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A Model and Simulation of TEA-CO2 Laser In
Consideration of H20 Molecule In Active Gas
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Abstract: We have developed an output power prediction method used in the design of the output power of a TEA-CO2 laser which uses
carbon dioxide and nitrogen produced by industrial method. In this paper, we have commented a method of modeling the laser output
power and the simulation method based on the 7- vibrational temperature model which has six vibrational temperatures including a
vibrational temperature of H20 molecule and the peripheral temperature which was constant and finally proved the simulation result.
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1. Introduction

It is the first and foremost task to simulate exactly the energy
exchange process between the particles of the active gases in a
TEA-CO; laser for the purpose of increasing the output power
and the efficiency. The more exact the output power model of
a CO, laser reflects the oscillatory motion, the stimulated
radiation, the spontaneous radiation and the loss in the
resonator, the closer the simulation result is to practical
experimental result. [1 to 14] The 5- vibrational temperature
model for the output model of a CO, laser, which takes
account of the CO molecule produced during gas discharge
has been developed. [11 to 20] The relaxation rate from a level
100 to a level 000 of carbon dioxide through V-T process
when ignoring the effect of H,O gas is over 200 times as great
as that when not ignoring it. And the relaxation rate from a
level 010 to a level 000 through V-T process by H,O
molecules which play the role of collision molecules is 140
times as great as than by helium molecules. The relaxation
rate by helium is 100 times and 20 times as great as nitrogen
and carbon dioxide respectively. [1,7] Hence, the effect

of H,O molecules is much greater than that of helium or argon
gas Consequently, we have predicted that the output power
model of a TEA-CO, laser would be more accurate if the
oscillatory motion between CO,, N,, CO and H,O molecules
was taken into account. In this paper, we have proposed the 6-
oscillatory motion equation in consideration of the vibrational
mode of H,O molecules and set up the simulation method of
the output power of a laser.

This paper is composed of as follows. Section 2 introduces the
oscillatory motion equation of energy exchange relation
between main components and impurity ones of the working
gas in a TEA-CO, laser. Section 3 presents a method of
modeling the output power of a laser in consideration of
population inversion, stimulated radiation, spontaneous
radiation and loss of resonator. Section 4 presents the
simulation method of the output power model. Section 5
illustrates the result of accuracy verification. Section 6
summarizes our results and discusses further applications.

2. The Oscillatory Motion Equation of Active
Gases

In order to set up the model of the output power of a laser it is
essential to know the population inversion which has direct

influence on the output power. And to find the population
inversion, the energy exchange relation between activated
molecules ought to be analyzed. Namely, the oscillatory
motion equation corresponding to the kind of vibrations of the
molecules must be set up. We have set up the oscillatory
motion equation as follows.

The variation of an energy density E; accumulated in a
symmetry mode of a CO, molecule with time is related with
the following expressions:

C02(100) + M; e CO2(000) + M.
C02(100) + M, & C02(020) + M,
C02(001) + M, & CO0x(110) + M
CO(1) + CO02(000) & CO02(110) + CO(0)
C02(000) + e — CO2(100) +e

where M, means the kind of molecules (such as CO,, N, H,,
H,0O, CO and O, molecules) colliding with a level 100 of CO,
molecules.

The variation of E; with time is also made when a CO,
molecule transfers from a level 001 to a level 100 while
emitting a photon of a wavelength 10.6 micrometer). In this
case, the energy increase of the symmetric mode is written as
V,AN, WI (t) , where ANy is the difference of the

population between the two levels, | the light intensity in

the center frequency and W is given as
w — A49()

87Z-V12-self
,where 1, is the wavelength corresponding to hwvy, g(v) the
normalized spectral function, 7 the lifetime of spontaneous

radiation.

Eventually, the oscillatory motion equation of the symmetric
model is as follows [5, 6 and 20]:
ﬁ:_ E, -E(T) _E- El(T'TZ)_ hv, . Es - Ee(TvT1)+ hv, . 1
dt 750(T) le(Tsz) hv, 7 (T.Th) hv, ( )
. E, - Ea(TvTsz) hv, E - ES(T’TIYTZ)

+7
Ta12 (TrTlsz) hvs  7q, (TrTlsz)

, Where the suffixes 0,1,2 and 3 mean the ground state, the
symmetric state, the deformation state, the asymmetric state
of a CO, molecule respectively, and 4,5 and 6 does the
vibrational states of N,, CO and a level 01°0 of H,0 molecules,
respectively.

+V,AN,WI + P
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And 7o(T) , 712(T, T2) , %62(T,T1) , 12T, T, T2), maa(T, T1,To)
El(T,Tz), EG(T,Tl), E3(T, Tl,Tz), E5(T, Tl,Tz) and PlE are
written as

7\;17T(T):T1_0107000(T) z'10(-'-) ZNthoooo[l exp(- thlkT)]

z—\/%v (T.T,)= Tl})tfolO(T'Tz) =7y (Tsz) =
= z Ntlltoomo EXp[h(V2 _Vl)/ KT ][EXp(hvz / KTZ)_]']A
t
x {explhv, / KT, —h(v, —v,)/ KT]-1}
Ty v(T T )—Tloooma— T,) =14 (l' T)=

= z Ntﬂ(momo eXp[h(V1 =Ve)/ KT ][exp hv, / KTl)—l]fl
t

x {explhv, / KT, —h(v, —v,)/KT]-1}
o (T T TL) = 2o (T T To) = 7 (T, T T,) =

= Zl: N, Zioraio - €Xpl(v, +v, —v3 )IKT]-[explhv, /KT, )-1]* x

x [exp(hv, /KT, )-1]*{explhv, /KT, + hv, /KT, =h(v, + v, —v,)/kT]-1}
oh (ML) = 0 (T T T,) = 76 (T T T,) =

= No, i om0 ° explh(v, +v, —v, )/ KT Jexp(hv, /KT, )-1]* x

x[exp(hv, /kT,)-1]*{explhv, /KT, + hv, IKT, = h(v, + v, —v, )/ kT]-1}
Neo hv,
E T,)= 2
(T T2) explhv, /KT, —h(v, —v,) kT ]-1
E.(TT) = NcothG
e explhv, IKT, —h(v, —v,) kT ]-1
E(T.T,T,)= Noo, 1V
U explhvy /KT, + hvy KT, —h(v, +v, — v, )IKT |1
Neo hv
E5(T,T1,T2): =

explhv, /KT, +hv, IKT, —h(v, +v, —v, )/ kT]-1

Pe =N (1)Ngo,hvizy (T)

, Where P is the energy received while the CO, molecules
transfer from a level 000 to a level 100 by collision in unit
volume in unit time, ne(t) the electron density, x*(T) the
coefficient of travel rate, f the degree of dissociation of the
CO, molecules and Neo, the density of CO, molecules. Eq.1.

represents the interaction between the symmetry mode of a
CO, molecule and the deformation mode of a H,O molecule.
Similarly, we can describe the variation of an energy density
E, of the deformation mode and an energy density E; of the
asymmetric mode as follows.
d& __ Ez - Ez(T) _hi' Ee - Ee(TrTz)_*_hL. E3 - E3(T|T11Tz)+
dt 7(T) hvy 14 (T T ) hvy 7y (T T T, ) @)
+ E1 - El(TxTz)_l_hL. Es - ES(T’TlYT2)+hL. E3 - Es(Tsz)
rlZ(T’TZ) hvs 7512(TvT11T2) hv, Tsz(Tsz)
d& _ E3 —E3(T,T1,T2)_ E3 —E3(T,T2)+ hva E, - EA(TvTa)
dt T3(T,T1,T2) 732(T|Tz) 1'43(T,T3)

. hv, E _Es(Tst)
1'53(T,T3)
And the variations of the energy densities of N, and CO
molecules are written as

+ Py

©)

hv,

+Pye v, AN WI (t)

hvg

dE:_E4—E4(|')_E4—E4(|',T3)+hL 5 E(rT) (4)
dt 74(T) 75(T.T,) hvs  75,(T.T,) Fie
dEs _ Es - Es(T) _ Es - Es(TvTa) _ Es - Es(Tlesz)
dt 750 (T) 755 (T, T,) TSIZ(T'TI’TZ) ®)
hv, 7,(T.Ts)

And the equation for a level 01°0 which is the deformation
mode of a H,O molecule is written as

diz ﬂ‘Es_Es(TlTl)+%_Ee_Ee(TrTz)_Es_Ee(T) (6)

dt hve  w(TT)  hyg Taz(Tsz) 76(T)
, Where the terms in the right side mean the energy exchange
relation in the following processes and H,O molecules play
the same role as helium and argon.

H,0(000) +e — H,O (010) + e

H,0(000) + CO(100) «» H,0(010) + CO,(000) H,0O(000)
+ C0,(020) < H,0(010) + CO,(000) H,O0(010) + M,
< H,0 (000) + M

The equations(1 to 6) are the basis of modeling of the output
power model of a laser.

3. Output Power Model of Laser Authors

The output power is directly related with the population
inversion. The population inversion AN is written as[15, 16
and 20]

AN =Ngg; - P(3)=Nygo - P(3 +1) (7)

hv. hv,
Nigo = Nco, X z
T, jz " Nigo co, p( KT, ]

o= [1-of 12| [1-onf 122 [ [1-ef 12

P()= [2thJQJ exp[i hcBJ(J +1)J

KT
, where B is the rotation constant of a CO, molecule, ¢ the
velocity of light and Q; is the degeneracy of a rotation state.
Then, we should find the relation between the population
inversion and the light intensity in the resonator. As it is
known, the increase of radiation density by stimulated
radiation per unit time is written as [2]
hvc®A(v)g(v)dv — hvc?ANIT(V)S(v — v, )g(v)dv
8zhv3r, B 87hv3r,

self self

Ngoz = Nco, exp[

From this, the increase velocity of the light intensity is written

as follows
dl,,
dt inc

, Where Vg is the center frequency in the spectral function.
Meanwhile, all losses in the mirrors can be specified by a

single parameter Ties

_ANE, g(v,)
- 872V g z-self

which is the lifetime of the resonator,
and therefore we can write as follows

(a) _
dt J.. 7=

The minimum threshold of the population inversion is given
at the maximum value of the spectral function g(vo).

So the temporal change of the light intensity in the resonator is
as follows [6]:

d, |

dt  r

3

C'AN| | ,12
T T T +cv0AN27-IVO
res 47[ VOAVT res 477" VO self

self T

Now the spontaneous radiation ought to be taken into
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account. From the general relation between stimulated
radiation and spontaneous radiation, the term related to
spontaneous radiation is written as [3]

chvN,,.P(J) G

z-self

, where G is the portion of the photons emitted spontaneously.
Because these photons emits at a stereoangle B which
corresponds to the spread angle of the laser beam, the
remainder in the resonator does at a certain angle with the
optical axis of the resonator which is p/4n. The spectral width

dv of such photons is close to the center of the rotation
transition line.

The portion of the radiation energy portion whose center
value is v and spectral width is dv is written as
2dv

dv ~ ——
g(Vo) v AV

In our case the magnitude of AV is more important than its
detailed expression. In the standard condition, it is as follows
[5]

AV~ 4GHz, dv- (27z,)*

Hence,
G — £ 2dv
A4r AV
Then, the term related to the spontaneous radiation is as
follows

chvy Ny o, P(3)pdv
27T AV

self
Therefore, the light intensity in the resonator is determined by
the following equation

d,, |, ANWI,, 8
dto ——T"+ChVO|: h + No,o,lp(‘] )S:| ( )
, Where
v
277 AV

self

In order to apply Eq.8 in the calculation of the laser output, it
is necessary to find the detailed expression of 7.

Assume that there is a stable resonator of a length L, the optic
axis coincide with z axis, which is filled up with homogeneous

active material of a gain through a length /.

In this case the following relation comes into being.

a=—1/2¢)InN[RA-5)] ©)
, Where R is the reflectivity of the output mirror and § the
sum of all the losses in the output mirror

Finally, the output power of the laser can be expressed as
follows

Po = Al-R -5+ R)I, (10)
, where A is the area of the cross section of the output mirror
and I the light intensity in it. It is impossible to calculate the

flux density of radiation energy I(z) in static method but it’s
possible to do the average light intensity. i.e.

)= %j 1(z)dz = %ja—a)m% (e™ +e ) )z =
(o] ]

~ @-5)RI, N @-s)RrI1,,

e2aﬁ

ol ol

Considering Eq.8, we obtain
<|v >:_2[17R(175)]|v (11)
° In[R@-s) ™
, and substituting I, into eq.10
A 1-R-6+R
P,=——In[RA-5)kI, y—————"—
out 2 n[ ( 6)]< v0> 1_ R(l_é‘)
The above-mentioned method is one of calculating the laser
output power.

(12)

Now, the magnitude of 7 in eq.8 is calculated as follows.
The sum of losses such as diffraction loss and the other ones
in eq.12 is the same as
A o
P.=—>IRA-5)KI, )———F——
loss 2 [ ( )]< v0>1_ R(l—é')

Therefore, the rate of the variation of the light intensity in the
output mirror due to the effective loss and the ineffective ones
is written as

dt Al

Tres

d<|\,0> ZPOUI+F)IOSS-C:9(17R+&)| :<|Vo>
loss ¢ "

Hence, 7, is

2 (13)
fre T T CIn[R@- )]

4. Simulation of Laser Output Power

The simulation is composed of three steps: initialization of
input parameters, solving, and optimization. In the first step,
we input the reference data for the calculation of the output
power.

Next, we get the vibrational temperatures T;(i=1 to 6). [20]
hv,
T =
' kxIn@+N;hv,/E;)
, Where i=1 to 6 correspond to the vibrational modes of the
CO,, Ny and H,0 molecules. And we calculate from eq.7 to
eq.13.
In this case the initial conditions is as follows
E,(0) = @— f)Ngo,hv, /(exp(hv, /KT )—1)
E,(0) = @— f)Ngo,hv, /(exp(hv, /KT)—1)
E,(0) = (L— f)Ngo,hv, /(explhv, /KT)—1)
E,(0) = N,hv, /(exp(hv, /KT )—-1)
E, (0) = ((fNgo, + Ngo ) v /(exp(hv, /KT)—1)
E¢(0) = (N .00 v, /(exp(hv, /KT )—1)
E (0)=0, T=300K, 1,(0)=1E-9
Because of the good cooling condition, the value of T is
constant

Table.1 shows the coefficients and the constants used in the
calculation. [1 to 15]
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We used the result of [4 and 7] as an electron density Ne(t).
Fig.1 shows the calculation result of the output power related
to the amount of H20. In fig.1, the curves from 1 to 5
correspond to the cases CO2: N2: H20=1:9:0.02, CO2: N2:
H20=1:9:0.08, CO2: N2: H20=1:9:0.14, CO2: N2:
H20=1:9:0.2, CO2: N2: H20=1:9:0.26, respectively. From
the fig.1 it is noted that the output power increases and then
decreases while increasing the amount of H2O. This means
that there is an optimal value in the amount of H20 and it is
the same as CO2: N2: H20=1:9:0.2.

X 105
12 :
S
wt [\ 1
13 ) 1
= b
5 6 2 4
5 |
3 1
3t 1 4
-
2 J-}‘%_—»_-»}___ S 4
0 — A 'S ' A A 2
0 05 1 15 2 25 3 35 4
tme. s 10"

Figure 1: Calculation result of the output power
corresponding to the amount of H20 (1-CO2:N2:H20
=1:9:0.02, 2-CO2:N2:H20=1:9:0.08, 3-CO2:N2:H20
=1:9:0.14, 4-CO2:N2:H20=1:9:0.2, 5-CO2:N2:H20

=1:9:0.26)
Table 1: Coefficients and constants
symbol size symbol size
hy 1388 cm™ h 6.625 X 10”erg/s
1
667 cm™ 18
hv, J
hy 2349 cm™? c 2.998 x 10™%m/s
3
-1
hv, 2330 cm 7, 0.2 us
hy 2150 cm* P 10.6 4M
5
hy 1595 cm™ k 1.38x10erg/K
6
2 5x10°cm/s p 760Torr
1
28 3x10%cm’s Beo 0.4cm?
2 2
% 8% 10%cm’/s R 0.65
3
ye | 23% 10cm’/s S 0.001
4
2 3x10%m’s | CO,N,:H,0 | 1:9:0.02-0.26
5
2t 5x 10 %m?/s f 0.2
6

5. Verification of Simulation of Laser Output
Power

We compared the simulation result with the experimental one
showed in [15]. In the simulation, the initial data coincide
with the experimental ones in [15] which is shown in Tab.2.

Table 2: Experimental data in [15]

Parameter Comment Value Unit
e Coefficient of excitation
X velocity(CO, (100) | 5 gx10-20 | cms
e Coefficient of excitation
X2 velocity (CO, (010)) | 3.0x10-° | cmils
e Coefficient of excitation
X3 velocity (CO, (001)) | gox10-° | cmils
e Coefficient of excitation
Xa velacity (N, (v=1)) 5 3x10-8 | cms
e Coefficient of excitation
Zs velocity (CO (v=1)) 30x10-° | cms
J Rotational quantum 18 -
number
L Length of resonator 120 cm
Y4 Length of active material 100 cm
R Reflection coefficient of 0.65 -
output mirror
o Loss coefficient of 0.001 -
resonator
f Degree of dissociation of 0.2 -
CO, molecule
A Area of output mirror 0.7 cm?
CO,:Ny: Mixed ratio of active gas 1:1:8
He

Fig.2 shows the simulation result of the laser output power
and fig.3 the experimental result in [15].

In comparison of fig.2 with fig.3, itis clear that the simulation
result is so close to the experimental one for the maximum
pulse power and the pulse width. And the trend of the
simulation result is similar to that in [20].

Consequently, it is available to design a high-power TEA-CO,
laser using the model of calculating the output power and the
code. In other words, the model and the simulation method
helps to predict the energy of laser pulse, the peak power, the
average power, the pattern of the pulse, the composition ratio,
the total pressure, the effective loss and ineffective losses and
get the optimal basic parameters of a TEA-CO, laser
demanded for the desired output power.

N

Culpst

1 a.5 1 ns F 2.1 3 15 1
Tims ® 5 “"

Figure 2: Simulation result
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Figure 3: Experimental result in [15].

6. Conclusion

In this paper, we have developed an available model of the
output power of a TEA-CO, laser which uses carbon dioxide
and nitrogen produced by industrial method. Through the
simulation, it was verified that the result from this model
coincided approximately with the experimental result. The
developed model and simulation method can be used for
designing the main generator and the amplifier of a TEA-CO,
laser using carbon dioxide and nitrogen produced by
industrial method.
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