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A new gain saturation model of chemical oxygen—iodine lasers (COILs) is deduced from the conservation equations

of the population number of upper and lower lasing levels. The present model is compared with both the Voigt

profile function model and its low-pressure limit model. The differences between the Voigt profile function model

or its low-pressure limit model and the model presented here are pointed out, such as the length of power
extraction, the optimal range of the threshold gain. These differences are useful for the optimization of COIL

adjustable parameters.

PACS: 42.55.Ks, 42.55. Lt, 47.40. Nm

The experimental, theoretical and numerical re-
searches of flowing chemical oxygen—iodine lasers
(COILs) have received extensive attention and have
been developed rapidly in the past two decades. The
spectral line broadening (SLB) model is a basic fac-
tor for both the prediction of the COIL performance
and the optimization of adjustable parameters. By
optimizing adjustable parameters, the output power
was raised from a few watts of multi-mode to several
thousand watts of near-diffraction limit during the
development of flowing HF chemical lasers.l'!] There
are also great differences among the chemical efficien-
cies of supersonic COIL experiments,/?l and the SLB
model here is an important factor in explaining the dif-
ferences. An appropriate SLB model can play a large
role in the optimization of COIL adjustable parame-
ters. Thus, it is important to examine and develop
different SLB models.

A well-known SLB model called the Voigt profile
function (VPF) model, or sometimes its low-pressure
limit model, "3 is usually utilized in the COIL.!*?]
The Voigt profile function is a convolution integral of
the product of the Lorentzian profile and the Gaussian
profile with respect to frequency. When gas pressure
is not high in the laser cavity, a low-pressure limit ex-
pression of the VPF model, i.e. the low-pressure limit
model, is also used.[*®! The correlation of both models
is shown in Fig. 1. These two SLB models imply that
all lasing particles can interact with a monochromatic
laser radiation field.

However, as pointed out by other authors, when in-
homogeneous broadening of low gas pressure is domi-
nant, this kind of VPF model becomes inadequate. %]
The gas pressure in the laser cavity of the COIL is gen-
erally several Torr and thus the spectral line shape is
inhomogeneously broadened. Only some of the laser
level particles can directly interact with the monochro-
matic radiative field, while the others, whose Doppler

shift is large, would not interact. However, the VPF
model is unable to distinguish these two groups of par-
ticles and is unable to predict correctly the inhomo-
geneous broadening effects. Another comprehensive
Lamb theory is applied to inhomogeneous broadening
effects in a steady-state laser oscillator wherein gas
properties do not vary with position, but the extension
to gas flow lasers wherein fluid properties are functions
of spatial coordinate is not straightforward.!6]
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Fig.1l. Lorentzian profile ¢ versus the broadening pa-
rameter for the VPF model and its low-pressure limit
model.[3-5]

A model can consider the inhomogeneous broad-
ening effect of the flowing gas chemical laser requiring
considerations of finite translational relaxation rates.
However, it is rather difficult to solve simultaneously
the Navier—Stokes (NS) equations governing macro-
scopic motion of the mixed gas and the conservation
equations of the population number of lasing particles
of per unit volume and per unit frequency interval,
i.e. the velocity distribution function. Fortunately,
in the operation condition of flowing COIL, both the
translational relaxation rate k7 and the characteristic
radiation rate k,, are larger than the characteristic flow
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rate u/L (u and L are the characteristic gas flow ve-
locity and the length of the cavity along flow direction,
respectively). Thus, two small parameters u/Lkr (the
ratio of the characteristic flow rate to the translational
relaxation rate) and u/Lk, (the ratio of the character-
istic flow rate to the characteristic radiation rate) are
introduced to seek a double-parameter perturbation
solution of the conservation equation of the velocity
distribution function of lasing particles. Herein a new
gain saturation model can be derived. This model can
predict correctly the interactions between monochro-
matic light and the upper laser level atoms. Thus the
spectral line shape is simultaneously Doppler broad-
ened and collisionally broadened. In addition, this
model is also applicable to the case in which lasing
frequency is either coincident or not coincident with
that of the centre of the line shape.

In order to illustrate the effects of inhomogeneous
broadening on the performance of COIL with a math-
ematical model, it is better to simplify some aspects
of the COIL, such as variations of flow parameters
and the chemical reaction system. As in Refs. [4] and
[5], the flow field in the laser cavity is assumed to be a
pre-mixed one-dimensional flow. The iodine molecules
have dissociated completely in the upstream of the
laser cavity so that the chemical kinetic processes are
greatly simplified to be

02(1A)—|—I<Z—f>02(32)—|—1*. (1)

The lasing radiation process can be expressed by
I+ hv — 1+ 2hv, (2)

where O2(3X) and O3('A) are the ground and ex-
cited levels of oxygen molecules, and I and I* are the
ground and excited states iodine atoms, respectively;
hv is the photon energy with v being the photon fre-
quency. The conservation equations of the velocity
distribution functions of upper and lower laser levels
arel?]

u% =rf1 — kpfo + k7 (f3 — f2)
h
B ZBW(ﬁ—Oéfl)fva (3)
7Iy
u% =—rfi+kyfo+kr(fi - f1)
h
+ 58 g afi)f (4)
7Iy

Here x is the coordinate along the flow direction; fs
and f; are the velocity distribution function of up-
per and lower lasing level particles; f9 and fY are
the Maxwellian velocity distribution functions of up-
per and lower laser level particles; r = kfna and
k, = k,nx are the pumping and quenching rates of
the upper lasing level, respectively; B is the Einstein

excited radiant coefficient; a is a constant related to
level degeneracy; f, is the distribution function of pho-
tons; n 4 and ny are the population number of O2(*A)
and O5(3Y), respectively; ¢ is the Lorentzian profile.
When the lasing flux direction is perpendicular to the
flow direction, ¢ can be expressed as

Avy /2w
v—1)2+ (Avy/2)?’

(p(lj, VO) = ( (5)
where v is the central frequency of the spectral line
profile, and Avy is the full width at half maximum of
homogeneous broadening line profile. Because r, kr,
kp, and the characteristic radiation rate hvBof are
all much larger than the characteristic flow rate u/L,
a double-parameter perturbation method is used.[®!
From the constant gain approximation,'3! we obtain

g =/ %(fz —afr)dv

B Bopl -1
= [ 2N+ 220w e

on ) 7j
2 fontl& D), (©

A nP4D) [ e "
P(&m 1) = T /mn2(1+1)+(£—t)2dt’

where Avp is the full width at half maximum of the
Doppler broadening line profile. n = AI/N/AI/D\/E
is the broadening parameter, which indicates the rel-
ative dominance of homogeneous and inhomogeneous
broadening effects. The frequency-shift parameter £ =
2(v—10)VIn2/ Avp, which expresses the relative devi-
ation of the light frequency with respect to the central
frequency of the line profile. t = 2(v' —19)vIn2/Avp
is the temporal integral variable, g, is equal to the
small signal gain when & = 0, 9 is the corrected line-
shape factor, and I is the dimensionless optical in-
tensity. If the light frequency is coincident with the
central frequency of the line profile vy, ie., £ = 0,
Eq. (6) can be simplified as

ny/m

= Kon _ - exp[(1 + I)n?] - erfc 14+1), (7
g AT p[(1 + I)n°] - erfe(n ) (7)
where
I=hvf, I=I/I,

K = (kan — ozkrng)/(kan =+ krng),
I, =2(kna + k.nx)hv/30,

[O2](= na + nyx) and n are the total number den-
sity of oxygen molecule and iodine atom, respectively.
o(= B/4r) is the stimulated radiative area, I and
Is are the optical intensity and the saturation opti-
cal intensity of the present model, respectively. K is
a variable introduced for convenience. By expanding
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the error function, Eq. (7) can be approximately sim-
plified as

g=Kon/(1+1), n>1, (8)
g=Konnym/V1+1, n<1. 9)

The gain-saturation relations (8) and (9) are in
agreement with the well-known theory in the gas
laser.® For the VPF model, the gain-saturation re-
lation is (¢ = 0) [

£ 2
g=Kon nﬁer cn exp(n’) . (10)
1+ I,ny/merfcnexp(n?)
The gain saturation relations corresponding to

Egs. (8) and (9) are, respectively,

g=Kon/(1+1,), n>1,
g = Konny/(1+nvxly),

(11)
when n <1,

(12)

where I, = I,/Ig, I, is the optical intensity of the
VPF model and I, is the dimensionless optical inten-
sity of the VPF model. I, is substituted by I, when
n < 1. The saturation Eq.(12) is called the low-
pressure limit model and is used when the gas pressure
is low.[*%! In the following, the present model is dis-
cussed and compared with both the VPF model and
its low-pressure limit model.

The power of a COIL is deduced in the same way
as in Refs.[4] and [5], i.e., by combining the energy
relation

I, =1,

dna gl

na _ 97 13

Yz hv (13)

with the gain-saturation relation (10). Thus, a com-

parison of the results of different models and experi-
mental data can be obtained.
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Fig.2. Optical intensity ratio of I of Eq.(7) to I, in
Eq. (12) versus the broadening parameter.

Figure 1 indicates the correlations between the
VPF model and its low-pressure limit model. The
latter is the tangent of the former at n = 0, which
simplifies considerably the treatment of problems with

a good approximation when the pressure is low. Fig-
ure 2 shows the correlations between I and I, when
different I values are taken. I and I, are nearly the
same when 7 is not so small, for example, the differ-
ences between both models are nearly negligible when
n = 0.75; and the smaller the n value, the larger the
difference between I and I,,.
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Fig. 3. Comparison of calculated power of present model
and the low-pressure limit model in Ref. [4] with the Roto
COIL experimental data.[®]
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Fig. 4. Variations of output powers with the distance

along the flow direction.

Figures 3 and 4 show the calculated results from
the experiment of Ref.[9]. The working parameters
were presented in Ref.[10] and the broadening pa-
rameter 7 is here estimated to be 0.08.
shows a comparison of the output powers calculated
by using both the present model and the low-pressure
limit model*5 with the Roto COIL experimental
data.[*1% Tt is shown that the output power values
of both models are consistent with the experimental
data, but the results of the present model are bet-
ter than those of the low-pressure limit model. An
in-depth review of the calculated results shows that
the range of the optimal threshold gain gop¢ (here it
takes the range in which its output power P satisfies
|P — Phax|/Pmax < 0.1, and Pax is the maximum

Figure 3
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output power) is 0.00047-0.00162 cm~! by using the
present model, and 0.00047-0.00276 cm ™! if the low-
pressure model is used, i.e. the former is much less
than the latter. Figure 4 shows the variations of out-
put powers with the distance along the flow direction,
but the decrement predicted by the present model
is slower than that of the low-pressure limit model,
and longer extraction length is needed in the present
model. This difference is important to the design of a
laser cavity.

In this Letter, three gain saturation models used
in the performance analysis and computation of COIL
are compared. Attention should be paid to the obvious
differences existing between the usual VPF model (or
the low-pressure limit model) and the present model
since there is more adequate physical consideration in
the present model. The different results, i.e. optimal
range of threshold gain and length of output power
extraction, obtained by the present model should be
useful for the design of optical reflectors, such as the
choice of threshold gain value, the position and length
of the optical reflectors. The optimization of these
parameters is favourable for the power extraction and

the quality of laser beam.
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