole fraction of CO; in the gas mixture.

If the losses inside the laser chamber are zero,
the laser efficiency at a certain value of the
discharge current depends on the gas pressure
because both the laser output power and the
input discharge power are proportional to the gas
pressure. However, laser systems in general, and
CO; lasers in particular, must contain a certain
amount of losses inside the chamber. The rate of
increase in the overall laser efficiency, assuming
the presence of losses inside the chamber due to
self-absorption by the active medium molecules,
is less compared to the case of no such losses, as
shown in Fig. (6).
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Fig. (5) Variation of laser output power with electric
discharge current for different proportions of CO; gas in the
gas mixture
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Fig. (6) Variation of the overall laser efficiency with gas
pressure in the cases of with and without absorption losses
inside the chamber (Id=45mA)

If the gas mixture in regions B and C is
cooled more efficiently by increasing the gas
flow rate or pumping the constituent gases of the
gas mixture pre-cooled, it is possible to neglect
the absorption loss in these two regions because
the value of the absorption coefficient (a,) will
be very small at temperatures lower than room
temperature (~300K). Therefore, self-absorption
loss can be neglected when studying the laser
output power characteristics with increased
cooling efficiency of the gas mixture.

4. Conclusion
According to the conditions and results
obtained in this research, it can be concluded that
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when the optical power absorbed by the active
medium is high, the output power characteristics
of the laser are significantly affected. Self-
absorption by the active medium molecules
affects the efficiency of the continuous-wave
CO; laser system. When operating the laser
system according to the previously described
characteristics, it is necessary to perform
compensation  between several operating
parameters, the most important of which are the
total gas pressure, the mole fractions of the gas
mixture components, the discharge current, and
the output mirror transmittance, in order to avoid
the attenuation caused by self-absorption of the
generated laser beam by the active gas medium
itself.
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