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Abstract. This paper presents a theoretical mooei of a transverseiy excite0 cw 
CO2 aser Tne laser rate equations. as well as the Das.c hydroaynamic and 
thermoaynamic equations. nave been used to aescribe the whole laser system 
The spalial astribuions 01 small sgnal gain and saldration intensity along the gas 
llow airection have Deen ca cu ated lor a given set of initia conditions name y 
punping rate. gas mixture. tota. pressure, gas temperatare and gas llow veoc ty .  
The depenaence 01 laser output power on aischarge and flow parameters is In 
good agreement with the experimentas data. con1 rmmg the usefJness of th s 
mwen and understanding 01 the  laser perlormance 

1. Introduction 

Continuous wave output, transversely excited (cw TE) 
convectively cooled, CO, lasers have been used widely 
for industrial applications. In order to achieve the opti- 
mum performances of the laser behaviour, a theoretical 
analysis of this kind of CO2 laser is of considerable 
significance. 

The development of the theoretical model of TE 
CO2 lasers followed the simulation of gas dynamic CO, 
lasers which were reported by Cool [l], Tulip and Se- 
guin [2], Morse er al [3] and Anderson [4]. Several 
papers have developed cw TE CO2 laser models for 
their specific systems. For example, the work of Yoder 
et al [5] was concerned with electron beam sustained 
lasers and the work of Arniandillo and Kaye [6] was 
concerned with transverse flow lasers in which the cur- 
rent distribution was obtained from empirical data. The 
model presented here is similar to the work of Cool 
111. However, in that work, all the electrical excitation 
was assumed to occur upstream of the optical cavity so 
that only relaxation effects occurred in the cavity itself; 
and it also assumed that gas density, pressure, tem- 
perature and gas flow velocity are constant along the 
gas flow direction. The spatial variations of small signal 
gain and saturation intensity along the gas flow direc- 
tion could be solved by a coupled set of differential 
equations, but it was very complex and tedious. In this 
paper the pumping rate has been added in the kinetic 
equations and the spatial distribution of electron den- 
sity along the gas flow direction, which was obtained 
from the empirical data, is taken into account. More- 
over, the spatial variations of the gas parameters such 
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as gas temperature, pressure, density and flow velocity 
along :hc ::ow diiiitioii a i i  a:so ionsidcrcd in t h s  
theoretical model. In order to simplify the numerical 
process, the optical cavity along the gas flow direction 
is divided into many thin layers, as shown in figure 
1. In each layer, the gas kinetic and thermodynamic 
equations with known boundary conditions are solved. 
We can then obtain the average quantities of laser 
parameters such as population density, small signal 
gain, saturation intensity, and output power and gas 
parameters within this region. The new values of the 
working parameters and boundary conditions at the 
exit of this small region can also be obtained from 
these equations and will be the initial conditions for 

tially in each thin slab region throughout thc discharge 
region. Therefore, the spatial distributions of laser and 
gas parameters along the gas flow direction can be 

.. . . .  . .  . .  

the next layer, The procedure wi!! be renpatd __.__ ceniien- =_-.. 

\ U S E R  OUTPUT f z  

Figure 1. A T E  Laser in which gas flow, discharge current 
and optical axis are mutually perpendicular. 
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achieved under different discharge and gas conditions. 
This represents an attempt to use the simplest possible 
method to solve this problem. A PASCAL program gen- 
erates numerical solutions to give good agreement with 
the experimental results and thus provides a useful tool 
for understanding and optimizing this type of laser. 

In section 2 the theoretical model of the TECW CO2 
lasers is described. The laser kinetic and thermo- 
dynamic equations are formulated. The calculation of 
small signal gain, saturation intensity, laser output 
power and gas parameters are also presented. In sec- 
tion 3,  the computational and numerical processes are 
described. The experimental apparatus is introduced 
briefly and the discharge current distribution for the 
laser system has been formulated. The computational 
procedure and numerical flow chart are also explained 
in detail in this section. The numerical results are 
shown and discussed in section 4. These results are also 
compared with the experimental data. In the appendix, 
the analytical solutions of small signal gain and satu- 
ration intensity within a small region are presented. 

2. Theoretical model 

2.1. Assumptions 

Figure 1 shows the schematic diagram of a TE CO, 
laser system in which the gas flow,'discharge current, 
and optical axis are perpendicular to each other. The 
equations to describe this system can be derived under 
the following assumptions [6-91. 

(a) Each vibrational mode has a Boltzmann dis- 
tribution characterized by its own temperature. 

(h) Energy transfer between rotational and trans- 
lational mode is very rapid. Thus the rotational and 
translational state of the gas mixture can be repre- 
sented by the kinetic gas temperature. 

(c) The symmetric and the bending modes of CO, 
are closely coupled by the fast Fermi resonance, and 
can be characterized by a common temperature. 

(d) Stimulated emission occurs only for P(20) tran- 
sitions in the (0 0'1, J )  + (1 0'0, J + 1) hand. 

(e) The gas transport through the discharge region 
is in the positive x direction and it is assumed to be an 
inviscid constant area flow. 

(f) The diffusion process can be neglected for the 
high-speed flow lasers. 

(g) Spatial distribution of the glow discharge and 
gas flow are uniform along both the optical axis (y  
axis) and the discharge axis ( z  axis). Thus the electric 
field, current density, gas flow velocity, pressure, and 
temperature all depend explicitly only on the flow 
direction. 

(h) Since both Sn0,-coated devices and monolithic 
catalysts have been introduced in the laser system, the 
dissociation rate of CO2 can be neglected [lo]. 

(i) A steady state condition is considered in each 
thin layer. 

K24 

II II 

N2 CO 

Figure 2. Energy level diagram of vibrational levels of COp, 
N, and CO. 

2.1. Kinetic rate equations 

For a CO,:CO:N,:He laser system, the main 
vibrational energy levels of the electronic ground states 
for the COz, N 2  and CO molecules are illustrated in 
figure 2 .  There are seven groups of levels defined. 
Group 0 is the single ground state level (00'0); group 
1 is a combination of closely coupled states consisting 
of the bending vibrational state (02"0), (02,0), (Ol'O), 
and the symmetric stretch state (10'0); group 2 is the 
upper laser level (00'1); group 3 is the N 2  vibrational 
modes ( U  = 1 to U = 8); group 4 is the CO vibrational 
modes ( U  = 1 to U = 8); group 5 is the N2 ground state 
( U  = 0) and group 6 is the CO ground state. Of the 
numerous energy transfer processes which occur in this 
laser system, the processes shown in figure 2 are found 
to be the most important and will be considered in 
the model. The discharge region along the gas flow 
direction is separated into many thin layers. Consider 
one of the layers which is located between x and x + d 
in the flow direction. The steady state rate equations 
can he written as [l]: 
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NI,  + N ;  + N i  =NCO* 

N ;  + N ;  = N N 2  

N i  -t Nk = NCO 

(If) 
( l g )  

(1h) 

where NI is the ith group population density (cm-') at 
the local position, W l  is the electron excitation for the 
ith group particles, kij is the collision rate between 
groups i and j ,  g (u)  is the line shape function, Bii is 
the Einstein B coefficient between i and j ,  J' is the 
laser intensity (ergs-' cm-'), NCO>, N N 2 .  NCO are total 
number density of CO2, N2 and CO molecules respect- 
ively (cm-3) and U is the uniform flow vclocity in thc 
small region. 

Define 

N .  , = - : I i d N [ d x  

J' dx  

and 

w. , - bIxx+d W; dx  

as the average quantities within the small interval 
between x and x + d. Integrating both parts of 
equations (1), assuming uniform conditions in the y 
direction, gives 

U 
i (Ni ,x+d - Ni ,x)  = WI - kluNl + k21N2 - ~ U N I  

where N;,r  and N;,x+d are the population density of 
the ith group at position x and x + d,  respectively. 
Equations (2a)-(2e) are five equations in nine 
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unknowns. Another four equations should be added to  
solve these unknowns. For the case of J = 0, another 
four equations can be obtained: 

W ,  - k,,N? - k12N9 + k2iN; 

- kf(N;!'r+d - Nio,) = 0 ( 3 4  

W2 - k21N; + kl2Nq + k32N; - k23N; 

+ k42N: - k24N: - kj(N;o,+d - Nio,) = 0 . (3b) 

W3 - k32Nq + k23N; + k43Ny 

- k3pN; - kj(N;!'r+d - N & )  = O  ( 3 4  

( 3 4  

where the superscripts 0 represent N i  for the J = 0 
case. 

From equations (2) with the initial conditions N;,: 
(i = 1,2,3,4) at the position x, we can solve N,!O,+d by 
using the Runge-Kutta method. 

Comparing equations (2) and (3), gives the fol- 
lowing conditions: 

W4 - k43N: + k34N; - k4ZN: + k,Nq 

- kf(N&+d - N;ox) = 0 

N ;  + N[, ,  - N;,I+d = NP + N;P, 

(4) - N;,:+d (i = 1 , 2 , 3 , 4 ) .  

Then, from equations (2)  and (4), we obtain the fol- 
lowing equations: 

A I  - (kiu + k j  + k12)Ni + k21N2 
J 

ch u + ( B z , N 2  - B,,N,)g(v)-  + k j N ?  = 0 (5a) 

A2 + k I z N i  - (k21 + k22 + kz4 + k j  )Nz 

J 
ch Y - (BziN2 - B I z N I ) ~ ( v ) - +  k32N3 

+ k42N4 + k f N ;  = 0 (56)  

+ k j N !  = 0 ( 5 4  

+ kjN: = 0 ( 5 4  

A ,  + k23N2 - (k32 + k34 + k j P 3  + k43N4 

A4 + k d 2  + k34N3 - (k42 + k43 + kf IN4 

where A ,  = W ,  + k j ( N y ,  - N y r f d ) ,  k j=  u l d ,  and &h 
is the threshold gain which is equal to the loss for 
steady state condition. 

Solving equations (3) and ( 5 )  simultaneously, we 
obtain NP(x) ,  N,(x),  and J ( x ) .  The numerical pro- 
cedure will be shown in the next section. In the appen- 
dix the analytical solutions are also presented. 

2.3. Hydrodynamic and thermodynamic equations 

In order to derive the ambient gas temperature T ,  the 
hydrodynamic and thermodynamic equations for the 
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gas transport through the discharge region should be 
considered. These equations can be described by the 
one-dimensional (ID) conservation equations written in 
differential form as follows [6]. 

(a) Gas flow continuity equation 

l d p  l d u  __  + - - = o  
p d x  u d x  

where p is the gas density. 
(b) Conservation ef momentum 

d p  d u  
- + p u  - = 0 
dx dx (7) 

where p is gas pressure. 
(c) Conservation of energy 

(8) 
d h  d p  
dx  dx 

pu - - U - = I , (x)E(x)  - elaxer 

where h is the enthalpy per unit mass, I&) is the 
current density in the discharge, E(x)  is the electric 
field in the discharge. elascr is the laser output power 
per unit volume: 

(d) Equation of an ideal gas 

p = pRT (9) 

The gas enthalpy may be written as 
4 E ; N ;  

h = C , T + x -  
; = I  Pi 

where C, is the specific heat under constant pressure 
and is the vibrational energy for the  ith group 
particles. 

The changes of gas parameters can be written as 

A p  Au 
P U 
_ = - -  

If the initial values of gas temperature, pressure, vel- 
ocity, and density at x are known, then from equations 
(11) to (13), we can obtain new gas parameters at the 

2.4. Small signal gain, saturation intensity and laser 
output power 

The unsaturated gain go is expressed as 

(15) 
1 

go = ; (&IN; - B 1 2 N P ) d Y )  

where g(u) is the line shape function which depends 
on the broadening mechanism and is chosen as a Lor- 
entzian line shape for a high-pressure (-100 Torr) laser 
system [ l l ] .  A Lorentzian line shape with the centre 
frequency uU and the width at half maximum A V  is 
given by 

2 
~ A v  

-- A V  1 
g (vo)=  lim - - (16) 

y - r v n  2 n  ( v  - YO)' + (Au/2)'  

where [9] 

and M, and Q, are the mass and collision section area 
of molecule r ,  respectively. 

The small signal gain at centre frequency can then 
be written as: 

where 

(20) 

and Er is the rotational coefficient. 

coefficient g(u ,  J) can be expressed as 
For the case of homogenous broadening, the gain 

where J ,  is the saturation intensity. 

appendix) of J ,  is 
Solving equations (9, the analytical solution (see 
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It is noteworthy that the saturation intensity depends 
on the relaxation time of the energy levels, stimulated 
emission cross sections, and the gas How velocity. 

The growth of laser intensity along the optical axis 
can be written as: 

and the boundary conditions are as follows. At y = 0 

J ;  = R I  J g  R I  = 1 - t l  (24) 
and at y = L2 

J,, = R2 J t ,  R2 = 1 - a2 - t 2  

where gth is the threshold gain: 

gLh = (-1PL2) In(RlR2) (25) 
J ' ,  J -  are the light intensity in the forward +y and 
-y directions, respectively; R,, R; and t i( i  = 1,2)  are the 
reHectivity, absorption and transmission coefficients of 
mirrors at y = 0 and L2, respectively. 

Integrating equation (23) with respect to y and 
defining 

one obtains 

1 
L2 (26) -_  - ( J t ,  - J :  + J f  - J L 2 ) .  

From equations (24) to (26), we can obtain J ;  and 
J t , .  Then the laser output power is 

Piaser = A ( J i t i  + Jt2tz)  

where A is the area of the output beam. It is shown 
that the output power is proportional to the product 
of saturation intensity J ,  and small signal gain go. 

3. Computational and numerical processes 

3.1. Experimental apparatus 

The numerical model described above has been used 
to simulate a high-pressure sealed cw TE CO, laser 

Since the detailed configuration of this laser system 
has been reported previously [12, 131 only a brief 
review is given here. Figure 3 shows the glow discharge 
region schematically. The electrode configuration con- 
sists of 125 pin cathodes which are set in a row with 
equal spacings of 8mm and a stainless steel, water- 
cooled planar anode. The length of the active medium 
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[lo, 121. 

I 

CROSS SECTIONAL W 

Figure 3. Schematic diagram of a sealed TE CO, laser with 
a gas analyser used in the present work. 1, Guided vane 
device; 2, ceramic monoliths; 3, gas sampling probe; 4, 
anode; 5, auxiliary electrode; 6, cathode; 7, glow discharge 
region; 8,  insulator plate; 9, gas flow; 10, UHV leak valve: 
11, mass analyser system; 12, turbomolecular pump 
S i S e i ~ ;  :3, oijiiial i ~ < i ? f ;  i4 .  i b e i  Ouiprii. 

is about 100 cm. A DC power supply is used to provide 
a discharge current up to 5 A. The discharge voltage 
for the pressure range from 80 to 120Torr is about to 
2.4 kV (at a gas velocity of 25 m s-I) and the cathode 
fall voltage is taken as 300V [14]. Two axial blowers 
are used io circulate the gas mixture through the dis- 
charge region at a velocity range from 15 to 25 m s-'. 
The temperature of the gas mixture entering the dis- 
charge region is kept at a constant temperature of 
300°K. Measurement conditions are made in 
COZ : CO : X i  : HP = 7 : 4 : 25 : 85 over a to!.! presscre 
range of 80 to  120 Torr. The stable resonator consists 
of a Si total reflector with a radius of curvature of 5 m 
and a planar ZnSe partial reflector with 20% trans- 
mission. 

3.2. Consideration of electrical-pumping and collision 
rate parameters 

The spatial distribution of the electrical pumping term 
W,  depends on the electron density distribution. The 
pumping term W, is defined as [9] 

W,(X) = N,(X)N,(X)X; (28) 
where N&) is the electron density distribution along 
the x direction, N,(x)  is the ith particle population 
density and Xi is the electron excitation rate with the 
ith particle. 
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X I C M I  

Figure 4. Electron density distribution along the flow 
direction at a total pressure of 99Torr. The operational 
conditions and experimental points are extracted from [15]. 
The full curve is expressed by equation (29). 

The spatial distribution of electron density Ne for 
the laser system has been measured by Ueguri and 
Lomura [15] and is shown in figure 4.  Fitting the curve, 
an approximate expression of N&) can be written as 
~ 4 1  

where V,  is the electron drift velocity, Vd = 
4.4 X 106 cm s-' for E / N  = 1.7 X lo-'' V cm2; a&) is 
the normalized electron distribution function; C is the 
normalized constant; te is the decay constant of the 
electron density distribution, t, = 2.5; xu is the appar- 
ent displacement of the peak positlon due to the gas 
flow, xu = 0.25 cm at a gas flow velocity 25 m sC1; and 
P is the half width of the distribution when the gas flow 
velocity is zero, P = 0.15 cm. 

The electron-molecule excitation rates X, are given 
in the literature [9, 16,171. We have used the values 
X ,  = 4 x cm3 s - I ,  X, = 4 x cm3 SKI ,  X, = 
5 x 

The collision rate constants for coupling of levels i 
and j by vibration-vibration (v-V) or vibration-trans- 
lation (v-T) energy transfer processes are defined as 
k,, = X,,, k;N, .  Here k;  is the rate constant for the 
appropriate (v-v) or (v-T) process that couples given 
levels i and j and involves collisions with a given 
molecule m present in the gas mixture in a number 

cm3 s- l ,  and X4 = 2 x 10-'cm3 s - ' .  

COLLISION M l E S  
ELECTRON 

DISTRIBUTION 

RATE EOS 

NUTION ST END 

Figure 5. Numerical flow chart used to calculate the laser 
kinetic and discharge properties. 

density N,,,. The temperature dependence of k ;  can 
be obtained from [9]. 

3.3. Computer procedure and numerical flow chart 

A flow chart for the computation of laser and gas 
discharge properties is shown in figure 5 and is 
explained as follows. The total pressure, gas mixture 
ratio, discharge region, mirror reflectivities R I  and R,, 
gas flow velocity, excitation conditions and the initial 
gas temperature are given. The initial position x = 0 is 
chosen from the top of the cathode pin. Then the 
electron density distribution N,(x),  collision rates kjj (T)  
and the ith group particle population density N:,: can 
he calculated. The Runge-Kutta method has been used 
to obtain the population density N:,O,+d. Then the aver- 
age population density NIu between x and x + d can 
be obtained from equations (3) by using the Gauss 
direct elimination method. When N! and N'/ are 
obtained, the small signal gain gu can be calculated 
from equation (18). If g, is greater than the  threshold 
gain g,,, then the laser output power from this small 
region can be derived from equation (27). The Sdtu- 
ration intensity J ,  can be calculated from equation (22). 
The new working parameters such as the  gas tem- 
perature T ,  pressure p ,  flow velocity U ,  and gas density 
p for the next small region, are obtained from the 
thermodynamic equations (14a) to (14d). With N:,I+,, 
and these new working parameters as the initial con- 
ditions, we can calculate the population inversion, 
small signal gain, saturation intensity and laser output 
power in the next thin layer and the program repeats 
the cycle sequentially. Therefore; by using this pro- 
gram the spatial distribution of small signal gain, satu- 
ration intensity, and laser output along the gas flow 

1263 
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Figure 6. Variation of maximum small signal gain with 

velocity = 25 m s-', and discharge current = 2 A. 
.."A ^..^ ^_^^" ... ^ -"a:"- T",-, ^_^^ ̂.._" - ,n,-%T--- I-" 
" a I I " Y *  p,ur,a",u I a L i Y a .  , " L a ,  p"'"""" - I"" l",,: ya" 

direction and the total output power under different 
discharge and gas conditions, can be determined. 

4. Results and discussion 

4.1. The influence of gas mixture 

A small increment d of 0.5 mm is chosen throughout 
this theoretical calculation. In order to obtain the opti- 
mum ratio of gas mixture, the small signal gains versus 
thc partial prcssurcs of cach of thc individual gascs in 
the mixture have been calculated. 

Figure 6 shows a plot of the maximum small signal 
gain go(max) as a function of CO,, CO, and N, gases. 
Let the ratio of gas mixture be CO,:CO:N,:He = 
x:4:25:85. When x increases from 1 to 9, we find that 
the small signal gain increases steadily up to a broad 
maximum and subsequently decreases upon further 
increases in CO, concentration. 

A somewhat similar behaviour is obtained when the 
CO concentration is varied from y = 0 to y = 8 in the 
gas mixture of CO,:CO:N,:He = 7:y:25:85. go(,,,, 
for CO is found to occur near y = 4 to 6. A small 
amount of CO gas is effective for excitation to the 
upper laser level and deactivation of the lower laser 
level (71. However, further increase of CO con- 
centration would cause net collisional deactivation of 
the upper laser level of CO, molecules [13]. In fact, 
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the main purpose of the addition of CO in TE CO2 
laser systems is to improve the long-term discharge 
stability under the sealed-off operation [12-14], 

Let the ratio of the gas mixture be CO,: CO: N,: 
He=7 :4 : r :85 .  When z changes from 1 to 32, the 
gain increases monotonically because the energy trans- 
fer between the levels of CO,(OOl) and N,(u = 1) 
increases. However, a further addition of N, would 
cause the glow discharge to transit to an unstable dis- 
charge for a practical operation. Therefore, there also 
exists an optimum value of N, concentration. 

In summary, a gas composition of CO,:CO:N,: 
He = 7 : 4: 25 : 85 has been chosen for our laser system 
under the consideration of both high small signal gain 
and stable discharge. 

4.2. The influence of total pressure 

The spatial distribution of g, along the gas flow direc- 
tion at different total pressures p is shown in figure 
7(a). It is shown that the small signal gain increases 
rapidly to reach a maximum value and then decreases 
slowly. The maximum gain is lower for a relatively high 
pressure. The position of the peak gain occurs near 
x = 0.7 cm and shifts to downstream slightly for a lower 
pressure case. The decay rate after the peak gain at 
higher pressure is faster than that at lower pressure. 
The distribution of g, along the gas flow is relatively 
. l i l - , l l - I I I I I I ~ ~ ~ ! ~ ,  . -. . _. . . . IC!' !' the cL'me:ne= :En:- 

ences of the discharge non-uniformity and the 
dynamics of molecular excitation and relaxation pro- 
cesses in the fast flow of gas. 

Since the width of gain distribution varies with the 
total pressure due to the existence of gas flow, it is 
reasonable that we deal with the dependence on press- 
ure p of the average quantity = ( 1 / L )  f a "  go(*) dx  
rather than the maximum value of gu(x), where L is 
the distance which the small signal gain decays to zero. 
Referring to figure 8, it is found that g0 is approxi- 
mately proportional to p - ' .  This relation can be 
explained from the fact that the pumping rates Ai,  the 
relaxation rates kij and the collision-broadened line- 
width AL, are proportional to the total pressure for the 
high-pressure laser system and g, is proportional to 
(AV)- ' .  The gain distribution go@) under the oper- 
ational conditions of Akiba et al [14] is also plotted in 
figure 7(a). 

The spatial distribution of saturation intensity J, 
along the gas flow direction is shown in figure 7(b). 
It demonstrates that J, increases slightly a longthe  
flow direction. However, the average quantity J, = 
(1 /L)  J,(x) dx  has a nearly quadratic dependence 
on the total pressure as shown in figure 8. This relation 
can be explained by the expression in the appendix 
(equation (A.18)) where both kii and A u  are  pro- 
portional to p.  

The output power distribution is shown in figure 
7(c) and the total output power against total pressure 
which shown in figure 9 is the integration of the output 
power distribution from 0.2 to 2.0cm along the gas 

.< -I . . * .  . . "  
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flow direction and with a discharge gap of 1.7 cm. Since 
the laser output power is proportional to the product 
of the small signal gain and saturation intensity, it is 
proportional to the total pressure. 

The variations of temperature and flow velocity 
along the gas flow direction for several values of total 
pressure are shown in figure 7(d) and (e) respectively, 
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i 

:pY , , , , , , , , 
0 0' 0.8 1.1 I 6  2 2 1  300 

X ICM 1 I d  1 

Figure 7. Spatial distribution of (a) small signal gain go(x), 
(b) saturation intensity JJx), (c) output power, ( d )  
temperature, and (e) flow velocity along flow direction at 
various total pressures. CO2:CO:N2:He = 7:4:25:80, 
initial gas velocity = 25 m s-', discharge current = 2 A. 
Theoretical calculation of go(x) for the operational 
conditions (CO,:CO:N,:He = 2:l :6:32, discharge 
current = OSA,  and total pressure = 100Torr) shown in 
1141 is also plotted. 

and can be explained by the thermodynamic equations 
(11) to (13). 

4.3. The influence of gas Bow velocity 

The small signal gain go distribution along the gas flow 
direction is plotted in figure 10 at various flow velocit- 
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Flgure 6. The dependence of average gain = (1 /L )  
JL  go(* dx and average saturation intensity J; = (1 / L )  Jg ./&) dxon total pressure. (Same operational conditions 
as shown in figure 7.) 

PRESSURE [TORR 1 

Flgure 9. The dependence of total output power on total 
pressure. (Same operational conditions as shown in figure 
7.) 

*ies. The variation of gain with velocity indicates that 
the major effect of the flow on this system is to reduce 
the peak gain slightly and to spread it out downstream 
[MI. Figure 11 shows the flow velocity dependence of 
( l /L)  Jkgo(x)dx; it is found that the average gain 
increases slightly with increasing the flow velocity. 
On the other hand, the average saturation intensity 
(1/L) Jb J,(x) dx is found to be relatively sensitive 
to gas flow variations. Figure 11 shows that 
(l/L) Jb  J , ( x )  dx is almost proportional to the gas flow 
velocity. The total output power against flow velocity 
is plotted in figure 12. The experimental results are 
also shown. Compared to the experimental results, 
when the gas flow velocity is changed from 19 m s-' to 
25 m s-', good agreement between theory and exper- 
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Flgure 10. Small signal distribution along flow direction at 
various flow velocities COZ:CO:Nz:He = 7:4:25:85, total 
pressure = lOOTorr, discharge current = 2 A. 
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Flgure 11. The dependence 01 average gain and average 
SatLration ntensity on gas llow veloc(w. (Same operational 
conditions as shown in Fig. 10.) 
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helow 17 m s-', the uniform glow discharge changes to 
an unstable discharge and the total output power drops 
abruptly in practical operation. Therefore, a higher 
flow velocity is not only favourable in the laser output 
power hut also for stable discharges [19]. 

4.4. The influence of discharge current 

The spatial distribution of go at different discharge cur- 
rents and the dependence of average gain on discharge 
current are shown in figures 13 and 14, respectively. It 
is shown that the average gain is proportional to the 
discharge current. This may be explained by the fact 
that the electrical-pumping term W ,  increases linearly 
with increasing discharge current and the small signal 
gain is proportional to the electrical-pumping term. 
Figure 15 shows the total output power against dis- 
charge current; the experimental results are also 
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Figure 12. The dependence of total output power on gas 
flow velocity. (Same operational conditions as shown in 
figure 10.) 

X ( C M 1  

Figure 13. Small signal gain distribution along flow 
direction at various discharge currents. C0,:CO :N2: He = 
7:4:25:85, total pressure = lOOTorr, gas flow velocity = 
25 m s-'. 

shown. When the discharge current is 3.5 A, the glow 
discharge tends to arc and the output power Huctuates 
tremendously. 

5. Conclusion 

A numerical model and the important energy transfer 
processes involved have been described in detail to 
develop the theoretical model of a TE cw CO, laser. A 
simplified numerical process is adapted to carry out the 
calculation. The spatial distribution of small signal gain 
and saturation intensity and the total output power 

Q I S C W G E  CURRENT I A  1 

Figure 14. The dependence of average gain and 
saturation intensity on discharge current. (Same 
operational conditions as shown in figure 13.) Theoretical 
calculation of the dependence of go,ma., on discharge 
current for the operational conditions shown in [14] is also 
plotted. 

1000 '-1 /. 
/ 

CURRENT (AMP 1 

Figure 15. The dependence of total output power on 
discharge current under the same gas conditions as shown 
in figure 13. 

are presented as functions of gas composition, total 
pressure, gas How velocity and discharge current. 
There are some valuable results and suggestions from 
this numerical analysis. 

(1) The choice of the optimum gas composition for 
TE CO, lasers should consider both factors of high 
gain and stable discharge. The gas mixture of 
CO,:CO:N,:He= 7:4:25:85 is the optimum com- 
position for our laser system examined here. 

(2) The small signal gain and the saturation inten- 
sity are approximately proportional to p-' and p2, 
respectively, at high-pressure operation where p is the 
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total pressure about 100 Torr. Therefore, the total out- 
put power is proportional to p [13]. 

(3) The higher flow velocity reduces the peak gain 
slightly and spreads it out downstream. The saturation 
intensity, however, increases linearly and thus the total 
output power also increases almost linearly as the flow 
velocity increases. It is suggested that either an 
unstable resonator or a multipass folded cavity may 
be used to extract the power efficiently. 

(4) A higher gas flow velocity is more favourable 
for discharge stability. 

(5) The position of the maximum gain go(max) will 
shift at different flow velocities or pressures. There- 
fore, the optical axis of the cavity should be readjusted 
when the operational conditions change. 

(6) The small signal gain increases linearly with 
increasing the discharge current. The total output 
power is directly proportional to the discharge current. 

The theoretical results from this model are in good 
agreement with the experimental data of our laser sys- 
tem and the results of Akiba ef al [14], confirming the 
usefulness of the model and understanding of the cw 
TE laser performances. 
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Appendix 

In order to simplify the analytical solutions we may not 
consider the collision rates r, and k43 in equations (5). 

A I  - (kio + kf)Ni + (BZINZ - B 1 2 N i ) d ~ ) z  
J 

+ " N :  = 0 (A.1) 

A2 - (k21 + k23 + kz4 + kf)Nz 

J 
+ (B21N2 - B12Ni)dv) z + k3zN, 

+ kd2Nd + k,N! = 0 ( A 4  

('4.3) 

(A.4) 

A3 + k23N2 - (k32 + k,)N3 + kfN: = 0 

A4 + k24N2 - (k42 + k,)N, + k,N! = 0. 

From equations (A.2) to (A.4) we have 

(A2 +A3 + A4) - (k21 + kf)Nz 

J 
- (B21N2 - BizNi)dV) ~ h y  - kfN3 

- kfN4 + kf(N! + N: + N i )  = 0. ('4.5) 

For J = 0, from equations (A.l), (A.9, (A.3), and 
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(A.4) we obtain 

A2 +A3 + A ,  

k21 
NY = 

k 2 3 A 2 + A 3 + A 4  (A,8) N j = - + -  
k32 k32 k21 

From (A.3) and (A.4) we obtain 

A, + k,N! + k,N2 

k42 + kf 
N4 = (A.l l)  

Substituting (A.lO) and (A . l l )  into (AS) and 
rearranging yields 

N2' J 
R 2 - - - ( B 2 ~ N 2 - B 1 Z N l ) g ( u ) - = O  

f 2  chu 
(A.12) 

where 

K 2  = (A2 + A ,  + A4jjk, i 1) 

A, + k,Ng + A4 + k,N!j 
- kf( k32 + kf k42 + k, 

Similarity, equation (A.l) can be rewritten as 

NI J 
R I  + - - ( B ~ I N z - B I ~ N ~ ) ~ ( u ) - = O  

f l  ch Y 
(A.13) 

where R I  = A l  + k,Ny 

f I  = (k lo  + k,)-'. 

The small signal gain g,. Solving (A.12) and (A.13) 
'for J =  0, we can obtain NY = R l f l  and N! = R A .  
The unsaturated gain then becomes 

go =;(BziN! - B I ~ N ' ? ) ~ ( Y )  
1 

1 A2 + A 3  + A 4  

k21 
= - C (B21 
The saturation intensity J,. From (A.12) and (A.13) 

we have 

R&(J/chu) +RI  ( 1;' + Bzi(J/ch v)) 
N, = f I t2  

1 + (Bzifz+Bi~fi)(J/ch~) 
(A.15) 
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Then the saturated gain becomes 

(A.17) 
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