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A THERMODYNAMIC MODEL FOR CO2 LASERS L

by D. C. Dumitras

Central Physics Institute, Bucharest P.0. Box 5206
Inst. for Physics and Technology of Radiation Equipment

1. Introduction

In ord r to optimize the functioning of a 002 laser
with wave guide, it is important to be able to calculate
the dependence of the small signal gailn as a function of
a number of parameters such as: zas mixture, total pressure,
discharge current, tube dliameter, temperature of the cooling
sjacket, ete. If the kinetic temperature and the population

of the laser levels are known as a function of these para-
meters, the gain equations are uniquely determined. The
complexity of the energy level diagram for the CO2 molecule,

the large number of rates of collisional excitation and
relaxation and theilr dependence on temperature, diffusion
and relaxation processes through collisions with the walls
of the enclosure, the great number of additives that parti-
cipate in the population inversion, add to the difficulty
of the analytical treatment of the laser effect and of the
Zain, saturation and oscillation bandwidth.

Since its inception, a number of models were proposed
based on the rate equations relating the vibrational modes
of the CO2 and N2 molecules. Thus, Moore et .al [1] have di-
vided the energy levels in three groups (each characterized
by a single vibrational temperature), and solved the system
of equations for the continuous wave regime. A comparison
with experiment shows that this i1s a good simplifilcation.
Previous works considered separately the vibrational levels
of nitrogen [2], [3], and 4 or 5 groups including also the

1 Received on December 19, 1977
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vibrational levels of Col[4].

The new elements in this work are: small fube diameters,
high pressures and current densities characteristic to the
wave guide lasers. These differences imply faster excitation
and relaxation rates and also collisional widening of emis-~
sion lines. The most recent determinations of the excitation
and relaxation rates and their temperature dependence are
utilized. This data was not available when [1] - [4] were
published,

The main limitation of works dealing with thermecdynamic
models for 002 lasers are using calculated excitation and relax-
ation rates [2-5], which can differ aporeciably from the measu-
red ones; the gas temperature is determined from the wrong relat-
ionship [2-5];{1] neglects relaxation through diffusion and col=-
lision at fthe walls of the enclosure and 1s limited to a 3
level system; none of these works take into account the gzas
nressure dependence of the diffusional relaxation rate, and
neglect the losses inherent when guiding radlation through
small diameter tubes; [5] is limited to a fixed excitation rate
and only one diameter of the discharge tube and does not take
into account the saturation processes, Some recent attempts
{631, (7] eliminate some of these problems but the system of
equations used 1is still simplistic (3 level system).

The model presented here 1s used for lasers with wave guide.
It can be used also for other CO2 lasers with axial discharge
and gas flow. For lasers without gas flow, the modifications
of the rate equatlons are due to the kinetic temperature of the
gas and eventual gaseous components which participate in the
inversion in the CO2 molecule (especially the carbon monoxide).

2. Physical Model

The lower vibrational energy levels for the 002 and N2
system are shown in figure 1,




These levels are divided into four groups: group O,

including the fundamental levels (unexcited)of the CO2 and N2
0

3
including the CO2 molecules excited in the modes of symmetric

molecules, with populations NO and N respectively; group 1,
elongation and deformation, with population Nl; group 2, 002
molecules with asymmetric elongation modes excited, population
N2; group 3, containing nitrogen molecules with one or more

of the vibrational levels excited and population N3. The total
densities of CO2 and nitrogen molecules are Nt and respectively
d3t'

Dividing the system CO2 and N2 in four groups seems just-

ified by the rapid relaxation of the vibrational energy within

2ach group, at a rate much larger than that of exchange cof energy
between groups. Thus CO2 molecules in Ztazi OO°2—§elax to

state 00°1 at a rate larger than 5 x 10~ s torr [8]1, and

the nitrogen molecules relax from the upper levels to state

e

v = 1 in approximately lus [9]. Also the relaxation of the vi-
brational snergy between levels in group 1 is rapid, it is thus
vossible to characterize the whole group by a2 single vibrational
temperature. Groups 1l-3 are excited through electronic colli-
sion with rates Rl - R3 and relax through diffusion and colli-
sions with the walls of the enclcosure with rates klp - k3p.
Group 1 is excited and relaxes collisicnally with rates klO
and k01 respectively, and group 3 relaxes through electronic

collisions at a rate k Vibrational energy is exchanged be-

Je’
tween groups 3 and 2 through a rapid V-V transfer, character-

3
2 and 1 through collisions with molecules and atoms (rates k21
2C), through
induced emission (rate w2l) and induced absorption (rate wl2)'

ized by a rate k > and the inverse rate k23, and between groups

and klz), collisions with discharge electrons (rate k

o e e Y N P

The inverse rate k23 between groups 2 and 3 1s taken to be equal
: to the direct rate k32. Rate k30 (due to collisions with
y molecules, atoms and electrons) 1s neglected, because such a
‘ collision is much more llkely to relax a 002 molecule from
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Figure 1, Diagram of lower vibrational energy levels for
the CO, and N, system, grouped for the 4 level
approxgmation.
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state 00°1 to one of the states in group 1, rather than the
fundamental level [9]. We assume also that the degree of
dissociation of the 002 molecule is small (justified for the
case of lasers with gas circulation).

PP O™V T3 e e Tt

2.1. Kinetic Temperature of the Gas

To calculate the gas temperature in the discharge one
needs to solve the Fourier heat equation for the continuous
wave generation regime

e RTTE ~  [ * EYEENTERS

P 710 WY |
(1)

where T 1s the gas temperature in K, g is the rate of change




of the heat due to sources and radiators expressed in Wm'3,

and Apx 1s the thermal conductivity of the gas mixture in
-1 -1

WK "m —,

The source of heat i1s that part of the electron energy
which is transferred to the translational energy of the mole-
cules. Thus the radial distribution of the heat source is
the same as the radial distribution of the electrons in the
discharge.

From the theory of the positive column the radial distri-
bution of the electron density 1s a zero order Bessel function,
if the distribution is not affected by the strong radial temp-
erature gradient

q =y Je {2,405 ria). 4
(2) ]
Solving the heat equation with this g in cylindrical coordinates
with boundary condition T(a) = Tp, for a eylinder of radius a
and length L (length of discharge), one obtains
r o -1 ( "—onﬁﬂﬂﬁﬂuL

» . -
2,-+05

(3)

LRI

If we also consider the temperature gradient in the wall of
the discharge tube (exterior radius a') then [7]

, . L[ 0,4729 1 !
T == r, - qutt*? [ t ! - ") In ( ¢ )Jj“ (2,405 r/u),
“

"llll.\ ‘— n

(4)

where M is the thermal conductivity of the wall material.
In the center of the tube (r=0) the gas temperature can be }
calculated from !

0,1729 1 a
N L C3 I C Inf - -}1 -
1 In T‘Iu“ l. 3 +2A" (“ )] (D)

AITAY

The total amount of heat which increases the translational
energy of the molecules per unit time, Q, is obtained by inte-
grating the source g over the volume




0 = S odul(2,405 rla) AV = 1,3562 q,La®. (6)
;

Thus

reT, - 7 [0,1_-.*_74_7 . 03686 m(a_)} (7

ll ;\"n_\ )‘p «

(Works [2] - [5] have used this formula, but the proportionality
coefficient for T - Tp was 2.4 times smaller).

In calculating the temperature cf the gas mixture in the
center of the tube, cne has to take into account that not all
the input power is turned into heat: vpart is turned into laser
power; vart to excite the molecules which in turn through dif-
fusion and collisions lose 1t to the walls; and, in the case
of lasers with gas circulation, part of the excited molecules
leave the discharge zone, before their energy is turned into
heat. BRecause of these, equations (5), (7) have to be adjusted
by introducing 2 conversion coefficient ¢

. o . 0,1724 1 ’
r- T, %%, [ ! + In (-{l~—) ]v (3)
L 2hy

Y. -A "

r Y Ld DY ’
7 7',, 'f)** Q f 1087 . (),.)hhh‘ In ( « ‘ (9)
I‘ l_ ./--M\ ; i

“n

For closed CO, lasers, #* varies between 0.5 and 0.8 [10],
and for those with gas cilrculation between 0.05 and 0.3.

One can see from (9) that T - Tp is proportional with the
input electrical power per unit length (Q/L), thus the axial 1
temperature increases with increasing current and pressure '
and for same Q/L 1s independent of the radius of the tube,

Laderman and Byron [11] found the exact solution for the
heat equations, and the diffusion equation for the electrons.




They showed that the radial distribution of the electron

density differs only slightly from the Bessel profile used here
for temperatures at the center of the tube less than 600 K. They
also found the temperature at the center of the tube to be

a function of the input power per unit length only.

The sources of heat are going to be estimated in two
ways.

First by using eq. (3) assuming that the gas temperature
is due to the energy transferred from the electrons to the
molecular vibrations and subsequent relaxation to ground level.
From fig. 1 cne cbtains

o — I = BN, o RGNG = kg N Ng) Ky (10)

where Ne 1s the electron density, E3 is the vibrational energy

| of quantum ¥ , Eg = 4.6658 x 107207,

Second, using eq. (9) and the input power per unit length
estimated from
Y ykp-1v X RN (11
L I ' kT N’ )
where N and p are the total density, and pressure cf the gas
mixture, E is the axial electric field and I the discharge
current.

i Lowke et al [12] have solved numerically the Boltzmann
| equation and derived the transport coefficients for the elec-
trons in the gas mixtures specific to 002 lasers. For j/p =

1073 - 1071 A em™? torr? typical for CO, lasers with wave guide
(§J is the current density) E/N varies between (2-5) x 10'16 '
cm2. In the following we assume E/N = 3 x 10'16 v cm2 thus (11)

Eiate of A ol A

becomes
O LW ) = (mALp (torr).

(12)




The thermal conductivity of =-he zzs mixture, % , 1s approx-
imated using a formula given ty Mason and Saxena [13]

}»lhl\ “ }‘( | — \"" ( '#L‘ ! l
S P ey ! (13)
-7 1"
where n is the number of gases in the mixture, 1 and Y
bl t 4

are the thermal conductivity and molar fraction of the i-th
component, Gik is a function of the molecular weight cr comp-
onent 1 and the viscosities of components i and k. Fcr the
CO, + N. + He, and the mixture (3]

. a0, )‘NJ —
[ = T . .
{ N1 ’;\';/ 'TJH»; "-::; "dHr" "Jt;"”'. S B 7 O, N, T 0.4 LALER R ( l4 )
R B < N N 1
where ., AN s hhe are the conductivities of the pure
gases and wo, 5, . y Ve are the molar fractions.

2Tenasnce Were e

‘3itos R T oyt L I A O 397107

.-). }s N l (I - :l 1’"'577

The thermal conductivisy of the wall Ap , is
glass (borosidicate 732) 7, = 0.172 T 0.33 [15]
! na % = 37.7 [16] and for berillia #, = 213.8.

for Pyrex

s for alumi-

The temperature dependence of the thermal conductivity
of the mixture CO2 + N2 and He is shown in fig. 2. Figure 3.
. oresents the thermal conductlivity 1., cf 002 + He and N2 +
] He mixtures as a function of the molar fraction of the He. Due
to the high thermal conductivity of He, the conductivity cf
the mixture i1s higher the higher the fraction of He and the
higher the temperature.
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Due to the temperature dependence orf the conductivicy
of the mixture, the temperature is calculated from equation
(8) and (9) by iteration. We assume initially T = T , and

then i, and the temperature of the mixture ars célculated.
Then A, is recalculated for the new temperature and the
process 1s repeated. The 1teration iz continued until the
difference between two successive calculated temperatures is

less tnan 1 X.

Figure 4 shows the differen

center 2f the turt2 2nd the wall tempera<cure iz = T.rc-ion

>l Th2 ILngut sower per unit l2ngth r

Nos He-s:1p6:3 mixtures. The 2ontinuous lines are o
ol

“3ing {v,, “ne iashed Iines are due =

for the same mixtures. The circles are experimental results
oy the same szutacrs for the 1:3: 14 rnixture., The agreement
tetwesn our calzulation and the =2xperimental data is excellent.

T - Tp 1is a strong function of the wall material, as can
be seen from figure 5. Thus, the curve a'=4 mm is for Pyrex
zlass and the curve a' = 1 mm is for all purgoses valid for
alumina or berillia tubes (or when the temperature gradisnt
in the wall is neglected). For a Pyrex glass tube with z =
1 mm and a' = 4mm and a mixture COZ: N2: He = 1:1:3, the temp-
erature graident in the wall for T - Tp = 500 K 1s over 20%

OfT-Tt
L




Figure 6 shows the difference between the temperature at the
center of the tube and the wall temperature as a function of the
total pressure, for various discharge currents. The continuous lines
are calculated from (9), circles are calculated from (8), for the
same discharge conditions. The populations in (8) are obtained by
solving on the computer the system of equations presented in section
3. The ratio n*/n** was taken to be 1.45 for I=2 mA, 1.73 for I=5 mA
and 1.97 for I=8 mA. The results obtained via these two methods are in
very gcod agreement. In the following the temperature of the gas
mixture at the center of the tube is calculated from (9) only, due to
the fact that the computer time is much less.

10a
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Figures 7-9 show the temperature of the gas mixture at the
center of the discharge tube for ,** :=Wlu, as a function of the
total pressure, discharge current and respectively the wall’
temperature (temperature of the cooling agent). Figures 10-11
show the calculated temperature versus the molar fraction of N2
and He respectively. The temperature is lower the lower the
input power (smaller p and I) the lower the temperature of the
cooling Jjacket, the lower the molar fraction of N2 and the molar
fraction of the higher.

11
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3 2.2. Electron Density

Experimental studies [10] have proven that the electron
density is almost linear in the discharge current, the propor-
tionality constant being a function of the gas mixture. The
proportionality constant is estimated using the results in
[12], which show that the drift velocity of the electrons,
0-16 V/cmg, is in the
em/s and depends only slightly on the gas

rn , For KN i
range (4-3) x 10

n the range (2-5) x 1
6

mixturerg The E.N ratio is determined by the necessity to keep
the ionization at a high snough rate to balance the loss of
charged particles in a self-maintained discharge, and to opti-
mize the efficiency of the vibrational excitation in the laser
discharge. cSxperimental measurements on a laser with wave-

guide [17] give a ratio E/N of 2.3 x 101° vem?
o

(from the slcpe

I the voltage-pressure curve). For this value calculations
in [12] give », = t: 10%my)y . If we substitute the drift
relocity in {
j = ‘\'r o e, (15)

Wwhere Ne is the =iectron density, and e the electron charge,
we obtain N(em™#) == 1,5-10* jim\/em®). . The optimum population inver-
siogigs in a narrow range of the fractional ionization Ne/N =
1079 - 10'7.G?As has been previously shown, the electron distri-
bution across the discharge tube is not uniform and thus the
current density can not be obtained from the current/area ratio.
Assuming the same radial electron distribution as in the pre-
vious paragraph (Bessel) and using the integration of this dis-
tribution from (6), one cbtalns:

J(madiem® = 73,73 T{mA )i (imm?)

(16)
and thus ¥V, (em~%) o 1,106 - 10 [(m.L)/a}(aun?).

2.3, Rates of Vibrational Excitation

Pumping rates electron molecule for each energy level, R,

13
e
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are a function of the transverse cross section of vibrational
excitation by the electron, ¢ , and of the electron districution
function, which in turn, is a function of all the important
collisional processes.

.IL‘ = g Up ‘\,‘. (17 )

Thus the excitation rates for each vibrational level are
different for each gas mixture and for each value of E/N. More-
over in the case of N2 molecules, the first 8 vibrational levels
are excited. The problem is simplified significantly, if an
affective rate for the vibrational excitation by electrons
of the first vibrational level is defined.

Nighan [19] calculated these rates for N, and CO2 as a func-

2
tion of the average electron energy (which for a Maxwell dis-

tribution represents the electron temperature). For average
energles larger than 1.5 eV, typical for 002 lasers, one ob-

tains Ry = 4 x 1077 Ne, R, = 6 x10™2 N, and Ry = 2 x 1078
where R is in sec-! and N, is in em™ 3,

e

2,4, Rates of Collisional Relaxation

The collisional relaxation rate k(s~1l) in a CO, N2 and
He mixture is obtained from

k= i"“'-']l«n, + kN'PN, -+ k“epﬂe, (18)
or
k= (kqco, + K¥rdu, + KHedue)p,
(19)
where ki are the collisional relaxation rates in the pure

1 1

gases expressed in s~ - torr ‘.

A survey of the experimental measurements of the rates ki
and thelr temperature dependence, is given in [8], [9]. 1In cal-
culating population and gain the followlng values for the col-

14




lisional relaxztion rates are used:

hm{tride~1y — _ "
a{emis™l) = 4,197 . 19-upuz oy [10-37(8,84 - 10~47 — 2,07)1, (207
valid in the ranze 200-3000K; at 300K, sz = 13623 37! torr~!;
ki = exp(11,52 — 749518 — 632,14 T-¥8 4 2 2397-1),
co (21)

valid in the rangs 250-2500K; at 300K, k212 = 329 571 torr~!;

kY == exp(—11,434 + 507,83T-13 — 4 574,978 + 12 724771,

(22)
N\
valid in the rarzs 356-1000K; at 300 X, khg = 1097 tent,
kil = exp(24,538 — 265,48 T-'3 4 763,327~ 4 718,83T), (23)
He
valid in the rangs 200 -1000K, at 300K, k, = 73 s~'torr-1;
¥ X3 iRV o . 03 -3 (ZD'\t
kys = kyexp (— AE)ET) = kyexp(—1382,8T7-1);
e = 3,09 -10° T-1 exp (— 72T-'5), (23)
\Z2
- 002 D -1 -1
valid in the range 320 - 3000K, at 300K, klo =219 37 torr ™Y
o (26)

i = 538 LA lexp (_Top 1),

2

= 32 5! =1,
10 37 torrTt; (27)

valid in the range 300 - 3000K, at 300 K, k

ki = 4,635 107" TV exp (-=40,637T- 1),
He
valid in the range 300-3000K, at 300K, k g =333 47" torr=t; (28)
k= kyg exp (—-960, 387-1),

2.5. Rates of Electron Relaxation

The only levels which relax through electron :clliisions are
00°1 in CO2 and v = 1 in N2.

The relaxatlion of the 002 molecules from the 00°1 level
through electron ccllisions takes place on one of the levels
in group 1 and not directly to sround level, zs was assumed in
(2] - [5]. This rate is [20]: ky = 1,77- 10-% cru®s-!, » thus for

e i a e ALt =




N, =3-10"¢m-3 typlcal for a waveguide laser N/k, =53-10%"! . '3
This rate compares well with the measurements by Gower and i
Carswell [21] (5-10237') | and is somewhat smaller than that

of Moore et al [1] (210%Y) .

The v = 1 level of N2 is assumed to relax through elec-
tron collislons at a rate K = I,/N, =2.10"% ypd 41 . This
assumption was used by Moore [1] and Gordietz [2]-(4].

2.6. Relaxation rates through diffusion and collisions
at the walls.

The relaxation rates through diffusion and collisions at

the wall in calculated from [3] !

ky = u?Dfa? (29)

it

where D 1is the diffusion coefficient, and %' is the solution 1

of _
1) = ( ;’;) ( ;——:—:)3.,(#),
(30)

where 3 is the average velocity, Jo(w) and n(w) are the
Bessel functions of the first species of order 0 and 1 respect-
ively, and r is the reflection coefficient of the wall (re-
flection coefficient = 1 - accomodation coefficient).

g For a hollow circular wave guide equation (20) can be
] | simplified by a Taylor series development around @ = 2.405

£71

u = 2,405 L= 70 — 21+ 1D
(1 5 rjoa (31)

The reflection coefficlent of the wall was measured by
Kovacs et al [22] and 1is r = 0.78. The average velocity of the
CO, molecules depends on temperature only B(ems)=2,195 -10%/ T(K)

In a C02, N2, He mixture the diffusion coefficient is
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obtained from [8]

_1_ = éi\;t_ﬁ - Z 3pa, (32)
R
LR
or
1 ( 300 )"’ y
D, T D..’

T (33)
where Ni is the density of sgeciss i, ¢ 1s the c¢ollision
cross section and * is a constant. TFor the case of 002
and N2 1 Yooy L , GHe ) (300 );v-.'

. - —ee S e e — - ’
DC(': lDCO,-CU, DCU:‘N- l)CU,-He T ( 3“ )
1 _ ( Yo, n ¥n, -  YHe )p ( 300 )3/:.'
D.\', I)N,-CO. DN,—N, DN,-He T ( 35)

The Di-j constants are those cf Jordietz et al [3] at p =1 torr:
Dco, -co, = Dl em?*/s (Fordietz gives 3¢ cm?fy , but this was corrected

to agree with the value of 0.066 cmz/s reported by Kovacs

2t al .22] at 1 atm for CO2 molecuiss in the 00°1 state),

Dco, -», = 120 cm2/8, Deo. _ne = 3500 em?(s, Dy,_co, = 130 cm¥(s, Dx,-x, = 160 cmé/s
Dy, —ne = 560 cm¥/s,

Thus Ryp = by = 4

ﬁu, DCO:I’“:! ( 36 )

ky, = p:ﬁ,zDN,/a*.

(37)

2.7 Fractlons of excited molecules on the upper and lower laser
levels

The fractions of moleziules fz and fi on the upper and

lower laser level are calculated from [23]
i) = g exp(— AR )[ ¥ o) exp(— ""E)]",
[N |

il +. (38)




where (i) is the fraction of molecules on the i-th vibrational
level, expressed for a simple harmonic osclllator; gy are the
degeneracies, which for the symmetric and asymmetric elongation
mcde of CO2 are unity and for the deformation mode of CO2,

€Oy g =g w1 3 T, is the vibrational temperature.

In particular for the 00°1 level

X oxp(— AEAT,.) _ ) AEz oy

fr= e e b g = L—exp — o ) = L )

oxp( —AELKT,;) ¥ expl— ~———=) ] (39

B ldl ‘\ ,l.T,--_n
where
exp ( AE': ) *V'.' Qvlb
.l'__, = ) — t—7—~ == Sy,
kT, N (40)

va is the vibrational partition function.

Because V.V, <1 .1s a good approximation. The

f:=1 modes are characterized by tgééame vibrational tempera-
ture, Tvl‘ The lower laser level relaxes rapidly collisionally
to the 01'5 level, half the level (10°0, 02°0), . Thus the frac-

. tion fl on the lower level 1s twice the fraction on the level
E 0110
Y G+ (41)
=1
where
AE N0
Oy = expf — =Z5L) = e -
e (=) = (12
Summing in the denominator
f= 2ol (43)
3 - 2""1
for T, - 300K, » =0,04073 f, = 0,0387 + The function
£, Mas a maximum for  x, = 0,10692 (T, = 1067, 87K), , for which
fi = 0,19641 . At T, = 400 K, f, = 0,09.
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2.3. Induced Emission and Absorption

The rate of induced emission in the presence of monochro-
matic radiation with intensity IJ(W/m? at the center of
the line, i1s obtained from Einstein's treatment [24]

(44)

Aged,

Nwhv}

Wg = y(0)F,,

where A21 is the Einstein coefficilent of spontaneous emission

(dy = 0,2 4-1 for the P(20) line of <transition 091 — (10°%, 02°0);)
» 4(0) is the form function at the center of the line, and
Poo= N, is the fraction of moclecules on the upper laser
level (00°1l) which are in the state characterized ty the quan-
tum rotational number .J L1 +<Z 1s obtained from

F, =% expf — _E"

T e p( 7, | (45)
where kK, = F(J)he is the energy of the rotational level f

with respect to the ground rotational level, and FJ)=
BJ(W +1); @ =kT,/sheB 15 the rotational partition function, B
is the rotation constant of the corresponding vibrations
level and 7 is the molecular symmetry number (gzgugg;the co
Tr the rotational temperature, assumed equal to the kilnetilc
temperature of the gas. For‘T =20 and T, = 400 K, F, =

2
0.063989.

2

For the CO, laser, with wave guide, 9(0) = 2fv., where
“ 1s the collision frequency, thus (44) becomes

‘Vﬂ = 1,03 <10 11 IJ‘Q/V‘-. ( u6 )

To calculate the collision frequency for the P(20) line
one uses [25]

v -—C .300 "”, ‘
e = ( 5’—) (weo, + ay Yx, + azdue)p, (47)
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‘Nhere : = 2,2.18 . lo"Kl ”‘J"torl"‘. ay = 0,733 ay = 0 641

The rate of 1lnduced absorption is-correlated to that
of induced emission by

‘VIE = (g'.'/gl)",:l = 9,32. 101 I‘,Fz/v.. (48)

The net exchange of molecules between the upper and lower
laser levels due to induced emission and abseorption is

W= WaufoNy — WofV, = Walfey, — I2 HhV)- (49)
N
3. Equation system and 1ts solution

Returning to figure 1 we can write the equation system
which characterizes the population dynamics for the four

levels of our model

d‘l\—‘ = BNy + rky N, — k) + 3k Vo — ko)) —
de ..

- ,‘.ln-vl + kzaoveNz + Wy (.50)

(,l f‘v._?' = R'—"\ro —_ ]‘-R‘\"N: —_— klez + kl'-'Nl + (51>
dt

+ kg NoNy — KaaN N3 — kpp Nz — W, (52)

dy . r
‘d'n = RyNY — Ry NNy — lgg NoNjy + EgaN N3 — kgp Ny, (53)

N, = N, = N, 4+ N,

(54)
Ny — N~ N,

Coeffictent r in (50) takes into account that the col-
lisional relaxation of 002 molecules in group 2 (with v,
exclitation results in exciting more than one guantum of the
002 molecule from group 1 (with » and v», quanta excited).
Thus the reactlions characterlzed by the global rates RZI
and k,, are [83

LO(00°) 5- M - COL(11%, 0310) + M + -

| ‘ (55)
C0,(00°1) -+ W — COL 1110, 030),; + M +3

(56)




COL(00°1) +~ M — COL(20°0 ... 04°0)y; + M + 199 cm~?,

(57)
where M can be CO,, N, or He. Reactions (55), (56) are char-
acterized by r = 3/2 and reaction (57) by a coefficient r =
2[5]'

Coefficient s in (50) taken into acccocunt that the colli-
sional relaxation of molecules from group 1 ftakes place mostly

through reaction [81, [9].

COL(010) = M — CO,(000) + M + 667 cm-t.

—~

n
(0¥}

~

Because the lower laser level has an snergy approximately
twice that of level 01'0, reaction (58) is equivalent to relax-
\%
ation of only 1/2 gquantum #1; thus s= 1/2.

For the system (50)—~(54) we have to take into account

the radial distributicn of the electrons and thus the radial
Bessel distribution of Ne’ Rl’ Rz, R3, Nl’ N2 and NB' Inte=-
grating these equations across the section (assumed circular)
of the discharge tube, at steady state (d/dt = 0) leads to 3
a new system of equations:
ByNGO 8 kg NoC = by N0 = sl Ny = sl N0 - (59)
S kNGO S ke NN, - e =,
N e Ly NoNLC, Ly NLC RN - ;
v : . o (60) 1
Pk NG NGO - R NONRY = g, Vo€ — W == 0,
RNy, NN, — kN ¥, 0, <
(61)
T NN - kg N0 =0, (62)
Ne - N, N - Ve, - - S
Va - NT N0, (63)
where }
. 1 == “
l P -]
! ot \” "'?5""]0 (2,405, aplr ~ 0,431, (64)
P (65)

»
-

zat S“ ‘I?Su"l’-?(;',{().'» ria)dr = 0,270,

2l




and Nl’ N2 and N3 in the new system of equations are the
axial densities (peak).

Introducing the notation kau = kyily ke = kelCy/Chy Mo = ky (40, 5

B = ROy, = Ry, R = RyCy, Ky = kel and

I{l = 1{; e l\';’;,.'g - k:",c

Ky = RY -+ Ko N, == ky Ly, (66)
;o 6
K, = Ry ks sk + 8Ky o Ky W fi (67)
ho Py — By — kg = KXo i W fo (68)
K, = — Y (%L S -, (69)
: ",\.21 - 1(; - 'qu[ - k".‘e‘vt -+ “’:l ’.2
.o e . . g (7
Ky = kag( By — kg + KWy fa — Wiafy + K,K,), «(70)
Ky = ksz(km — R; - Kawzxf-.' + “’1" .1 - Kzl‘:a) =+
- (71)
+ k(K Wy fs ~ KoKy — Ry,
. g (72)
Ky = — ksaRy — kyoll\ Ky
Ky = Kby — Rt — K;Wafs - Wafi — K.Ky), (73)
. — (74%)
Ky o By - KWy fe NI,
K\, (L, - KW fs K_K,). (75)
Iy, by (1 KK ).
(76)
we can determine the population of groups 1, 2 and 3.
v, (NN - KGNy, = I,y -
Ui,
= (KN + KNy + K - AR (KN K N, = K° (77)
2K,
(we choose the solution with minus before the square root,
because the one with plus gives a density of molecules in
group 1 larger than the total density of CO2 molecules)
N, .- KN, + KN,
2 Ve Ry (78)
Ny o= (kg = B - WD NYR, — (K 8 Wafa)No/RK, -
v(RyNy - RNy, K (79)
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and the number of 002 and N2 molecules in the ground state
using ecuations (52) and (53)

Thus the solution of the system of equations which charac-
terize a 002
the population inversion and the population of the laser levels.

laser with wave gulde allow the determination of

The small signal gain at the center of a lin2 127 the P
branch s calzulated from these populations (witn g, -,
and Wi =Wy, =0, :n 247
Py = K e, J)d Y {“'“' expi —dJS -- 1) Uf -vxp{ S 1) O’P‘,
9y LN B, L T, L o
where K. 1:,:;::2 SRS
(21)
where I = 4,01 107D is the matrix element orf =-he iip:ls
moment or vibrational transitions, B, = 039018 cm™!, I, = 038714 cm™Y,
ve = 2350881 - 10'9H is the central frejguency of tbe bani, M)
= 1 40,0009 — 0,00006/* is the coefficient of interaction
vibration rotation, v, = 2,330622 . 10", is the frequency
of line P(20), and iar 8 = jheB/k is the rotational tempera~

ture [26] - [23]. 1Introducing these constants in (80) and (81)
for line P(20) of transition 00°1 - (10°0, O2°0)I we obtain

14 3,622 - 10-s
z ((‘ " )-_- ‘_"'7—,‘- LV fsexp(=211,7/T)- 1,0078N, fexp( —235,8/T) (82)
In the exact calculatlion of the small signal gain one
has to take into account the losses 1in the wave gulde. The
losses 1n the propagation mode EHll in the c¢ylindric dual

wave gulde 1s given by [22]

oy = ( f:u_)'-' ;_. Re{va), (53)
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where "y = 2,105 is the first root of equatiocn J,(um) =0.

3 = 10,39 um is the wavelength of the radiation propagating
tarough the wavegulde and VRN PLINES RY/L /AR , Where ¥V
I3 the compiex index of the wall material (v = 1,910 + 0,077

for Pyrex glass [30]), thus Le(v,)=1,126 . Under these con-

diZions a,(dB/m) = 0,105/¢*(mm?)
4, Resulzs

Populations of the laser levels, small signal gain and
saturation intensity were calculated for various regimes of the
CO2 laser with wave guide. Most of the calculations were done
for the mixture ¢Q,:N,:He=1:1:3, characteristic for
lasers with gas circulation [31], but other mixtures were tested.

: and

Figure 12 shows the variation of the population 'NLLNA
as a function of the discharge current for three diffsrent
pressures, for a 1 mm diameter waveguide. For 100 and 150
torr pressure, the population inversion is maintained over
the whole range, for 30 torr the population inversion occurs
only for currents smaller than 5 mA.

The pressure dependence of N2/Nl for various discharge
currents 1is shown in figure 13.

For a 1 mm capillary and CO,:N,:He =1:1:3, the
maximum of the N2/N1 ratio occurs in the pressure range 100
to 150 torr.

To verify our model the small signal gain was calculated
for the experimental conditions used by Abrams and Bridges [32],
this comparison is presented in figure 1l4. The agreement is
very good as far as the absolute value of the gain 1s concerned,
the experimental curves are shifted toward higher pressures
though, This shift can be explained by the use of berillia
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capillaries in [32] for which the cooling is more efficient
and by relaxation rates at the wall different than those used
in ealculation (for Pyrex glass).

Figures 15 and 16 present the small signal gain as a func-
tion of vressure (gas mixture as parameter) and the radius of
the wave gulde respectively. In figure 15 the gain was calculat-
ed for mixtures in which the fraction of He is modified.

If for the 1:1:0 mixture the gain decreases monotonously and
rapidly with pressure, the mixtures containing He show 2 maxi-
mu. The agreement between experimental measurements of the
gain for a laser with a = 1 mm, I = 2mA and (0.: N,:
He=1:1:3 (17] and our calculations is very good:ﬂ\From
fizure 16 in which the dashed lines represent the calculated
galn when neglecting losses in the waveguide, and the continu-
ous one which takes lcsses into account, we concluded that

the optimum diameter for the capillaries is 1in the range 1-1.5
mm and that losses are important only for diameters smaller
than 1.5 mm.

Aside from calculating populations and gain the proposed
model can be used to calculate the saturation intensity (satur-
ation parameter). Assuming that in waveguide lasers the line
widens homogeneously with pressure, the saturation intenslty
1s determined as the value of intensity for which the small
signal gain decreases to half.

Figure 17 shows the pressure dependence of the saturation
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3 intensity for varlous discharge currents. Saturation intensity
' increases with pressure- which 1s also shown by simpler models. :
The large values of parameter Is for wavegulide lasers can be ;
explained by the large pressures used in these lasuvrs, and be- ;

cause the process of diffusion and relaxation at the wall is i
more efficlent than for conventional lasers (low pressures).




The dependence of the current on saturation intensity for a
waveguide 2 mm in dlameter is shown in Figure 18. Agreement
] with the simpler models, which lead to linear increases in the
parameters of saturation with current, is llkewlse good.




20900—~-~ — r—— s T

L

.00, N, Hes=?.1.2
,:.’g{fgg; : az- Imin 4
5000c  1.71.2mA
000~ p-5mh 3
2000~ 3-8mA
4-11mA .
1000= =
3oco— =
6000 :
4000+ E
7300+ =
10906 _ bidads s che i o
Figure 17. Pressure dependence of the o0 g 20 0 Lo snsn 80100 00 308
saturation intensity, discharge current pltare?

as a parameter.

LR

< T T ™
& COp-NyHew1:1:3
S0t .

§ E a«Imm

s Figure 18. Discharge current
dependence of the saturation

a0 - - 200 forr intensity for a 2 mm tube.

=320 barr

5. Conclusions

A four level system is used to model the physical processes
and equations characterizing the 002 lasers with waveguide. The
system of equation 1s solved by computer. It allows to deter-
mine the dependence of important parameters such as: kinetiec
temperature, populatlion of laser levels, small signal gain,
saturation intensity,as a function of: discharge current, total
pressure, gas mixture etc. The agreement between calculations
and experiment 1is satisfactory.

These calculations can be used to optimize the functioning
of CO2 lasers with waveguide according to their use (small size,
efficient cooling, high oscillation band).\{Though the model
is applied to wavegulde lasers it can be extended to other types

of 002 lasers.
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