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Rdsumd. Les performances d'un la~er subsonique h iode-oxygbne chimique h petite dchelle ont

dtd amdliordes, la puissance laser dtant augmentde de 5 W h 34 W avec le mEme ensemble de

pompage. Nous avons montrd que, dans ce domaine de puissance, la mod61i~ation du laser doit

inclure )es effets de tempdrature sur )es cindtiques des rdactions. Notre modkle montre dgalement

que l'adjonction d'un gaz tampon tel que SF~ conduit h un refroidissement important du milieu

actif. permettant alors une meilleure extraction de la puissance laser.

Abstract. The performances of a small scale subsonic chemical oxygen-iodine laser have been

improved, the output laser power being increased from 5 to 34 W, with the same gas pumping

system. At this power range, we have shown that the modeling of the laser must include the

temperature effects on the reaction kinetics. Our model shows also that the addition of a buffer gas

such as SF~ achieves a significant cooling ol'the active medium, which in turn allows a better laser

power extraction.

1. Introduction.

Since the first demonstration of the Chemical Oxygen-Iodine Laser (C.O.I.L.) ii, a number of

fondamental studies concerning the characteristics of the laser have been published [2-24],

Extremely high C,W. powers have been obtained in the near infrared region ii.315 ~m),

35 kW with a supersonic jet [21al and more than 600 W in the visible by second harmonic

generation [21cl. The unique high power and high brightness Of the C-O-I-L- make this laser

very attractive for laser-matter interactions. Extremely high efficiency in a subsonic flow was

obtained allowing the development of a kW C.W. C.O. I-L- for industrial uses [19, 20a, 216,

22a, 22b, 24d], and even greater power is iorecast with a supersonic C-O-I-L- [24a]. In the

above-mentioned C-O-I-L- studies, different models were used to predict the order of

magnitude of the output power that should be obtainable with a given set-up. For different

reasons, various interactions such as wall deactivations, hyperfine structure [25] or temperature
effects were often neglected or else treated only approximately.
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Previous studies with a small-scale C-O-I-L- allowed us to establish several aspects of the

mechanisms involved in the C-O-I-L- [17] and showed that our modeling of the laser gives
predictions in good agreement with experimental results for powers- of a few watts.

in this paper we describe several important improvements which have been made,

particularly in the cooling of the medium. These techniques have enabled us to increase to

C-O-I-L- power from 5 W [17] to 34 W, with the same gas pumping system.

2. Experiment.

The principle of the operation of the laser can be found in the previous references [I -17]. Our

laser is of the Bachar-Rosenwaks type [4]. We will describe only the various modifications

(Fig. I) made on our previous set-up [17].
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Fig. I.- Schematics of the experimental set-up @
: general view. S-O-G- Singlet Oxygen

Generator of bubbling type, made of P. v-C- material, loaded with liter of HjO~ (86 % j and liter of

KOH (50 % ). 1, 2 : exhaust~ of the S-O-G- ii opened and 2 closed during the mixing and cooling of the

reactant~ with a NJ flow instead of the Cl~ flow. 2 opened and closed during la~er operation). In fact the

exhaust 2 is
made of 3 glass tubes 5 cm I-d- as shown in the next view. The water trap is made of

strainless steel covered with halocarbon wax.
@

: laser cavity, top-view. The active length along the

laser axi~ is 50 cm. Mirror~ specifications : diameter 5 cm ; radiu~ of curvature 2 m total absorption
coefficient

a = aj + aj 0.0025 total transmission coefficient t
=

ii +11
=

0.0050. The two mirrors

are separated by 1.5 m and each of them is protected by a weak Ar flux (not ~hown in the figure). ©
laser cavity, cro~;-section. a iodine injector, b SF6 injectors. Xi, Xi active medium limits, as defined

by the two mirrors. From the iodine injector position, we have Xj 5.3 cm and X~ 7.5 cm. The height

of the O~ flow is narrowed to 6 mm ju~t before the iodine injector. In the laser cavity. the height H is

25 mm.
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. Following the Watanabe's study [6, 7, 11] which has shown that high flow speeds are

incompatible with efficient energy extraction, we have modified the geometry of the laser

section. The length of the active medium along the laser cavity axis has been increased from

15 cm to 50 cm and the height I/ of the gas flow from 15 to 25 mm in order to slow the flow

speed from 30 m/s to about 8 m/s.

. The iodine was heated before injection to increase the iodine vapor pressure.

. A new chemical Singlet Oxygen Generator (SOG) was built. The main improvement was

the shortening of the different ducts between the SOG and the cavity, and the use of PVC

material to decrease the singlet oxygen O~('A~ ) (abbreviated as Of) losses in transport. So the

Of concentration increased and was of the order of 50 9l at the entrance of the laser cavity.

. Several experiments showed that iodine atoms or molecules were quickly adsorbed on the

walls along the stream, and even migrated against the gas flow Of was deactivated on the

walls saturated with iodine. Two alterations were made. First the cavity was strongly narrowed

before the iodine injection (from 20-25 mm to 6 mm) to avoid the iodine reflux. Secondly, a

flow of a heavy and inert gas (SF6) was introduced (Fig. mainly to decrease the reactive gas
temperature. In the absence of SF6 and with 2.8 x10~~ mole/s of Cl~ and 0.8-0.9Torr

pressure, we obtained a maximum laser power of 18 W. This power increases to 30 W when

SF6 is added. The Of concentration was measured as before [17].

In all the experiments, the laser beam has been found to be uniform in power density in any
cross-section. Such uniformity can be obtained only if a very high number of transverse modes

are present in the laser resonator. This, in turn, requires that the resonator has a large Fresnel

number N a~/fA, where a is the output diameter, f the mirror separation and the laser

wavelength. In our case, N is approximately 40. This is a rather large value and many

tran~verse modes can take in the cavity. A crude estimate of the number of the~e modes can be

made from mode volume considerations [26]. If we designate by I/~jo the active volume of the

fundamental mode TEMOO in the cavity and by l'~~~ the active volume of the highest possible
transverse mode TEM~~, the approximate relationship holds :

Vmn/l'iio
=

[12 ni + 1)(2 fi + )]"~

With a fundamental mode volume V~~j of about Af~/2 and considering that the highest mode

occupies nearly the entire active volume, the ratio V~/l~ojj is of the order of 200. This shows

that actually a very high number of transverse modes are present in the C-O-I-L- cavity.

However, these modes are unlikely to be well defined in practice. Very small changes in the

mirror alignment result in exchange of modes of different symmetries [26]. This has been

observed experimentally, where, for the same laser power and running conditions, the overall

laser beam profile can be completely different from run to run. This last observation confirms

the high number of modes in the C-O-I-L-

A direct consequence of this mode multiplicity is that the eigenfrequencies of the resonator

form almost a continuum, so that the laser oscillation takes place over the whole gain profile of

the medium, without any narrowing due to a resonator selectivity. We have checked that the

laser oscillates only on the F *
=

3
-

F
=

4 hyperfine transition of the highest gain, with a

total linewidth Au of 200 MHz, lower than the full width at half maximum of the Doppler
broadening (?50-300 MHz). Then only a part of the e~cited iodine atoms do participate to the

gain. So in our model only the Doppler population within the + / 100 MHz interval around

the maximum are taken into account in every step of the calculations. We have admitted that

the various collisions which rearrange the translational velocities are sufficiently fast to

maintain a Doppler distribution everywhere in the cavity.
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3. Modeling of the laser.

In a first step, we have used a model similar to the one developed previously in the case of laser

powers of a few watts [17]. After a brief description of the main features of this model, we will

show that the calculated predictions systematically overestimate the laser power, so that this

simple model becomes inadequate. In a second step, the model has been improved by the

introduction of temperature effects which leads to a good agreement between expected and

observed laser powers.

3. FIRST MODEL. The basic assumption of the model is that the stimulated emission rate W

is taken as constant throughout the active medium. This hypothesis results from the observed

properties of the laser beam. First, this beam is uniform in power in any cross-section. It must

be the same inside the resonator, I-e-. the electromagnetic power density must be constant

everywhere in the active medium. Secondly, since the observed laser linewidth is 200 MHz,

the gain laser medium appears to be inhomogeneous and all the active 200 MHz width gain
profile participates in the laser oscillation. These two properties lead us to take a constant

stimulation rate W for the F *
=

3 iodine level. Since the gain is equal to losses in every round

trip in the laser cavity, W can be taken as

A~~C~P 2_a_t
~

8 arhv~AvI/(X, -X~) t
~~~

where c is the speed of light, h Planck's constant, v =

2.2794 x10'~ Hz [25, 27] the

frequency of the laser transition, with Au
=

200 MHz and A~~
=

5.I s~ ' [27] the related

Einstein coefficient. I/ and (X~ Xi are the active dimensions of the laser cavity cross-section

(see Fig. ; a and t are respectively the absorption and transmission coefficients of the two

mirrors, and P is the laser output power.

The model describes the kinetics in two distinct regions :

. the flame of length Xi from the I~ injector to the beginning of the laser cavity, where the

dissociation of Ii occurs ;

. the laser cavity, where the molecular iodine concentration is very low.

In the first region, the change in the concentrations [M~ of the gas constituents is calculated

from the rate equations :

where [M, ] stands for the concentration of a given species [Of, I... at a distance X from the

point of iodine injection, with the rate constants K, reported in table I (I w K, w 28) and

dt
=

dX/V, where V is the gas flow velocity. As the flow speed is rather low, we have admitted

that the length for homogeneous mixing of the I~ flow with the gases, is negligible with respect

to Xi. In the second region, of length X~ Xi, we add to the rate equations (2) the constant

stimulated emission rate W (relation II )] for the F *
=

3 level and the hyperfine relaxation rates

(Tab.1, 29wK, w33). Since the lasing transition is between the hyperfine sublevels

F *
=

3 (~Pij~ ) and F 4 (~P~j~ ), having the respective degeneracies of 7 and 9, a positive gain

exists only if

[2Pjj~ IF *
=

3 [~Pj~ (F *
=

4 )

7
*

9
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Table I. -Rate equations considet.ed in the model, w'ith the abhiei~iated notations.-

02
"

O~/2j j, O?
=

O~('A~), Of *
=

O~('2/ ),
=

1("Pj~), I*
=

I(Pjj~), Ijp~ or Ij$~
=

hypeifine siihle»e/ F of I oi I *, I~sj =
(I~j + Ij~~ + I~~~), and I(

=

high »ihiationa/ levels of

I~ ground state. The rate constants K, at-e in units of cm~" molecule ~~'~s~~ w,ith

n = or 2 according to the older of the reaction. AE is the e,roeigicity of the reaction.

Reactions Rate constants Ref. AE

O* + ~ O + I* Kj
=

7.8xlo"' 28~ 279

O +1* ~ O* + J Kz =
2.7xlo" ' 28 -279

O* + I* -+ O** + I K~ =
8.2x lo''~ 29 2364

O** + ~ O + 21 K~ =

4.0xlo"'~ 30~ 681

O* + I -+ O + I~ K~ =
7.0x10'~~ 31 o

O*
+1'

~ O + 21 K~ =

3.0xlo'~° 31~ 3045

K~ =

3,ox10'~' 31~ 2 3045

Jm+1 ~ I~ + I K~ =
3.6x10" ' 32 0

1'+O
~I +O K~=5.0xlo"' 31~2 7603

Kg =

5.0x10"~ 31~ 7603

1'+ Ar ~ I + Ar K~ =4,ox10'~~ 31~ l 7603

Kg =1.0x10'~~ 31~ 2 7603

O** +Iz ~ O +I( K,~ =l.64x10'~ 3jC 3518

O**~+ HzO ~ O + HzO Kj~ =6.71x10'~~ 33 13121

O* + HzO ~ O + Ii~O K,~
=

4.0x10'~ 34 7882

1'+ HzO ~ I + HzO K~~ =

3.0x10"° 31 7603

1*+ HzO ~ I + Ii~O K,~
=

l.7xl o~~ 35 7603

1*+ C~ ~ IO + Cl K,~ =
0.25xlo~~~ 36f 603

1*+ Clz ~ I + Oz K~~ =

0.55x10"~ 37~ 4953

Iz+ Clz ~ 2 IO K~~ =
I -ox lo''~ 37 2260

1*+1 Cl ~ I + ICI K
~g =

0.75x lo" ' ' 37~ 7603

1*+1 Cl ~ I + Cl Kj~
=

o.75x10'~ ' 37~ 2693

IO + Cl ~l+ Ciz KzJ= 8.oxlo'~ 38 2650



2018 JOURNAL DE PHYSIQUE III N° 10

Rcac6ons Ratccomtauts Rcf, AE

O + Iz ~ ICI + I Kzj =
2.ox I o'~° 32 4910

1*+ Cl~ I+ Cl Kzz=1.sxlo"~ 32 7603

Oz* + O*~~ O~**+ O~ Kz~ =

2.7x10"'~ 29 2643

Oz* + wafl~ Oz+ wall K~
=

10 5" f 0

O~** + wafl~ Oz+ wall Kz~ =
20 s" 39 0

1* + wall~ I + wall Kz~ =
I.o I' 39 o

2 1* + wall ~ I + wall Kz~ =
1.0 s"~ 39 0

1* ~ I + hv K~g =
8.0 s" 27 o

I + I~z~* ~ I~* + I Kz~ =
I -ox10'~ 4141 o

I~z~* + Oz ~ I~~~* + O K~~ =
1.9x lo''° 42 o

I~~~* + Ar ~ I~~~* + Ar K~j =
1.4x IT'° 42 0

I~~~
+ Ar ~

I~~~
+ Ar K~z =

2. lx10''° 42 0

Ij~~ + O~ ~
I~~~

+ O~ K~~ =
2.8x10" ° 42 0

al Calculated with K_ 2.9 at 295 K j= Kj/K~) and K, 2.7
x

10~ measured in reference (28].

b) is model I. and 2 is model 2 defined in reference [3 ii-

c) From reference [33], Kjjj + K~ 2.04 x 10~ ' ' From the determination~ in reference [30], we have

used K4 0? (Kin + K~) and we have admitted that for Kjji all I~ is going to I(.

dj We select Kib 0.55 x10~'~ from reference [36] 1'
+

Cl~
-

ICI + Cl * and we admit that it

stands for the whole reaction 1.~ +Cli- ICI +Cl.~ (or Cl). Then, from reference [36], we infer

K~~ 0.25 x 10~ '~ (= 0.8
x 10~ '~ 0.55 x 10~ '~ ).

e) With the assumption that Kj~ Kj~~, using Kix + Kju 1.5 x In~ determined in reference [37].

t] From this work, before the iodine injection.

With this threshold condition the model calculates the laser power iteratively, with P as the

only parameter. Starting with an approximate entrance P value (for instance the experimental
value), the model calculates the con~umption of O~('A~) and the resulting laser power

P~. The iteration process is stopped when the calculated power P,, is equal to the entrance

power P,,_
j.

These calculations are performed with a sampling ratio X/dX of the order of

25 000, which gives a sufficient numerical stability of the results.

A careful examination of the Of signal at the cavity walls brings to our attention the

importance of the deactivation process after ii injection. At the beginning, with clean walls,

K~4
the deactivation constant (Of + wall

~ O~ + wall) was found to be close to 10 s~ ' But after

l~ injection and running oi the laser, we observed an important increase of K~4 l~ 50 s~ ' that

was independent of the nature of the walls (pyrex, teflon, plexiglass, ). But if we stop the I~

injection and continue to run the 50 fl O( flow in the cavity, we can observe a decrease in

K~~. After 10-?0 min, K~~ was divided by 2, depending on the nature of the walls and the

previous running time of the laser. It was evident that I~ sticks to the walls when injected in the
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flow and forms a thin layer of I~ (or I) at the surface of the walls. This layer gives the high value

of K~~. With our new cavity, we have verified thath the concentration in O? was not

significantly changed upward the I~ injection, but the wall losses downward were not easy to

determine, because of the concentration variations with the reactions. With an SF~ flow, in the

running conditions of the laser, K24 was around 20 s~ ' and slightly higher without SF~ (see
Sect. 4).

Table II shows the comparison between the predictions of the model and the experimental
results obtained in two different conditions, namely with or without the addition of a buffer ga~

(SF~) along the cavity walls. It is clear that the SF~ buffer gas increases significantly the laser

power, but in lesser extent than our model predicts. In both cases, the predictions overestimate

the actual laser power. This means that for laser powers in the range of a few tens of watts, new

effects such as temperature changes, which have been neglected at lower laser powers, need to

be included in our model.

Table II. Coniparisoii nf the e.ipeiiniental laser pow>eis w,ith the predictinn.v of the Jiist

model, w.ith and w'ithout additiofi of the buffer gas SF~. The i>allies taken for the w'all

deactii'atiofi i-ate cotistaiit.v Kj~ tn K~~ arid for the w.atei i>apnr c.nnceiitiatiofi are optiniised, as

e.vplaitied flit.then (Tab. III).

Flow Flow PIcssurc Umr Lum
~Rm C~Ra~ Power Powcr

(owk/s) (mws) trm) cxp.(walls) d~cor.(warn)

wid~ouisf~ 6.05 10-6 2.8 10'~ 0.76 18 27

wid~ SF~ 6.05 10.6 2.8 10.~ 0.86 30 36

3? SECOND MODEL INCLUDING TEMPERATURE EFFECTS. A temperature rise has to be

expected during the course of the reactions since the collisional process of the population

inversion is exothermic [O~('J~) deactivation liberates 7 882 cm~ ' and I(~P~,~)- I("Pj~)

requires only 7603 cm~'] and various deactivation pi'ocesses occur (see Tab. I). In our

previous work, where the gas speed was relatively high (30 m/s), we have shown that the

energy extraction for the laser effect is not complete, giving a low laser power (w 5 W ) so the

correlated thermal effect i~ negligible as confirmed by our model. At lower speed, the laser

power reaches a 25-30 W level and temperature effects have to be considered.

We will show that a temperature increase of loo K can explain why our model overestimates

the output power. The calculation of the temperature effect is performed at each step

dX in the gas flow. First, at the temperature T obtained in the preceding step we calculate the

energetic balance of the different endo and exothermic reactions (Tab. I) corresponding to the

variations d [M, of the gas constituents given by the rate equations (2). Knowing the specific

heat of the gases in the flow and their concentrations [M,], the temperature variation

AT can be calculated, assuming that this temperature is homogeneous in each cross-~ection of

the gas flow. Thus we have

AT
=

C j 3, AE, d [M,
,

where C~ is the specific heat capacity of the system and AE, given in table I. To simplify
calculations, C~ is assumed constant and from standard thermodynamical data, we have

C
~ =

(7/2 R [O~ + (8. 3/2 R [H~O + (23.4/2 ) R [SF~
,
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where R is the gas constant and [O~], [H~O] and [SF~] are the concentrations of the main

species in the gas mixture. Then, the temperature for the next dX sample will be taken as

T + AT.

This procedure originates at the position of the iodine injection, where the temperature is

assumed to be room temperature. The temperature changes throughout the flow, in the flame

and in the laser cavity, and the variations of the rate constants with this temperature change

have also to be considered. Among all the reactions given in the table I, the most important

with respect to the laser effect are those leading to the population inversion in the iodine atoms,

namely

Ki
02(~ligj + 1(~P312) ~

02(~~g ) +1(~Pjj2) (3)

K,

O~(~2j +1(~Pjj~) / O~(~A~ + I(~P~j~ ). (4)

The reaction (3) having a small positive energy balance of 279cm~' is exothermic and

Kj is almo~t insen~itive to a temperature variation. In contrast, the inverse reaction (4)

requiring a collisional energy transfer from the medium is greatly enhanced by an increase of

temperature, so that the rate constant K~ is significantly temperature dependent. The ratio

K~
=

Kj/K~ can be expressed as a function of the temperature T, provided that the equilibrium

between the reactions (3) and (4) is reached. From standard thermodynamical calculations, the

equilibrium constant K~, defined by :

Kj io~i~3j ii iii~Pjj~ii
~~

~ T ~ io~i'Ag)i ii i2Pvj)1

can be written as :

gio~i~zj)igiIi2Pj,1)1 §
~~~

~

g ioj i '
Ag g II i~Pv~ )1

~

where g[O~(~3j ii, g [O~(~A~)], g ii (~Pj~)], and g ii (~Pj~ )] are the degeneracies of the given

states (equal to 3, 2, 2 ind 4 respectivelyj; AE is the exoergicity energy difference

(279 cm~ and I the Boltzmann constant. K~ is given by the functional form

Kj
K~

= =

0.75 exp (402/T). (6)

Several works have been devoted to the study of this temperature effect [30, 35, 43, 44].

From their results, we have adopted the value Kj
=

7.8x10~"cm~~s~', and from

equation (6) we have :

K~
=

1.04 x 10~ '~~ exp(- 402/T).

A complete treatment of the temperature effect would include all the reactions summarized

in the table I. Unfortunately very few of them have been studied.

Experimental data are available only for the three reactions

I* + I~ -
I( + I (K~)

O~(~A~)+O~(~A~)-O~(~2/)+O~(~2j) (K~~)

O~I'A~)+I*-O~('2/)+1. (K~)
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The first reaction of the atomic iodine depopulation by Ii can be described by an empirical
equation [43. 46], of Arrhenius type

x3s

K71T)
=

3.89 x 10~ ~'
e

~

slightly different from that proposed by Kartasaev [47j.
The second reaction of energy pooling between two O~(~~~) molecules giving the highly

excited state O~(' II ) has been studied for different temperature ranges (259 to 800 K) [35,

48] and we fitted the whole results with an empirical law

71X)

K~~ IT
=

7.0 x 10~ ~~ T~ ~
e

~

The third reaction is very similar to the second one, being also an energy pooling mechanism

giving the O~ ~/ ~tate from the metastable state O~ J~ ). This is reflected by its rate constant

K~ which has been found to follow the same temperature law than K~~ except for a scaling
factor [35]

K~(T)
~

=

(5.5 ±1-o x lo
K~~ IT)

To complete the description of the role played by the highly excited state O~('3/ it is

necessary to include the temperature effect on the iodine dissociation by O~(' II )(K~ and the

deactivation of O~('~/) by I~(Kjo). Since the temperature law for these constants are

unknown, we have assumed an empirical law of Arrhenius type

K(T)
=

A exp (AE/kT),

where AE is the exoergicity and the constant A being calculated from the known K value at the

room temperature. In this way we have taken

K~
=

1.44 x
10~~~ exp(980/T)

Kin
=

3.4 x 10~ ~~ exp(7 940/T).

The other rate constants of table I have been fixed at their room temperature values. Since the

corresponding reactions are of relatively minor importance in the laser power, this approxi-
mation does not affect significantly the accuracy of our model. As will be shown below, this

reduced set of temperature-dependent K,(T) rate constants gives us predictions in good

agreement with the experimental data.

4. Results and discussion.

Apart from the temperature effects, the predictions of the model depend on the values taken for

several parameters, mainly the wall deactivation, the water vapor concentration (about fl)

and the O~(~A~) concentration (about 50 il with 8- lo fl accuracy). In order to have an idea of

the error introduced by the uncertainty of these parameters we have calculated in tables III, IV

and V the evolution of the theoretical laser power i,ersus wall deactivations rates, water vapor

concentration and O~(~~~ concentration, respectively. Table III shows that the best choice for

the wall deactivation effect is the set 20, 40, 2 and ? s~ ' for the K~~ to K~~ rate constants, with

the SF6 flow, when the water vapor concentration is taken to be fl. This table shows also that

the laser power is rather sensitive to the choice of these parameters. Table IV related to the
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Table III. Predicted laser power as a fiitictioti of w,all deacti>.atioti i-ate cofistants, for tw>o

ea.periniental cofiditions. IA) O~('A~) coficentiatioti 48 fl, w.ater i,apor concenn.ation I fl,

SF~ flow, i-ate 2 x 10~ mole s~ ', obseii,ed laser power 33.7 W. (B) O~(~A~ 46.9 §b,

H~O %, SF~ 2 x
10~~ mole s~ ~, obseri'ed laser pow>ei 30.0 W. The best fit is clearly the

set 20, 40, 2 arid 2s~' for the K~~ to K~~ cotistafits. Since only the fii'st constant

Kj~ has been measw.ed to be around 20 s~ ', the three others hai'e beefi estimated fi.om the

gii'eti i,a/ues of table I on a proportionality' hypothesis. The same studies made in the case of
the absence of the SF~ flow>, lead to the i'a/ues of 25, 50, 2.5 and 2.5 s~' for the

K~~ to K~~ constafits.

Kz~ Kz~ Kz~ Kz~ Exp. (A) Exp. (B)

Pm&cwdPowcr Pm&ctedPow«

s" (warts) (wattsl

lo 20 43.3 41.0

20 40 2 2 35.4 32.2

30 60 3 3 28.7 25.0

Obscrvcd Power(watts) 33.7 30.

Table IV. -Predicted laser pow.er as a
time.tion of w.ater i'apoi' coticentiation. The

e,vperiniefita/ c.onditiotis IA) and (B) are the same as
those qfioted in table II, Kj~ to

K~~ bein~g 20, 40, 2 and 2s~' ie.vpec.tii'e/_i~. From e.vperimefita/ measurements, the

HIO relative (.onceiitiatinn I-v about 9l. Thi.v st~tdj' alsn show~s that
an increase ofa factor 2 in

H~O c.fincentiatiofi dec.lea.ve.v the la.vet pow'ei hv ofil>' 10 %.

Wat« Vapor Expedment (A) Exwfimcnt ~li)

concenDadon (%) Predicted Power (watts) Predic~ Power (watw)

o.5 37.1 34.1

1-o 35.4 32,2

1,5 34.4 31.1

2.o 32.9 30.5

Obscrved Powcr (watts) 33.7 30.o
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Table V. -Predicted laser p(Jw'ei as a time.tier of O~('A~) c.oncefitiation. E.ipeiinienta/
cnnditions at-e the saute as iii tables III and IV, H~O c.oficentiatiofi hein~g %. The optimiini

i,antes of'O~('A~ c.oficefitiatiofi al-e 48 % fbi A and 46 % for B, quite close to the nieasw.ed

ia/iies of 48.2 and 46.3 ie,vpectii,e/y. Thi.v study highli,ghts the ciiti(.a/ role of'the
O~('~~) cone.entiation an inciea.ve fi.om 45 tn 52 % ific.leases the laser pnw'ei fi.om 30 to

40 W.

O~('A~) Ex~dnmnt(A) Expc&wnt~li)
conccnmdon(%) PnwctedPcwm(watts) Pm&ctcdPcwtr(watwj

45 31,1 30.6

46 32.5 32.2

47 34.0 33.8

48 35.4 35.3

50 38.4 38.6

52 41.3 40.2

Obscrvcd Power (wads) 33.7 30.0

water vapor concentration confirms that our measured value of % is realistic, but the

decrea~e oi the laser power for an increa~e from 0.5 to ?.0 % in water concentration is not very

important. Table V shows the predicted la~er power i>ei.iii.v Oil ~A~) concentration. The good

agreement between observed and calculated laser power at our measured Oj('A~) concen-

tration, confirms that both our measurement of Oj('~~l is accurate [17] and our model gives

realistic laser output power. This last study also show~ that the la~er power depends critically

upon the O~(~A~ concentration [Oj('A~ if [O~I'A~ + O~( ' VI + O~(~ ~j ii : an increase

from 48 to 52 % of O~('~~j raises the laser power from 35 to 41 W.

Given suitable deactivation rates and water vapor concentration, the model gives the

predicted laser power for given initial conditions. Table VI ~ummarizes some experimental
results together with the predictions of the model. In most of the experiments the temperature

rise is around loo K. It ha~ to be noted that this temperature is close to the rotational

temperature of I~ in the tlame region (from 0 to Xi in Fig. I), which has been measured

elsewhere [49, 50]. Table VI shows clearly that the addition of the SF6 buffer gas significantly
increases both the output laser power and the chemical yield. The chemical yield is defined as

the ratio of the measured laser power over the chemical power contained in the O~ flow due to

the 7 881 cm~ available energy of the Oj('~~j molecule. This improvement is due in part to

the reduction of deactivation on the walls, but the main effect is the reduction of the

temperature of the active medium which allows a better extraction of the laser power.
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Table VI. -Summary' of some e.tperimenta/ results, together w'ith predictions fi.om the

model. The w~all losses (K~~ to K~~ i-ate constants of Tab. I) are 25, 50, 2.5 arid

2.5 s~ ' w>ithout SF~ and 20, 40, 2 and 2 s~ ' w>ith SF~. The H~O concefitiation is I %. The

chemical »ield I-v defined as the ratio of the measured laser pow>er oi'ei the chemical pow,er

contained in the O~ flow> due to the 7 881cm~ ai'ailahle efiergy of the O~(~A~j molecule.

These results show' clearly that, w'ithout SF~, low' laser pow~eis are correlated to high gas

temperature, w'hile the addition of SF~ ~gii,es high laser pow'eis and low~ tempei~ature ificieases,

illustrating the cooling j/fiect of the b~tjfiei gas. For each run with SF~, the SF~ flow i-ate has

been optimised for the maaim~tm laser pow.er. This gii,es almost the same raffle of

2 x
10~~ mole s~ for the SF~ flow' i-ate in all the e.tperiments.

~ Cl~ MmmW Pmsswc SF~ hddd MmwW OMhW AT Oedw

Oi(lAgi F1owSpeW Pow« Pow« Ykki

0mnua6m

iv mowsi (m mol~si (%) mom) (m molds) (nvsi (wm) (wawsi (Ki (%1

7.60 2.35 44 0.70 o-o 7.9 15.0 15.0 330 6.7

6.05 2.20 47 0.71 2.0 B-a 27.0 27.6 74 12.8

6.05 2.80 46 0.76 o-o 8.6 la-o 17.8 363 6.8

6.05 2.80 46 0.86 2.0 8.3 30.0_ 32.2 93 11.4

8.56 2.08 47 0.61 0.0 8.0 17.0 16.8 330 8.7

8.56 2.08 47 0.69 1.9 8.6 25.6 27.7 76 13,1

8.56 2.70 48 0.91 2.0 7.7 33.7 35.4 103 13.2

In fact, our model shows that ail the available energy is extracted in the flow before the end

of the laser cavity. This confirms the predictions derived in our previous work [17], in which

the flow speed was too high to allow a complete power extraction. In our present design, this

flow speed has been reduced, so that the hyperfine and translational relaxation rate~, which

statistically populate the upper laser level and deplete the lower one through collisions, are

sufficiently fast to compete with the desequilibrium in F*
=

3 and F =4 populations
produced by the stimulated emission process. As a consequence, all the excited iodine atoms

release their energy i'ia the F *
=

3
-

F
=

4 transition, with an extraction length lower than

(X~ Xi I. But finally, due to the mode symmetry, the laser oscillates on the whole cavity
length (X~ Xi ). Thus we can consider that the limit of the power extraction is governed by
the degeneracies of the fine structure levels I(~Pjj~j and I(~P~,~) with the corresponding

threshold [O~('A~) II [O~(~2j )] of 0.171 at room temperature.

One would expect that the chemical yield depends critically upon the ratio of active species

I~ and O~('J~ ). Our experimental determinations as well as the model show that this optimum

ratio and the corresponding chemical yield depend also on whether a buffer gas is added or not.

As can be seen in figure 2, the optimum molar ratio without the buffer gas is around 0.5 % for a

chemical yield of 7-8 %, and with a SF~ flow, the same quantities are around 0.8 % and 12-

3 %, respectively.
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%

o
o o-s i %

[(j/[Oil'A~)] molar ratio

Fig. 2.- Chemical yield as a function of the ratio of the I~ concentration over the O~('A~)
concentration. The chemical yield is defined as the ratio of the obtained laser power over the chemical

power contained in the oxygen flow. Dots correspond to experiments without SF6 and triangles
correspond to experiments with SF~ flow.

Since the model and the experimental results are in good agreement, it is possible in

principle to estimate the optimum conditions of the laser running for a given pumping system.
In fact, this could be rather difficult since the behaviour of the laser power depends of

numerous parameters sometimes not easy to determine quantitatively. The best running
conditions have to be determined iteratively in a given range of the initial parameter values.

5. Conclusion.

We have shown that our model, taking into account the temperature effects, properly
calculates the expected power of a C-O-I-L-, for given running conditions at power up to 30 W.

The most important result is that the adding of an inert buffer gas such as SF~ has considerably
increased the laser power. This increase is mainly due to a cooling of the active medium which

favours a better laser power extraction. From these results we can say that, at least for a

subsonic C-O- I-L- device, the presence of a buffer gas is necessary to achieve a good energy

extraction from the laser medium. This necessity becomes less obvious in the case of a

supersonic device in which a significant cooling of the medium is achieved by the isentropic
expansion of the gases.
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