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Abstract:

This paper presents a theoretical model based on the laser rate equations to describe pulsed CO; laser
characteristics. The dependence of laser output power and pulse shape on several parameters such as gas
pressures ratio, gas temperature, reflectivity of the output mirror have been investigated. This model can
provide a theoretical basis for the design and analysis of TEA CO; lasers.
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INTRODUCTION

The word laser means light amplification
by stimulated emission of radiation, and it is an
electro-optical device that produces a coherent
beam [1]. It works to amplify the narrow and
dense beam with a quality of coherent light. The
laser has many uses at the present time and is
widely used in the industry for cutting and
punching in metals. Communication and in
medicine (for surgery) [2]. And the dominant laser
systems in the commercial industry are CO; laser
systems, which have wide uses and in various
industrial applications [3]. And one of the most
famous types of gas lasers in the CO; laser system,
which is operated by or through a gas-filled tube
(vacuum tube) and produces light. (Electric
operation). This device consists of an ejection
tube, which consists of mirrors, one of which is
fully reflective and the other allows the passage of
some light. far infrared from the spectrum. The
nitrogen in the gaseous mixture has an important
role, which is when the N> molecules in the
gaseous mixture are stimulated by an electric
current (ie it gains energy) [4], and the role of N,
is to maintain excited states for a long period of
time without discharging energy in the form of
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light (photons with high energy vibrations), as
well as Excitation of CO, molecules, in which
reverse rehabilitation is achieved [5], the state in
which the system is considered to be the most
excited state. In addition to this, the CO; gas laser
is one of the most efficient partial lasers after the
CO:laser, and an operational efficiency machine in
gas systems that operate in continuous mode
(Cw-mode), where the operational efficiency
reaches 30%, while the system that arrives in the
pulsed mode has an efficiency of about 10%. The
CO; laser has the longest wavelength (10.6 um)
and the longest wavelength (9.6 um) located in
the infrared region [5].
THEORETICAL BACKGROUND

As it is well known, pulsed CO; lasers are
excited by creating a glow discharge in a gas
mixture of CO;:Nz:He. The creation of the glow
discharge takes place by interaction of the
electrical circuit with the laser gas mixture. The
discharge plasma resistance changes during the
process of excitation and is a function of the
electrical excitation circuit and the gas mixture.
Figure (1)is a schematic diagram of the energy
levels of a pulsed CO, laser in whichthe main
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processes of relaxation and excitation considered in this work [6],
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Figure 1: Energy levels diagram of the CO; laser [6].

are shown. The following six assumptions were 3. The gas pressure in the discharge tube is
used for derivation of equations representative of constant in time.
a CO2:N;:He pulsed laser system: 4. Stimulated emission only occurs for the
1. All of the vibrational-rotational transitions are 10P(19) line due to the
homogeneously pressure broadened due to 5. (001)->(100) transition.
high gas pressure. 6. Due to fast intra-mode V-V relaxation, the
2. No molecular dissociation occurred in the CO, initial equilibrium Boltzmann’s population
content of gas mixture. distribution of CO.molecules among the

vibrational levels, Njj, is given by [7]:

Nijk = NcoaP's/rk(1 — P)(1 — $)2(1 — r)(1)
Ncoz is defined as the total density of carbon dioxide (CO2) molecules at the ground level, and (p, s, r) is
defined by the following cases,

h h hv
poep(—fp)  s=ew(g). r=en(-i)@

It defines (vq, v, andv;), respectively, are the frequencies of the different vibration patterns of the CO;
molecule, and determines the first equilibrium of the Boltzmann and N, molecular distributions, and is

determined by,
hv hv
Ny, = Ny, exp (_K ;) [1 — exp <—_4)] 3)

Ny2 = Py, /K. T is defined as the total density of nitrogen molecules at the ground level.
v, is the frequency of the vibration patterns of the excited Nparticles [7,8],

dN, 1 1
P (X3Ne + K43N4)N¢o, — K34 Ny, N3 — N3 [T_ +T_]
32 T31
2] + 1
—|N5;. P —[ ].P +1 N]
V.. PO x| §+1D.N,
N, o.l, Ny
—=X,Ne NC [N P —[ ] 1.N2] +——-——(5
dt 2Ve 02 + | N3 PU) 2] +3 PU+D) hv 13, ‘L'Zl( )
N3 N; N,
—X NN — 4+ ———(6
dt ! co2 T31+T21 T1o()
And
dN.
dt4 (X4Ne + K43N3)Nyy = Ky3NuNeo, (7)

Whereas, N1, N2, N3, and N; is defined as the numerical density of the carbon dioxide molecules in the laser
levels and the numerical density of the N;molecules in the vibrational state.
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Kas and Ks4 are defined as the resonant energy transfer rate constants between the excited levels of nitrogen
(N2) and the molecules in the upper level of the laser.
X1, Xz, and X3 define the signal rate coefficients for the first, second and third level of CO, molecules,
respectively, and X: is the coefficient of the excitation rate of nitrogen molecules (N5) from the ground state
to the high oscillation state.o: is the induced cross-section of the laser transmission from (001) = (100) and
is defined by the relationship
A2
7= 42T AV,
Where A is the wavelength of the CO; laser ((in the center of the spectral line)) Ts spontaneous emission
time, and T is relaxation time of the CO.molecule in the i to j level [7, 9, 10],
Tio = 1.4 X 10*(0.46 PN, + Pco, + 0.46 PHe)S~1(9)
735 = 100( 8PN, + 6PHe + 27Pco0,)S™1(10)
134 = (110PN, + 85PHe + 365Pco0,)S~1(11)
750 = (40PN, + 4000 PHe + 200Pco0,)S™1(12)
K43 = 1.7 x 103PN,S™ ! and K3, = 1.9 X 103 Pco,S™1(13)
P(J) is defined as the ratio of the number of molecules in the spin plane to the ratio in the vibration plane.

hBc heB J(J + 1)
P() =[] @1 + Dexp [— T] (14

Where B is defined as the constant of rotation, K Boltzmann's constant, J the spin quantum number, cis
speed of light, T is temperature of the gas, h is Planck's constant and v is the laser frequency, I,,: Cavity field
strength, Av; : the lumen width, defined by the relationship [7],

1

(A, = 10.6 um)(8)

(N;Q;) [BKT7z
o - Y 0[] s
1) i T _— (15)
MCOZMi
R S 16
i Meo, + M, (16)

is the reducing mass of carbon dioxide in the molecule (i=CO,, N», He), N;isi™" partial density, Q; is collision
section between CO; and the i'" molecule Shows the time evolution of the cavity field density [7],

dl, 2] +1 L,
— = |N3.P —[ ]N.P 1] . DN; —— (17
2 = NP0 = [55 e PG + Do+ DN - 217
D is the spontaneous emission rate and definedD = 751, 7.: is the lifetime of the photon in the cavity

2L 1— Ryue

CLnRout 1- Rout - Kloss
L is length of the resonator, Rout is the reflection coefficient of the output mirror, Kiess is loss factor, The laser
output power can be found by I, ,

Tc = (18)

A 1—Ryy —K;
Pout = =5~ T 955 (InRyye) I, (19)

A: The reflective area of the storage mirror, and y,is coefficient of obtaining a weak signal from the laser. It
can be calculated using the following relationship [11],

2] +1
Yo = 0AN = 0[N3P(3) — [2§+ 3

].p(/+ DN, ...

RESULTS AND DISCUSSION

In this study, the equations for the time
ratios of CO, lasers (equations 4, 5, 6, 7, 17) have
been solved by a numerical analysis method
called the Range-Kota method, where the
equations for the time ratios are considered
simultaneous differential equations of the first
degree, and they have been written A computer
program using Matlab 2021 to perform the
calculations of the four-level laser pulse, where
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the numerical density of CO, gas molecules
(N1,N2,N3,and Ng4) and the intensity of the
outgoing laser pulse (l,) was calculated, then the
output power was calculated according to
equation (17) and The physical constants and
parameters listed in Table (1), which are very
important for solving the equations of time ratios
for the laser pulse, have been taken into
consideration:
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Table 1: Physical constants used in solving laser pulse time ratio equations.

Parameter Value Unit
h 6.626 x 10727 erg.s
c 2.998 x 1010 cm/s
A 10.6 um
J 19 ---
L 60 cm
Tg 5 s
B 0.4 cm?
1 mm?
Kioss 0.001

1. Laser pulse in different mixing ratios

The output power of the CO; laser was calculated with different mixing ratios of gases, which are 1:1:1,
1:1:2, 1:2:4, 1:3:3 and 2:1:1 for each of the CO.gas. And nitrogen gas N, and helium gas He, respectively
(CO2:N32:He), as a function of the pulse time, which is estimated at (3 pus) as in Figure (2):

CO2 Laser Pulse (COZ:NZ:He)

18 T T

Laser Output Power (MW)

— 111
—1:1:2
—1:2:4
—1:3:3 1

2:1:1

1.5
t (usec)

Figure 2: CO, laser pulse with different ratios for the CO,:N,:He gas mixture at a temperature of T=300 K and
with a reflectivity coefficient Rou=0.68.

Figure (2) represents the relationship between the
output power and the pulseshap time of the
COslaser, where the red curve represents the
mixing ratio of 1:1:1, the blue curve represents
the mixing ratio of 1:3:3, the green curve
represents the mixing ratio of 2:1:1 and the black
curve the mixing ratio of 1:2:2 and the curve in
pink is the mixing ratio of 1:2:4. We note that the
greatest peak of the output power curve increases
with the increase in the proportion of CO,gas in
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the mixture, but the high proportion of CO.gas
leads to the instability of the pulse as we note in
curve 2:1:1 ratio (curved in green). We also note
that increasing the ratios of the rest of the gases
gives the laser pulse great stability, but it leads to
a decrease in the maximum value of the output
power, a delay in the growth of the pulse, an
increase in its width, and a decrease in the
maximum gain coefficient, as we note in Table (2).
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Table 2 : It includes the greatest power, growth time, greatest gain coefficient, and pulse width in CO,gas
laser with different ratios of the gas mixture CO,: N2: He at temperature T=300 K and with reflectivity
coefficient Rout=0.68.

CO2:N;:He (’;}I"ﬁ;) EZ:'SC
1:1:1 12.27 0.32
1:1:2 6.29 0.50
1:2:4 1.23 1.03
1:3:3 3.14 0.71
2:1:1 17.31 0.23

2. Laser pulse for different reflectivity values

The output laser power of CO, gas was calculated for the different reflectivity values represented by

max

va FWHM
(em™) (ns)
0.0064 45
0.0052 65
0.0040 153
0.0045 94
0.0076 36

0.95, 0.85, 0.80, 0.75, 0.65 for each of CO; gas, N, gas and He gas (1:1:2), respectively.

CO2 Laser Pulse

7 T T

Laser Output Power (MW)

1.5
t (usec)

R=0.95
R=0.85
R=0.80
R=0.75
R=0.65] |

Figure 3 : A CO, laser pulse for different Rout values at T=300 K and a 1:1:2 mixing ratio.

Figure (3) represents the relationship between the
output power and the time of the CO, laser pulse
for the values of the reflectivity Rout, Where the
curve in red represents the reflectivity ratio in the
mirrors with a percentage of 0.95, the curve in
green with a reflectivity rate of 0.80, the curve in
blue with a percentage of 0.85, the curve in black
with a percentage of 0.75 and the curve in pink
with a percentage of 0.65, where we note that the
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greatest peak of the output power curve is 0.80.
An increase in the reflectivity ratio leads to the
instability of the outgoing pulse. We notice this in
the curve in red, and we also notice an increase in
the pulse width, a delay in the growth of the
pulse, a decrease in the greatest gain coefficient,
and a decrease in the peak of the maximum value
of the pulse.
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Table 3 : It includes the maximum power, growth time, maximum gain coefficient, and pulse width in CO,
laser for different values of reflectivity coefficient Routat temperature T=300 K and mixing ratio 1:1:2.

Rout

0.95
0.85
0.80
0.75
0.65

Pmax

(Mw)
3.58
6.52
6.92
6.90
5.89

Laser pulse for different temperatures

The power of the CO; laser was calculated at different temperatures of 150, 200, 250, 300 and 350

temperature in Kelvin,

Figure 4: CO, laser pulse for different absolute temperature values with reflectivity coefficientR,+=0.68 and

Figure (4) represents the relationship between the
output power and the pulse time of the CO; laser
for different temperature values. It represents the
curve in green with a value of T=150 K, the curve
in red with a value of T=200K, the curve in blue
with a value of T=250K, the curve in black with a
value of T=300K, and the curve in pink with a
value of T=350K. Where we note that the greatest
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Laser Output Power (MW)

tmax

(us)
0.30
0.35
0.38
0.42
0.53

Yo FWHM
(em™) (ns)
0.0033 162
0.0039 70
0.0042 65
0.0046 63
0.0054 67

002 Laser Pulse

0.5

1 1.5
t (usec)

T=150K
T=200K]|
T=250K
T=300K]| 1
T=350K

1:1:2 mixing ratio.

@

25 3

peak of the outgoing power curve is with a value
T=150K and that the increase in temperature
leads to a decrease in the peak of the outgoing
power curve as we notice in the red curve, and it
also leads to the instability of the outgoing pulse
as well as the increase in the pulse width and the
delay in growth Pulse and decrease in the
maximum gain coefficient.
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Table 4 : It includes the maximum power, growth time, maximum gain factor, and pulse width in CO, lasers
for different values of absolute temperature and at reflectivity coefficient Rout =0.68 and mixing ratio 1:1:2.

but it is an irregular pulse. When the
percentage of the rest of the gases is
increased, a regular laser pulse will be
generated, but with a low output capacity. For
this reason, we find that the best result we
reach is by 1:1:1, although there is a 2:1:1 laser
pulse that has a higher peak and is higher than
the 1:1:1 pulse, but the behavior of this pulse
is not uniform, so the best regular laser pulse
is 1:1:1.

. We note that increasing the reflectivity ratio
Rout in the mirror by a value of 0.95 does not
make the number of photons emitted from the
laser sufficiently to generate a high-power
pulse because when R increases, it does not
make the laser output with a high-power
pulse, but when Roy: is low, for example with a
value of 0.80 The stimulated reactions are not
allowed to be generated by the resonator
(photons) and therefore a high-power laser
pulse is not emitted, and in light of this we
conclude that the best value is at 0.85, which is
very suitable for generating a high-power laser
pulse.

. We note that the lower the temperature give
the greater the output laser power. We
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