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A new oxygen—iodine medium gain model is developed to include pumping and deactivation of the upper laser

levels of the iodine atoms, hyperfine and translation relaxation, as well as the flowing effect. The rate equations

for gain of a supersonic flowing cw oxygen—iodine laser (COIL) are described when the medium is stimulated by

a single-mode field. The general solution of the self-consistency integral equation is obtained. The result shows

that the saturation behaviour in low pressure of the COIL differs from both the inhomogeneous and homogeneous

broadening, and exhibits an ‘anomalous’ saturation phenomenon.

PACS: 42.55.Kt, 42.55. Lt

A flowing chemical oxygen—iodine laser (COIL) has
attracted extensive interest in recent decades because
of its near-infrared wavelength, high-power and po-
tential applications. Zagidullin et al.l!! and Copeland
et al.l?l examined the optical saturation properties of
the iodine transition in oxygen—iodine medium. They
have considered the pumping, quenching, and hyper-
fine and velocity cross-relaxation of the medium. They
also have assumed that the total number density of
excited iodine atoms is independent of the streamwise
distance. Fan and Gao et al. have examined the sat-
uration properties in low pressure supersonic cw HF
chemical laser by considering flowing field effect.[3~7]
In this Letter, we examine the saturation behaviour of
the COIL in the pressure governed by Doppler broad-
ening of the transition line.

The 2P3/2 and 2P1/2 electronic levels of atomic io-
dine in the oxygen—iodine medium are split into two
and four hyperfine sublevels, respectively.[! Since the
hyperfine splitting energy is much less than the aver-
age thermal energy kg7, the equilibrium population
of the hyperfine sublevels is proportional to their sta-
tistical weights g} (f = 2,3) and gy (f' = 1,2,3,4).
The operation of the COIL is in the low active-medium
pressure that does not exceed a few torr.8=19 Under
this condition the spectral lines of the *P; 5 — Py /s
transition in atomic iodine are broadened inhomoge-
neously, and do not overlap. Thus a monochromatic
field interacts with just one of these transitions and
only with those iodine atoms for which the Doppler
frequency shifts (relative to the field frequency) are
within the limits of homogeneous line width.

The kinetics model of the COIL gain generalizes
the gain models of Zagidullin et al.[!l and Copeland et
all?! Tt is described as follows: (1) The energy stored
in the flowing excited metastable oxygen Oy (*A) is

transferred to the atomic iodine 2P3/2 states with the
energy-transfer rate constant ky. This results in the
pumping of the upper laser level of the iodine atoms.
(2) The deactivation of the I (2Py/,) states is due to
the energy transfer from excited iodine atoms to oxy-
gen molecules Oy (1 A) with the transfer rate constant
k, = ky/K (K is the equilibrium constant) and the
quenching of excited iodine atoms by water and O,
(1A) with the quenching rate constants ky,o and ka,
respectively. (3) The hyperfine relaxation of the up-
per and lower iodine hyperfine sublevels with the rate
constants k; and kj, respectively. (4) The transla-
tional relaxation of the upper and lower iodine hyper-
fine sublevels with the rate constant k; and k¢, respec-
tively. (5) The magnetic dipole transition between the
f =3 and f' = 4 hyperfine levels of 2P1/2 and 2P3/2,
respectively, the corresponding wavelength 1.315 ym
has sufficient gain to laser. (6) The number density of
excited oxygen is related to the streamwise distance.
We consider the single longitudinal-mode opera-
tion and assume the gas flow to be along the z-
direction with a velocity u. Let ng(v’) and ng (v')
denote the number densities of the distribution of the
iodine atoms in terms of the Doppler frequency shift
in states 2P1/2 and 2P3/2, respectively. The parti-
cles with Doppler frequency v/ emit an homogeneous
broadening profile with the central frequency v’ and
the homogeneous width Av.. The transition cross sec-
tion reads as
_ Xy
8’
(Ave/2)?
(v =) + (Are/2)%

where )\ and A denote the wavelength and Einstein’s
A-coefficient for the f = 3 — f’ = 4 transition, and

o) =aoL(V), oo

L(V) = (1)
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v is the frequency of the stimulating field. After the
iodine atoms come into an energy exchange reaction
with Oy('A), the velocity distribution of the iodine
atoms becomes Maxwellian. The Maxwellian distribu-
tion with frequency (v' = vy(14v/c) (v is the thermal
velocity) is expressed by

s e[ () ] @

Let F(v) denotes the intensity of the stimulating
field travelling in the positive or negative z directions.
Then the master equations describing the steady-state

g(ulayﬂ) =

change rate of the atomic iodine are expressed by

uangiy’) _ aT_lng(l/I,l/o) _ Td_l’nz;(l/,) _ T;_l[n;’(ul)
—an* (V)] = 7t 5 (V) — nig(V, v0)]
- Uof—vL(Ul)ATL(I/I), (3)
uangiljl) :an_lng(l/l,I/o)*Td_lTL;(V/)*TZ_I[TL;(V/)
—a'n (V)] =7 s (V) = nsg(V wo)],
(4)
uan;g/ ) ZﬂTd_ln*g(Vl, VO)_T]c_ln4(Vl)_TZ_1[n4(Vl)
— Bn(V)] = 7 na (V') — nag(v',0)]
+ Uo%L(VI)A'rL(VI), (5)
a , !
unfT(V) = ﬁngln*g(z/',lxo) — T]Zlnf/(u')
— T;f,_lnf/(y') — Th_l[nfr(lll) — Bpn(V)]
_Ttil[nf’(yl)_nf'g(l/l7l/0)]7 fI:152535

(6)

a=g3/g"=7/12, o =gi/g* =5/12,

B=g1/9=9/24, By =gp/9 (f'=123),
v=93/94=7/9, T;'=ksna,

7' = kons + kana + km,onm,o,

7t =kino,, T,'=knn,

777t = kynente + k0,0t 0,5

7' = krnente + Kt 0,10 0,5

n(v') = n3(v') — yna(v'), (7)

ny = / nj()dy', nr() =Y nj(/
n* = Zn} = /n (V)dv' = Z/n}(u')du', (8)

where na, ny, n0o,, MH,0, NHe and ny denote the
number densities of Oy (1A) and O3 (3Y), total molec-
ular oxygen, water, helium and total gas, respectively;
An(v') is the inversion of the oxygen iodine medium;
ng(V'), n(v'), ng, and n have the similar relation-

ships. The following nondimensional quantities are
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introduced:
T, T, T, T,
Rp=-2 R =22 R,=2 Rr=21
! T’ h ™ o ) Ot
h t
Td F
== (=—I=——, (9)
T Uty (hv/ogTt)

where Ry is the energy-transfer intensity, R; and R,
are the hyperfine relaxation intensities of the upper
and lower iodine hyperfine manifolds, and R; and R;
are the translational cross-relaxation intensities of the
iodine-atom velocity manifolds; ¢ and I are the di-
mensionless streamwise distance and intensity of the
stimulating field, respectively.

Since the total number density of iodine atoms is
conserved, i.e. n* +n = ny =const, we have
on* on

a5 = ~o¢ =R —n" — RtI/O L )An(V)dV' .
(10)

Considering that Rj and R; are larger than Ry, R}
(their values are calculated in the following), we can
find the self-consistency integral equation for An(v'),

An(v') 9(', o)
An 14+ Ag+ (1+~)IL(V)
An(V)

-[1+Ao+(1+7)1}/0 L) =%~

d /
(11)
where Ay = (R}, + R + R})/Ry, An = [ An(V)dV'.

In order to obtain the analytic solution of Eq. (1 ) we
make use of the iteration method and approximately
obtain

n g(vV', 1)
14+ Ao+ (1+)IL(")
(14 Ag)[L + (1 +7)IP(v)],

I L(v")g(v',v) ,
P(”)_/O 1+ A4+ (1 +7)IL( Ok

2

An(V') =

(12)

5 dt

1+A0\/_/ 2 4nz (13)

where &,t,n, and n; read as

[
— Va2l 10

—
= t
g AI/D AI/D ’
Av r 1+x
=Vin2 =% = —, pr=n/1+ I
K AI/D \/7_1' i K 1+A0 (14)

Multiplying Eq. (11) by R;l and neglecting the term

41n2

with R;l, we have

5~

*,—C
n* =nie °, .

n = —nge

(15)

Then nj, ny and An are obtained. With these re-
sults and considering 7 < 1, we obtain the gain of the
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medium at v, i.e.

G(v) :JO/L(U')An(U')dV'
1

:négoﬁﬁ—l+
1+—727p
1+ A

6_52

{ A1 — A;_ -
. e
R+ Rp+ (1+79)(1+ Ao)S,

Ay — A5 — A ~(1+R})C

TR+ (1) (T + 40)S,
+ O[e~(Ri+RC 87(1+11‘1’,;+Rh)5]}7

(16)
where
S, = RJP(v),
R
Alza(RZ—Rf)(l—i— ’;)
Rh
R: + Ry — 2
Ry —1)=h 1 =
+ By(Rn )R‘f‘i—Rh*l,
R, .,
A2 = R_Za(Rh - Rf)7
1
As =By(R} — Ry + 1)(Rp = 1)
3 =Bv(R, r+ 1) (R )Rf—i—Rh—l’
Ay =1+ Ap)S,As,
Al = (1+ A0)S, [ (Ri - By +1)
A1 1 +Rh Al :|
"Ri+R, Ry+Rn—1 R, R +Ry)
As 1

Ay =(1 ASv[R*—R 1) n 2. -
o= (1 A)Su[(B] = By 1) 0 ey

n Ay A2+ As }
RZ‘I'Rh Ry, Rf—i-Rh—R;;—]..

(17)

From dGy(v)/d¢ = 0, the characteristic streamwise
distance (p is obtained. The small-signal gain Go(v)
has the maximum value at (p,

*

(p= Rizln [j—j(l+R,‘;)(l + g—:)}

(18)
Following Ref.[2], k;f = 2.33 x 10=8/T cm? /s,
k, = k;/K, K = 0.75¢40042/T) | k6 = 2.0 x
10712 em?/s, ka = 1.1 x 1073cem?/s, k} = 1.0 x
107 %m?3 /s, kj, = 4.0 x 107 %cm?3/s; k. = 1.8 X
10711T1/2cm3/s, kio, = 87 x 107 em3 /s, kipge =
1.3x1071070-262c3 /5 Ky o, = 2.7x107%cm3 /5. The
Mach number is 2. The cavity temperature is 175 K.
The medium conditions at the cavity inlet are found
to be 2 Avp = 14.5v/T MHz, = 0.04 (r = 0.0172)
at P = 1.22Torr, n = 0.06 at P = 2.2Torr. Ac-
cording to Ref.[1] we obtain A = 5s~!. Zagidullin et
al. assumed!! that the diffusion coefficient of iodine
atoms in oxygen does not differ too greatly from the

diffusion coefficient in argon and the diffusion coeffi-
cient for I (2P, /2) differs slightly from the value for
I (2P3/2). Based on these the relaxation times calcu-
lated as a function of pressure are summarized Table 1.
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Fig.1. The small-signal gain versus the streamwise
distance.

Table 1. Parameters as a function of pressure P.

Parameter values

Parameter (for P = 1.22 (for P = 2.2 Lifetime
Torr) Torr)
g = 1.369 x 106 Ps—1 0.599 0.332 Tf
qq = 1.861 x 10° Ps—1 4.404 2.442 ™
q; = 3.787 x 106 Py, s™! 0.398 0.221 T
qn = 1.516 x 107 Ps~1 0.054 0.030 ™
q; = 5.705 x 106 Ps~! 0.144 0.080 T
g = 1.383 x 107 Ps—! 0.059 0.033 T4
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Fig. 2. The gain saturation behaviour: (a) u = 0, n <

1, G, I)/Go(vo) = A+ D~Y2 b)) u = 0, n > 1,
G(v,1)/Go(vo) = (1 +1)"Y; (¢) G(v, I,¢(p)/Go(vo,¢(p) with
the Mach number 2, P = 1.22Torr, n = 0.04, {p = 0.148,
(d) G(v,I1,({p)/Go(v0,¢{p) with the Mach number 2, P =
2.2 Torr, n = 0.06, {p = 0.148.

The numerical calculations are carried out for (p,
Go(v), and G(v) in terms of Egs. (16) and (18) at the
central frequency (¢ = 0). (p = 0.148, at P = 1.22
Torr and 2.2 Torr, corresponding the downstream dis-
tance z = 0.044 cm from the nozzle exit. The results
for Go(v) and G(v) are illustrated in Figs.1 and 2.
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It has been shown that the gain saturation behaviour
in low pressure of the COIL differs from both the in-
homogeneous and homogeneous broadenings, and ex-
hibits the anomalous phenomenon with the mixing
inhomogeneous—homogeneous broadening behaviour.
This is due to the fact that in the low pressure level,
the transition line is governed by the Doppler broad-
ening and an inhomogeneous behaviour would be ex-
pected. However, the translational cross relaxation of
the hyperfine sublevels of iodine atoms and the con-
vection effect both can enhance the homogeneity of
the transition line, which leads to the anomalous sat-
uration phenomenon.
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