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KINETIC APPROACH TO RADIATIVE NONEQUILIBRIUM FLOW

WITH APPLICATION TO GAS FLOW LASERS

Gao Zhi, Institute of Mechanics, Chinese Academy of Sciences

ABSTRACT

A kinetic approach to nonequilibrium flow of lasing gas is

presented. The author introduces a new gain related to molecular

speed (GMS) and develops an approximate method of solution.

These treatments make it possible to exactly describe the

interaction between radiative field, macroscopic flow and

microscopic molecular motion. In the case of CO2 gas flow

lasers, the zero-order approximation solutions of this theory are

already satisfactory in that they are valid for the whole

pressure range. The results of the zero-order solutions agree

well with numerical results, and are in accordance with those of

the currently accepted rate-equation theory (RET) in the high

pressure range. For zero flow speed, this theory leads to the

well-known theory of non-flow gas lasers [11]. One of the

present conclusions is specially worth noting, i.e., when low-

pressure broadening constant t < 0.2, the rate-equation theory,

although the line shape factor of the revised pressure effect was

introduced [4,5], cannot correctly account for the effects of

inhomogeneous broadening. For example, vAkinn=0.02, 1R/IK are

about 8 when 4=0 and 20 when &l.0, where

Athe frequency shift parameter, IR and IK are the

dimensionless radiative intensities of RET and this theory,

respectively.



NOTATION

C is the speed of light

Cp is specific heat at constant pressure0
Fi, Fi  speed distribution function of i-th energy-level

particle, and distribution function of its equilibrium

speed

S .jFdvdV.,

fV distribution function of photon

G gain coefficient

GT gain correlated to molecular speed

h Planck constant, or static entropy of gas flow

J, Js, Jt radiation intensity, saturated strength and

penetrating radiation intensity

kT, kr velocity of elastic collision, characteristic velocity

of radiation

kij, Kij velocity of inelastic collision

Li(i = 1, 2, 3) length of optical cavity along the direction

of the coordinate axis

1, Ix ly, lz  direction vector of light propagation, and

three direction cosines

m molecular weight

ni  particle number density at i-th level

p gas pressure

Ri = 1 - ai - ti  reflective index ai of mirror is absorption

rate, while ti is the penetrating rate

T, u gas flow temperature and flow velocity

V. VT particle velocity vector and thermal velocity vector

f. L rdv.d. pumping velocity
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v, vij- 1  light frequency, transition frequency from i-th to

(i-l)-th energy level

AVD, AN whole widths at half-peak value for inhomogeneous

and homogeneous broadening type lines

frequency shift parameter or transformation coordinate

7 broadening parameter

k1, A,2  intrinsic values

P gas flow density

6constant

0 superscript 0 denotes motion along the gas flow

direction, the initial position of laser oscillation

I. Introduction

In the study of radiation in equilibrium flow on the

interaction between radiation and gas flow, emphasis is placed on

the particle characteristics of radiation, but there is no

consideration of wave motion structure [1,4]. Generally, the

study can be divided into two categories: 1) Kcn > Kr, this is

the situation for the study of the physical gas dynamics [1-3];

Kcn and Kr are, respectively, the characteristic velocity of

intermolecular elastic collision and radiation transfer. In this

situation, the molecular distribution of quantum energy levels is

controlled by the collision process. The radiative transfer of

the energy is a nonequivalent process. 2) Kcn<Kr, this is the

situation with the existence of anti-Boltzmann distribution and

laser emission as the fe :ure, such as gas flow lasers [4,9]. To

calculate the motion of laser medium gas and its radiation

properties, generally the sets of simultaneous equations of fluid

dynamics, radiation transfer, and velocity equations are solved

simultaneously [4-6] (the set of velocity equations describes the

variation of the Boltzmann constant of the energy level). For

convenience, this is called the rate equation theory (RET). In

RET, it is assumed that particles at different velocities at the

saime energy level can react with a monochromatic radiation field,
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therefore, the inhomogeneous broadening effect cannot be

correctly reflected. As pointed out by authors in reference [6],

RET is not suitable to be used in the situation of medium to low

gas pressure, but is suitable only for cases of high gas

pressure.

From radiation theory, we know that only frequency-resonant

molecules [7] (the doppler frequency for absorbing or induced

emission molecules approaches the frequency of the radiation

field) can have direct interaction with a monochromatic radiation

field. Therefore, if the monochromatic radiation field is very

intense and the gas pressure is low, that is, the homogeneous

broadening is predominant, the frequency-resonant molecules

within an energy level will be surplus (absorption situation) or

insufficient (emission situation). That is, the velocity

distribution function of the energy level will be protruding, or

burning a hole [7]. It is not possible in RET to separate the

molecules between the frequency-resonant molecules and those

molecules unable to directly affect the radiation field because

of excessive doppler frequency shift. It is necessary to explore

the more rational model. The Lamb theory [8] and its extension

make possible an ideal treatment of the inhomogeneous broadening

effect in a situation in which gas properties do not vary with

time and space. This article explores some aspects of kinematics

of gas flow lasers in the situation when gas properties vary with

the flow direction distance. The kinematic equations describe

the variation of rate distribution function of energy level

particles. In a study of kinematics, the interaction among gas

particles in which the radiation field and the thermal and

macroscopic motion can be well described. However, it is very

difficult to solve the set of simultaneous equations relating to

coupling between the flow field and the relaxation process, on

the one hand, and radiative transfer, on the other. In this

article, a new physical concept is introduced, concerning gain

relating to thermal molecular velocity; moreover, an approximate
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solution method is developed to overcome the difficulties. This

concept is quite effective for use in gas flow lasers.

II. Model of Kinematics

1. Fundamental set of equations: regarding the quantum

energy levels, the set of kinematic equations and the steady-

state radiative transfer equation are, respectively, as follows:
_
-

_
F

--(V+ VT,)gadFi- 1',+ rF?- F1) + IK 1+.,F,+..1 (V - ) ,

Ot

_ Kj.i_FidVi_, - K.+,F,dV,+, + Ki_t.,F,- 1 (V - V')did

+ M f ,+J.,(B,+1.,a,+1Fi+1 - D,.,+1aiFi)dvdD

- M O f.O,.,-,( B,.,-1,F, - Be- 1.a,_ 1F_,dvdQ (2.1)

cigrad 1, = , ,,.,-(B,,-, F - B,_.,a,- 1Fi_-)dY' (2.2)

- - ,,.,., t + , v; . + (2.3)

The set of equations (2.1) describes the relaxation process of

the initial inequilibrium distribution toward the local-

equilibrium Boltzmann-Maxwell distribution. In (2.1), the

elastic collision integration was replaced by the B-G-K model

[1]. The inelastic collision term is expressed

phenomenologically. In the inelastic collision and the radiation

terms, only a mono-quantum jump is considered; generally, a

multiquantum jump can be neglected. Radiation pressure,

spontaneous radiation and the contribution made by scattering are

also neglected. Ki+l,i indicates that the i-th energy level

raises a particle to the given velocity category; the (i+l)-th

energy level simultaneously loses the collision transfer velocity

constant of a particle; Ki,i_ 1 indicates that the (i-l)-th energy

level increases a particle; the i-th energy level given velocity

category simultaneously loses the transfer velocity constant of a

particle. Ki+li and Ki,i+l are related; this relationship can

be derived from the principle of detailed balance; Ii is the

pumping term, such as electron excitation, photoexcitation and
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excitation by chemical reaction, and so on.

2. Gain relating to molecular velocity (GMS). When the

characteristic radiation velocity X,(Ku. .,-,B,,-a,) is greater

than the characteristic inelastic collision velocity

K,. (K. S Kj.,-jdVi-,) and is comparable with the elastic

collision velocity kT, in the energy-level spectral line shape,

only frequency-resonant molecules (the molecules with consistent

doppler frequency of absorption or induced emission, and the

frequency of the monochromatic radiation field) can have a direct

function with the monochromatic radiation field. In the spectral

lines, the doppler frequency shift of other particles is

overlarge, so it is unable to be directly related to the

radiation field. Therefore, for the local deformation of energy-

level spectral lines, the radiative transfer can be in

competition with e1dstic collision transfer; the energy-level

distribution function can possibly have a protruding or burning a

hole in local places [7]. To describe this physical process, we

introduce the gain G7,(GMS), relating to molecular velocity.

The definition of GT, is as follows:

G - ---- (B,,,.,F, - ,- ) (2.4)
CXAI

indicates the gain coefficient of the gap for unit

molecular velocity and the unit three-dimensional angle.

Integrate the GT, versus the apparent frequency V' of the

molecule from -infinity to infinity to obtain the homogeneous

broadening gain coefficient Gh in the conventional sense

G.i - GTjdV" (2.5)

As is the case in gas kinematics, approximating Gh can simplify

the problem [1,2], approximating GT, can possibly simplify the

problems relating to thermal molecular motion.

3. Approximate solution method. GY, is the function of the

molecular apparent frequency ', therefore in Eq. (2.1), GTJ can

be removed outside the signs of the double integral of frequency

v and the solid angle ; if the GT, is considered as a function
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of I. and (F?-F,) , then from Eq. (2.1) the approximate

solution of Gn, can be obtained. On the other hand, we solve the

following double-parameter perturbation solution of Eq. (2.1):

F, NJ ( 'W ( &)' Fik (2.6)

Obviously, F" is the Maxwell distribution function; F? is the

Chapman-Enskog solution. By substituting the approximate

solution of GT, and the perturbation solution Fi in Eq. (2.2),

the sc-ation of the radiative transfer equation (2.2) can be

obtained. By using the solution of Eq. (2.2), a simultaneous

solution of the equation of macroscopic motion (the moment of the

kinematics equation), the flow field variate p, T and the flow

velocity can be obtained.

By utilizing the above-mentioned concept and methods, the

following problem can be handled: 1) the situation of weak

radiation, 2) the situation in which the time and space variation

of the velocity distribution function is secondary, and 3) the

situation with high radiation intensity and discrete frequency

with a finite number of discretenesses. For the situation of CO2

gas flow lasers, the zero-level solution is better than the

results of conventional rate equation theory (RET) [4-6.

III. Gas Flow Lasers

In CO2 gas flow lasers, the light beam direction is

perpendicular to the flow direction (refer to Fig. 1); the flow

in the optical cavity is approximately one-dimensional in nature.

The effect of viscosity can be ieglected and the pumping function

is uniform and continuous. The molecular relaxation of a CO2 gas

mixture is consistent with reference [5]. The relaxation model

is composed of five energy-level croups (refer to Fig. 2);

therefore, five velocity distribution functions are required.

That is, F,(,-o, 1, 2, 3) and F0 ,, 0 indicates the ground state
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of CO,) vibrations; 1 and 2 indicate, respectively, the CO2

symmetric-bending and nonsymmetric vibrational models. 0' and 3

are the ground state and oscillation model of the diatomic

molecule. The P-branch laser jump of CO2 occurs between the

vibrational-rotational energy level (0, 0, 1; j) and (1, 0, 0;

j+1); j is the number of rotational quantum. Overlapping each

vibration energy level, a series of rotational energy levels are

not shown in Fig. 3; however, the effect of rotational energy

levels has been absorbed in factors a, and Q2.

S111 , I

I .-0' , 4A i
/ T.a I- - 1 *

/- &,Lem. j

v/" I- I.,----- 0 4 E i,--] "C0, 14; b c bLl f9 it

Fig. 1. Optical cavity and Fig. 2. Relaxation model
coordinate system of molecular system
KEY: 1 - direction of gas KEY: a - energy quantity
flow 2 - mirror of cptical b - CO 2 ground state
cavity 3 - laser output c - diatomic molecule

The laser beam is parallel to the y-axis, I. Vr -VI, . The

x and z components cf the thermal molecular motion do not affect

the radiation field; therefore, we can integrate Eq. (2.1) with

respect to V. and Vr, to obtain the kinematics equation of

,e ' - . + .,(l - I,) + 6i, - k,, + I,4,,( B,,zj, - Biz,)
ax* (3.3)

• P-' - 4,, + -- / -cnst- f.,,(Ba - Ba) (3.2)ax

,eI - r, + 47,(r, h-f) -- W3 + t-d4 ( 3.3 )

oy C --

In deriving Eqs. (3.1)-(3.3), the following approximations were
8



adopted:

VTgradF,dV, - V (3.6)axI (if V , (did. (3.6)
+ O VT,,F,dV.,d V.) + -L( VT,F,d V,.d V.) (3.7)

Oy\J

(3.8)
- V,)dV, 1dV'k

S K,+,i.,F,.8(V' - V,)dV,.,dV' < K,+,.,F,, ( ._)

It was expressed in Eq. (3.6) that the variation of fi along the

y-axis ws neglected. Eq. (3.7) is another phenomenological

expression of the inelastic collision term; this actnally is

consistent with the phenoxenological expression in the last

section. As expressed in Eq. (3.8), the transition velocity from

the i-th to the (i-1)-th energy level is greater than the reverse

process, that is, the transition velocity from the (i-l)-th tc

the i-th energy level. However, kF, can be comparable to

4, F, .This is because the transfer between the diatomic

molecule vibrational mode and CO2 asymmetric vibrational mode is

near- .esonant.

On a mirror surface, radiation satisfies the following

boundary conditions:
y- 0, - R.0; y- L2 , J_,- R,] , (3.9)

In the equation, J+ and J- are, respectively, the radiation

intensities of positive- and negative-direction propagation along

the y-axis: I - ]+ + I-, -, cAvi..

IV. Solution Procedure

9



In the case of monochromatic radiation, for computational

convenient GT is rewritten as
G, - (BI 4 -B"J,) (4.1)

C

By utilizing Eqs. (3.1), (3.2), and (4.2), we can derive the fact

that the control equation of GT is:

So OGt + [( + ',4,, + sa.k) + J]G,

2

-Sr, - ,,r, + SA.(ei - I.) + - ki3 - 11(411 + ',ka - s1kO)I. (4.2)

in the equation, dr

If + 2 9 I2 - jh.+ iGTy , I- 2f - 0 G7
1o - c[(B,,u, + B,,a,)4,,, ,, - Ba,(jBa 2 + B,2a,)-', ,, + ,, -( .

(4.3)

According to Eq. (2.4), the dual parameters of fi can be expanded

into

- ., ,2)
-0 k-O0

-(4.4)

By substituting Eq. (4.4) into Eqs. (3.1)-(3.3) and into

Eq. (4.1), we obtain the result that the zero-level solutions of

fi and GT are

TO - 26" (B--a-- - B,,aj ) -A-'., (B,,aa -- B a1 ) (4.6)
C C (4.6)

fi is the Maxwell distribution, that is,

f*,, - nM4( T) (S' - 1, 2,o 3)

M(T)-( -m) i P( T Vi,
. k 2T 1(4.7)

By integrating the molecular apparent frequency P' with respect
00to GT , we obtain the generally adopted gain coefficient [4,5].

From Eq. (4.2), we obtain a more precise approximate solution T

for GT than -IT T is called the semi-order solution. Thus,

first we obtain ni, that is, the specifically expressed equation

10



of fO. By processing Eqs. (3.1) and (3.2), we obtain

8%. + A, M + A1 - - ,)G + AjG + A,

ag of
"+ B, PA-I + Bj*3- ikas -+ B30 + 84 (4.8)

In the equations, Ai and Bi are functions of kij and Yi; kij is

also a function of p and T. As expressed in experimentation and

analysis, then ,,=pTD (0<f<l)".,.w . Therefore, solving for

Eq. (4.8) should be done simultaneously with the set of gas

macroscopic motion equations. To obtain the approximate solution

of Eq. (4.8), the following mathematical transformation is

introduced:

a ___0 4

(4.9)

By substituting Eq. (4.9) into Eq. (4.8) and neglecting the small
Id

value term / , we obtain

+ +S~33+ S,.Or + 1' k C 4'

'Df*+ kh3 + 11k23+ '2 k.O __j + 10 -r~2 '.k * + JAjG

r

(4.10)

In Eq. (4.10), the coefficient of the first order partial

derivative and the intrinsic values (minus signs) satisfy the

following relationship

11



+ + k- + ' const

a 1  a 2 (4.11)

The intrinsic value (not related to the r-approximation) is equal

to a constant. In the following, we discuss the solution a, 3 ;

the solution of A ml, can be extrapolated in our discussion.

ne.e- i + [ + - Ma

+ ,_oka t . G +, c:}
+ -- GOTZ- + r + .o(kao - k() OGOT

,-V I A0..,,-, M (T)
Z 1 J-1.1) ) .

(4. 

1

I : Zr, + 3+ iok23 OG'

+ -- Go, dC (4.12)

The relationship between GT and by integrating Eq. (3.5)

with respect to y and utilizing the radiation boundary condition

(3.9), we can derive

± Gdv'dy InRR, (4.13)
2

The reflectivity (of the mirror) Ri (i = 1, 2) does not vary with

x [4-6), therefore we can generally assume: InR, R,--citROR,

here 6 is a constant or is equal to 0. In the kinematics

equation, the thermal velocity VT, is not related to the space

coordinates. Therefore, finally we have

GIOCn~a~- e~R~R(4.14)G1rOC In R,R, - Oc In RoRel

1LIOF_ O( uF\
Besides, because of 4- 0(!), -- I O <0(F),

therefore we have 'V

12



lot o OF -d , I[ACF(C)- F(O)l (4.15)

By utilizing Eqs. (4.14) and (4.15), integrate Eq. (4.12) and

thus we obtain

.- ,,+ swG + Z o-" e , c[-m, -, + )u4
I -I U -,1.l) A, -1 1

+ +r,: -1ln2, + AS _LQ] +Mj (T)}

2l1pswG. j1C s {oG*TeC[cL-3 + 6..

+ (:+ .. M(T)}(4.16)

In the equation ,- r:M(T)

1 _ _

fbP-- Y, f3~EA~Zg Ys
$Okla * ' k33

-b [+ (k.0k~)
- ) + + + '

IV 235+ k23 /  ( 4.17 )

By substituting Eqs. (4.14) and (4.16) in Eq. (4.2), the

semiorder Go of GT
G'r-G..M(T) 1+ 2) I (4.18)

In the equation, the specific expression i- , Js and Gon can

be referred to (5.3)

Flow field solution: by utilizing the solution fo and G, as

well as Eqs. (4.16) and (4.18), the one-dimensional nonadiabatic

flow equation can be obtained; this is the solution of the moment

equation of the equations (3.1) through (3.4):

puA - const

pu + p- const

+ 2 - o-

13



(4.19)
h- CT+ p--A T

In the equation Ei is energy of the energy vibrational level.

Here we obtain the zero-level approximate solution of the set of

kinematics and radiation transfer simultaneous equation (3.1)

through (3.5) for the CO2 gas flow laser. Given InR-p 2 , Yi and

the initial conditions, we can determine the twelve unknowns P,

u, p, T, h, J, f9 (i = 0, 1, 2, 3), fg and GT from 12

relationship equations (3.4), (4.3), (4.5), (4.12) and (4.18).

In the following, some useful relationships are derived.

5. Gain, Intensity and Power

1. Relationship between gain and intensity: by integrating
0

the solution (4.18) of GT with respect to P' (apparent frequency

of molecules), we obtain the relationship between gain and

intensity, namely

S- -- ,' - '.. , ,z) (5.1)
I+i

in the equation

o ,, 7) -- '( + i) Se__'- _ (5.2)V ,-n(l +7) + Q -8),
2( 2< ">,, (v' yo) V,-, Y,'
'V- Av/ in 201+ --

A ,O

00(
2AN •'___Z_ { /, + '2, +" iki" (o+ -__ . A23-+ s-H

Avv"P Ba1 a kio 0iV76W
, -ti-. 2,,, o ,- )\t -- - + ' ,

-+ + ])}

#t T L r+;-A-' T~(

V,]1 1 -~,i-.3) Aj 0-(I"° . ,, . ,k. . -, -.,_J _ ijH _1 , + +, l,,±,)+H
14/ --

14



when Vp=v 0 (that is, the optical frequency and the linear center

frequency are consistent), Eq. (5.2) can be simplified as

G-- G". cxp[(l~ +1)]" (1 + e (.ji + T1 (5.4)

Eqs. (5.2) and (5.4) are adaptable when gain is equal to loss.

2. Intensity: According to the definition and relationship

(3.5), the penetrating intensity is derived as
I]- + ,1.- (i NRj + t, 1IR,)LIJ, CJ.( , , ) (5. 5)

(,- + - ( ,/m, -- + 7

If at one end there is a totally reflective lens without any

loss, that is, R2=1, and on the other end, there is the

penetrating output lens, for the situation of mainly v=P0 , as
well as homogeneous and inhomogeneous broadening, we obtain,

respectively, the following:

J,- 't], Go. L2 + I InR) (5.6)

+ tl + ) (5.7)
al + t, G 2

When u=O, and p and T are constant, the above formulas are

simplified into a well-known relationship [11] of gas (not

flowing) lasers; however, we should pay attention to the

distinction between them. Here, Gon = GOn().

3. Power: power can be obtained by integrating Jt with

respect x. For the situation v=vO and one end output, we obtain

the output power P as follows from Eq. (5.5):

C, tUJ,G,.. r,/ ,, expC,7'(1 + !)1 (,_-,r(, /T -)1d (5.8)
L, 9(0, + +4 ¢I

In the equation, VD=LlL 2L3 with mainly homogeneous and

inhomogeneous broadening, Eq. (5.9) can be converted into

p_ it, V,,/, (G:. L, + IIn R 0)

+ 2 (5.9)

15



e, +,s, L, \ ' 2 (5.10)

In the equation

L uG'.,~ ~G" V -. 110

PL2/VD is the penetrating radiation intensity by averaging the

output length area; Eqs. (5.9) and (5.10) are consistent with the

corresponding power relationship) [11] of the gas (not flowing)

laser. However, here 1, Gn and G*2/G* are the average

quantities in the flowing direction. By utilizing Eqs. (4.15)

and (5.3), we can derive the approximate explicit expression

equation as I GOn and G*2/G*.

6. Analysis and Discussion

1. Comparison with the exact numerical solution: refer to

Table 1 for parameters used in the exact numerical solution; the

corresponding broadening parameter 17 is equal to 2.5; this is the

situation mainly of homogeneous broadening. The exact results

are obtained from the simultaneous solutions of the fluid dynamic

equation and the rate equation. In the calculations, the

condition is used in which gain is equal to loss. The results of

the approximate solution and the exact numerical solution match

quite closely (refer to Figs. 4 through 6). We should point out

that the double integration item in the energy equation solution

(4.18) can be integrated by the same method as power integration.

2. Comparison with the rate equation theory (RET): usually

simultaneous solutions of RET [4,5] are obtained for the set of

fluid mechanics and the rate equations. For comparison, in the

following we briefly derive the results of RET corresponding to

Eq. (5.1).

16



The set of rate equations of the CO2 laser gas mixture are:
* d- _ r, + tnol - (Q + ku)., + ,,G)
ds

-*1 - + it,-(& + k). + k, - kGJ (6.1)
dz

dn
j - - - ai+ au

TABLE 1. Calculation Conditions and Parameters at Inlet
of Optical Cavity

.+ 1 0._ 71 - 7-73 X 108- e

- is') i .j-2.30x 10,, (fT/E ') e
Io NT

• - .- InR, 5 *A 10-' (E -') j - 3.83 ) 10"
a

A - 19!t ,o- 9.66 X 10,
B, - 2.8 x 10-,, (r I& -) b p' = 4.0 x 10, (it EA, ) fe- s, - 4.7 X 10-,, (MI/i.T) b ,, .1.4 X 1W (A[*/O) 9

8, -- 8, 1.9 X 10-' 300K
m-2.92 X 10-" () C -,=5.68 x IO WI) h

- 1.4 X 10' d (ij-$/., K) V , - 2.77 x 10'

'N,/N - 0.5 KJ., = 1.02 x 104

(,, K,, ,)(?, K:,, K',,) T.~ V., -? 4.02 x 10'

K., Kilexp 300 CO,/N,/He -1/4/5

KEY: a - constant b - (ergs per particle)
c - (gram) d - (ergs/gram, OK) e - (particles
per cubic centimeter) f - (dynes per square
centimeter) g - (centimeters per second)
h - (second- 1 ) i - (square centimeter)
j - (centimeter-1 )

17



-- I 2 L

Fig. 3. Variation of n3 and Fig. 4. Variation of ressure
nb with and temperature with
Legend: exact numer- Legend: exact numerical
cal solution solution
A o is the approximate solu- o A is the approximate solu-
tion in this article tion in this article
An 3 o nb o pressure A temperature

KEY: a - pressure p x 10- 4 dynes
per square centimeter
b - temperaturp TxiO-2 OK

I _

Fig. 5. Variation of power density
with s
Legend: exact numerical solu-
tion o approximate solution in this
article
KEY: a - centimeter- 3
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After introducing the linear vector [4,5) of the revised pressure

effect, the gain coefficient is

G - 1 a, ,, O)(B.a'X'  _ - .A ) (6.2)

By a derivation that is similar to that in section 4, and by

utilizing the condition that gain is equal to loss, the following

is derived:

G - O R O U 11 t( 6 .3 )
I- + LOU 1q, 0) 63

This equation and the references [5,6] have the same results,

applicable when gain is equal to loss. When high pressure V >I,

Eqs. (6.3) and (5.1) are of the same order of magnitude. In

tnese two theories, Gon and loss G are the same. Therefore, from

Eqs. (5.1) and (6.3), we derive

,+__+ __ _ 1 (6.4)
OU ', t 1) -PQ, n, o)

We can see in all the possible values of E and r , the intensity

1R of RET are greater than the intensity IK in this theory; refer

to Fig. 6; refer to Fig. 7 for further explanations. In the

figure, by using 1 and as parameters, and given the variation

relationship of G/Gon with q, all curves in this theory are

situated below the corresponding RET curves; all curves in the

two theories are situated below the homogeneous broadening limit

curves. This explains the effect of RET on low pressure; that

is, the estimation of the effect is insufficient for the

inhomogeneous broadening effect. For the situation of the

broadening parameter 7<0.2, it is necessary to adopt the results

of the kinematics theory.
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0.2

0.1

n.02

10a

Fig. 6. Relationship between 1K and IR

1-3

, Q~=0.5)
Legend: -this theory
- - -- RET theory

- - homogeneous broadening limit
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3. Comparison with the gas (not flowing) laser theory: the

appirent dependence on of parameters such as fi is in the form

of index e4,c , such as Eq. (4.16). Therefore, when ) I f

the relationships between Eq. (4.16) and (5.3) can be simplified

as 1

+ :1A fk-k) +2-
+ _(at + A)81 ,'p'

++ +

J IV CAY12 chikiksk + kIkAD + (kb + *23 + CAWk1 ]a
2 B a ',a__ + + + )

(6.5)

In the equation, the first order term of 6 is retained, and the

second and higher order terms of 6 are neglected; (it can be

proved that 6-i). When the reflectivity of the mirror does not

vary with x, that is, 6=0. Eq. (6.5) and the corresponding

equation (5.1) are just the familiar relationship [11] of the gas

(not flowing) laser. It is apparent that the well-known

relationship [11] of the gas (not flowing) laser is a special

case of this theory when u = 0 or LiCl. However, it should be

noted that Eq. (6.5) is suitable for the case when the gas

properties vary with the flow direction. From x = 0 satisfying

the relationship (6.5), the gas flows past a distance xp as

XP 2m O 4 (6.6)

7. Conclusions

Results of the approximate theory in this article are

applicable to the entire pressure range; the approximate results
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and the results of exact value match quite closely. At high

pressure, the results are consistent with the rate equation

theory that is generally used. The familiar relationship [11] of

the gas (not flowing) laser can also be obtained as a special
case of the result of this article. This illustrates that the

present treatment of the kinematics theory, the introduction of

gain related to molecular velocity, and the corresponding

approximate solution method can serve in relatively exactly

calculating the macroscop-ic and microscopic motions of the gas,

as well as the interdependent properties of the three, including

the radiation field.

This article was received in November 1980.

Footnotes:

1. This article was circulated in the two following cases: the

Second All-China Fluid Mechanics and the First Asia Fluid

Mechanics Conference at bangalore, India, in December 1980.
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