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Similarity criteria in calculations of the energy characteristics

of a cw oxygen—iodine laser

A.V. Mezhenin, V.N. Azyazov

Abstract. The calculated and experimental data on the energy effi-
ciency of a cw oxygen—iodine laser (OIL) are analysed based on
two similarity criteria, namely, on the ratio of the residence time of
the gas mixture in the resonator to the characteristic time of extrac-
tion of the energy stored in singlet oxygen 74 and on the gain-to-loss
ratio IL. It is shown that the simplified two-level laser model satis-
factorily predicts the output characteristics of OILs with a stable
resonator at 7y < 7. Efficient energy extraction from the OIL
active medium is achieved in the case of 7, =5-7, IT=4-8.

Keywords: stable resonator, singlet oxygen, oxygen—iodine laser,
gain coefficient, homogeneous saturation, OIL, O,('A).

Oxygen—iodine lasers (OILs) belong to the class of energy
transfer lasers, their remarkable feature being a high rate of
electronic excitation energy exchange between energy carri-
ers [singlet oxygen O,('A)] and emitting particles (iodine
atoms),

0,('A) + 1(?P3))

[ 0:3) + 10Py), M)
where O,(°Z) is the oxygen molecule in the ground state;
1(*P,,) and I(*P;;,) are the iodine atoms in the excited and
ground states, respectively; kr = 7.8 x 107" cm? s7! [1] is the
direct reaction rate constant (1); and k, is the reverse reaction
rate constant.

The oxygen—iodine mixture can amplify propagating
radiation if the singlet oxygen yield in the flow Y =
[0,('A)]/[O,]y exceeds the threshold value determined by the
expression

1
Y = m- 2
Here, K.q = k¢lk, = 0.75exp(401.4/T) is the equilibrium con-
stant of process (1), T'is the temperature (in K), [O,('A)] is the
concentration of oxygen molecules in the singlet state, and
[O,]y is the total concentration of oxygen molecules. The
threshold concentration of O,('A) is ~15% at room tempera-
ture and decreases with decreasing temperature.
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At present, the best developed are OILs in which singlet
oxygen is produced by the chemical method of chlorination of
an alkaline solution of hydrogen peroxide.

This reaction is described by the gross equation

Cl, + H,0, + 2KOH — O,('A) + 2KCI + 2H,0.

The yield of O,('A) in this reaction is close to 100%. In most
gas—liquid generators of singlet oxygen, the degree of chlo-
rine utilisation is high, U = Go,/Gcy, = 90%, where G, and
Gy, are the oxygen flow rate at the exit from the generator
and the chlorine flow rate at the entrance to the generator.

The energy efficiency n of a cw (chemical) OIL is deter-
mined as the ratio of the output power W, to the maximum
possible power W,

Wout Wout
= s 3
W, gph Ge, )

77:

where gy, is the laser photon energy.

A large number of works is devoted to experimental stud-
ies of the energy characteristics of cw OILs with both chemi-
cal [2—-22] and electric-discharge [23—26] singlet oxygen gen-
erators. These studies were performed using wide-aperture
stable resonators since they provide the best conditions for
efficient energy extraction (homogeneous gain profile satura-
tion, low diffraction losses, etc.). The values 5 exceeding 30%
were achieved in many works [6, 11-14]. The highest
parameter 7 = 40% was obtained in [11].

Papers [27-32] present the output parameters of a chemi-
cal OIL calculated numerically based on models taking into
account optical, kinetic, and gas-dynamic processes. However,
the simulation of mixing high-speed gas flows is complicated
by simultaneous occurring of a large number of chemical and
energy-exchange processes in the active medium [33, 34]. This
makes it difficult to qualitatively analyse the factors affecting
the output laser parameters.

In recent paper [1], the experimental output powers and
gain coefficients were compared with the data calculated
based on a one-dimensional model on the assumption of
instantaneous mixing and on a three-dimensional model tak-
ing into account turbulent diffusion. It was shown that the
one-dimensional model predicts these parameters as well as
the three-dimensional model does. It was concluded that, in
the case of using efficient mixing systems, the energy losses
due to mixing of flows are insignificant.

Simple analytical models allowing one to determine the
output characteristics of OILs with a Fabry—Perot resonator
and a wide-aperture stable resonator were developed in
[35-39]. All these works are based on the so-called two-level
laser model, according to which the level population kinetics
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is determined solely by energy-exchange process (1) and
induced radiation with a frequency coinciding with the centre
of the spectral line of the I(*Py,, F = 3) = I(*P3),, F'= 4) tran-
sition. This approach allows one to obtain a series of simple
dependences of the OIL energy characteristics on several
dimensionless similarity criteria [37].

In [39], the dependences of the output OIL characteristics
on the resonator length along the flow were studied experi-
mentally and numerically. It was shown that the two-level las-
ing model allows one to predict the OIL energy characteristics
with a high accuracy. However, due to considerable simplifi-
cations used in this model, the obtained universal depen-
dences can be used for estimation only in the cases when the
energy losses in the mixing and relaxation processes are insig-
nificant. The boundaries of the ranges of parameters of cw
OILs in which the two-level model satisfactorily predicts the
output energy characteristics are still not precisely deter-
mined.

In the present work, we consider a simplified generation
model for a cw OIL with a stable resonator, in which we
introduce dimensionless similarity criteria having a clear
physical meaning. Based on the analysis of calculated and
published experimental data, the regions of dimensionless
similarity criteria are found for which the two-level model sat-
isfactorily predicts the output OIL characteristics. The simi-
larity criteria corresponding to the lasing regimes with a high
energy efficiency are determined.

One of the important parameters of OILs, which in many
respects determines their energy efficiency, is the yield of sin-
glet oxygen at the entrance to the resonator Y. Let us trans-
form relation (3) so that the formula for the energy (chemical)
efficiency contained the experimentally measured parameter
Y,. Note that the output laser power can be represented in the
form

I/I/(')ut = {ph (Gg - AGloss - Gg)’?extry (4)

where G and G3 are the flow rates of singlet oxygen at the
entrance and exit of the resonator, respectively; AGy,s denotes
the losses of singlet oxygen in the processes of iodine molecule
dissociation and relaxation, 7y, = ,/(t, + @) is the portion of
radiative energy extracted from the resonator; ¢, is the total
transmittance of the resonator mirrors; and « is the nonreso-
nant loss factor. Substituting expression (4) into (3), we easily
obtain the following relation for the energy efficiency of a
chemical OIL:

n= U( YO - AYloss - Yd)’?extrs (5)

where AY) is the value of singlet oxygen losses in the resona-
tor in the processes of I, dissociation and relaxation and Yy is
the yield of singlet oxygen at the exit from the resonator. It
should be taken into account that expression (5) includes both
the experimentally measured parameters U, Y, and 7., and
the calculated parameters AY), and Yy. Note that, to find
the latter parameters, it is enough to consider only the pro-
cesses occurring in the lasing zone. In the general case, to find
the values of AY), and Yy, the calculation models must take
into account the optical, kinetic, and gas-dynamic processes.
In order to obtain some general laws to describe lasing of
OILs, we assume, similar to [35-39], that the active medium
kinetics is completely determined by the energy-exchange
process (1). From this assumption, it follows that AY;,, = 0.

In addition, we assume that the intraresonator intensity is
constant in the entire volume occupied by radiation and that
the gain saturation is homogeneous, which is true for lasers
with a wide-aperture stable resonator [35]. The collisional
broadening of the gain profile becomes noticeable at the gas
pressures of 10—20 Torr [40]. In lasers operating with a high
energy efficiency, the pressure in the resonator is usually
lower, about several Torrs [11-15].

In the nozzle block directly in front of the entrance to the
resonator (Fig. 1), a secondary flow consisting of molecular
iodine vapour and iodine-carrying buffer gas was admixed to
the primary flow from the O,('A) generator with a specified
yield of singlet oxygen Y,. We will assume that the resonator
is placed in the flow zone where the processes of mixing and
molecular iodine dissociation are completed. The tempera-
ture, the gas-mixture density, and the flow rate in this model
are taken to be constant.

04('4), 0,(’%), M
N

\

Figure 1. Principal scheme of an OIL: (M) buffer gas; (L) gain region
length; (d) size of the region occupied by radiation on the mirror in the
direction of the flow; (x) coordinate along the flow.

With these assumptions, the excitation kinetics and the
lasing process are described by the equations for the gain
coefficient g and the rates of change in the concentrations of
singlet oxygen and excited atomic iodine together with the
expressions for the total concentrations of molecular oxygen
and atomic iodine [35-39]:

g =o'~ 1m). ©
1

W =~ ke[N[02('A)] + k[T][0>(2)], ™

AT — i m[0a( ) - K [1710,C5)] - &L ®)

[02]y = [05(4)] + [0,(5)] = const, ©)

[1]o = [I"] + [1] = const, (10)

where o is the induced absorption/emission cross section for
the Doppler-broadened transition 1Py, F = 3) = 1(*P3,
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F'= 4) determined by the expression o = 1.3 x 10'/VT cm?;
[0,(’Y)] is the concentration of oxygen molecules in the
ground electronic state; [I'] and [I] are the concentrations of
iodine atoms in the excited [I(*Py;)] and ground [I(*P3)]
states, respectively; ¢ = x/u is the residence time of the gas
mixture in the region occupied by radiation; x is the flow
coordinate measured from the beginning of this region; u is
the gas velocity; [ is the intraresonator intensity of radiation
circulating in both directions; hv is the energy of a photon
emitted at the I(?Py 5, F = 3) = I(?P5,, F' = 4) transition with
the wavelength 4 = 1.315 pm.

Taking (10) into account, expression (6) can be trans-
formed so that the gain coefficient was a function of only
one variable — relative concentration of excited iodine atoms,
nr* = [I"]/[1]o. As a result, we have

g =T00qp -1y, (10
The concentration of excited iodine atoms in the resonator
can be taken to be steady-state (d[I']/d¢ = 0), since the char-
acteristic time of energy exchange between singlet oxygen and
atomic iodine is several orders of magnitude smaller than the
gas time-of-flow between the mirrors. Then, taking into
account (9) and (10), from (8) we obtain the following for-
mula for calculating #;* as a function of the normalised intra-
resonator intensity C = o/(hvk;[O,]y) and the singlet oxygen
yield Y:

2Kyl + Koy ©

M= A(Keg— DY + 1] + 3K C (12)

Taking into account that the typical active medium condi-
tion is [O,], >> [I]pand keeping in mind the above steady-state
condition, we can obtain from (7) and (8) the following equa-
tion describing the rate of change in the singlet oxygen con-
centration in the course of interaction of induced radiation
with the active medium:

dlO,('A)] _ ol

dr hy’

After simple mathematical transformations, this equation can

be represented in the form containing only dimensionless

parameters,
dy _ 1

ar —§C(3’71* -1,

(13)
where 7 = k¢[1]y is the ratio of the residence time of the active
medium in the laser radiation field to the characteristic time
of the singlet oxygen energy extraction (k¢[1]y)~". Taking into
account (2) and (12), this equations can be written as

dy _ C(1 =YYy

dr T 2[(Keq— DY + 1]+ 3K, C” (14

The normalised intraresonator intensity C can be found
from the steady-state oscillation condition, which, for a reso-
nator with a homogeneous field, has the form ([41], p. 41)

d _(h+a)d
J(.)g(x)dx ="

where d is the size of the region occupied by radiation on the
mirror in the flow direction (in the general case, this size does
not exceed the resonator mirror dimension along the flow, see

Fig. 1) and L is the gain length. In this equation, taking the
gas velocity in the resonator to be constant, we perform inte-
gration over the variable 7 and, taking into account (11) and
(13), derive the equation

_fde[I]od_YdT _(t+a)ty

0 C dr - 2L ’

Finally, the steady-state oscillation condition can be written
in the form

Y= x-S (15)
where the dimensionless similarity criterion IT= 20[1],L/(t, + &)
corresponds to the gain-to-loss ratio and the similarity crite-
rion vy = k¢[I]od/u is the ratio of the residence time of the gas
in the lasing zone 74 = d/u to the characteristic time of the
singlet oxygen energy extraction (k¢[I],)"' at an infinite intra-
resonator intensity.

The solution to differential equation (14) with the initial
condition in the form of the singlet oxygen yield at the
entrance to the resonator together with the steady-state oscil-
lation condition (15) allows one to determine the singlet oxy-
gen yield Yy at the exit of the resonator. The dimensionless
intensity C is found using an iterative procedure. The form of
Eqns (14) and (15) allows us to conclude that the solution for
Y4 will be completely determined by the similarity criteria 74
and I1. Hence, the efficiency of energy extraction from the
active medium — the factor in parentheses in (5) — is also char-
acterised by these criteria. The chemical-to-laser energy con-
version efficiency can be calculated using relation (5) with
known U and 7y,

As an example, Fig. 2 shows the calculated dependences
of the singlet oxygen yield at the resonator exit Yy on the
parameter 74 at Yy = 0.6 and 7 = 300 K for several values of
the gain-to-loss ratio I'l. One can see that, at IT= 1, oscillation
is absent and the degree of energy extraction increases with
increasing the similarity criteria 74 and I1. For each value of IT
at T4 — oo, the solution tends to the asymptotic value Yq ,
which determines the singlet oxygen yield at the exit of an
infinitely long resonator. The solutions for 74 — oo are shown
by the horizontal segments to the right side of Fig. 2.

To obtain the equation for the horizontal asymptotes, let
us transform (14) to the form convenient for integrating,

Figure 2. Dependences of the singlet oxygen yield at the exit of the cav-
ity Y4 on the 74 parameter at Y, = 0.6, 7= 300 K, and different IT.
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2Yzh(Kveq - l)dY-'r ZKh[(Keq — 1) Ylh + I]Y(i—)lyth
3KeqYIhC _
ty_y, d¥=-Cdr.

From (15) it follows that C|,,_,,, — 0. In this case, the latter
term in the left-hand side of the equation can be neglected.
Integration from Y, to Y in the left-hand side and from 0 to
74 in the right-hand side performed taking into account that
II(Yy - Y,) = —Cry allows us to obtain the following equa-
tion for horizontal asymptotes:

(IT—1+3Yu) (Y~ Yq)

~3¥u(1 - Yy)lnJo= Yo
Yq

— ZLth

= 0. (16)

Equation (16), which was also obtained in [36, 38] in a
somewhat different form, determines the positions of hori-
zontal asymptotes of the curves in Fig. 2 at different I1. As
follows from this transcendental equation, in the case of iden-
tical gain and loss (IT = 1), energy is not extracted from the
active medium (Y§ = Y;), and, at IT — oo, the asymptotic
value is equal to the threshold singlet oxygen yield (Y4 =
Y,,). Note that we can take Y4 = Y, even atty > Sand IT >
4. This means that the losses of singlet oxygen in the resona-
tor in these regimes are insignificant.

The lowest solid curve in Fig. 2 represents the dependence
Y4(r4) obtained on the strong-field assumption. Taking C —
oo, we can transform Eq. (14) to the form

dy Y— Ya

dt ~ 3Ky Ya

Integration of this equation with the initial condition
Y| ,=0=Y) leads to the following expression for calculating Y4
in analytic form [37]:

Yo = (Y- Yayexp(— 3] + Yar (17)
eq

Thus, the simplified two-level model of a cw OIL makes it
possible to introduce two dimensionless similarity criteria, 74
and IT, which have clear physical meaning. These criteria
include the following experimentally measured values: con-
centration of iodine atoms [I]y, size of the region occupied by
radiation on the mirror in the direction of flow d, the gas
velocity u, the gain length L, the total transmittance of mir-
rors ¢,, and the nonresonant loss coefficient a. Simple calcula-
tions allow one to estimate the energy efficiency of a laser
even on the stage of its design from the given chlorine utilisa-
tion degree U, singlet oxygen yield Y, in the flow at the
entrance to the resonator, and the portion of radiative energy
extracted from the resonator 7., In addition, the simplified
model yields the relations for calculating the maximum energy
extraction from the active medium volume at t4 — oo for any
I1[Eqn (16)] and at IT— oo for any 74 [Eqn (17)].

The simplified model does not take into account the elec-
tron energy losses for molecular iodine dissociation and relax-
ation. The energy released in relaxation processes increases
the flow temperature, which negatively affects the efficiency
of energy extraction from the active medium. Figure 3 shows
the dependences of the singlet oxygen yield at the exit from

the resonator Yy on the parameter t4 at different tempera-
tures. The initial singlet oxygen yield and the gain-to-loss
ratio were taken to be Y, =0.6 and IT= 3. The positions of the
horizontal asymptotes of the curves in Fig. 3 in this case are
also determined by Eqn (16). According to the simplified
model, the less efficient energy extraction from the active
medium at higher temperatures is completely determined by
the shift of the reaction (1) equilibrium to the left with increas-
ing T. For example, at 4 = 5, an increase in the temperature
from 300 to 400 K leads to a decrease in the energy extraction
efficiency by approximately 7%.

Yy
0.6

0.5
0.4
0.3

0.2

0.1

Figure 3. Dependences of the singlet oxygen yield at the exit of the cav-
ity Yy on the 74 parameter at Y, = 0.6, IT= 3, and different 7.

The two-level model of OIL predicts a monotonic increase
in the energy extraction efficiency as the similarity criteria
tend to the limiting value Y, — Yy;,. On the other hand, an
increase in the similarity criteria is accompanied by an
increase in the energy losses in relaxation processes, which is
not taken into account in the chosen simplified model. In real-
ity, with increasing 74 and I1, the efficiency of energy extrac-
tion from the active medium first reaches a maximum and
then decreases. A high chemical-to-laser energy conversion
efficiency is achieved in the region of optimal 74 and IT criteria
close to the values corresponding to this maximum.

The allowance for relaxation processes inevitably compli-
cates the model, and the energy efficiency in this case cannot
be represented as a function of 7y and I'l. The energy efficiency
experimentally achieved in [11] was close to the limiting effi-
ciency (7 = 40%) calculated based on the two-level model.
The results of this work testify to the existence of regimes in
which the energy losses in relaxation processes are insignifi-
cant. Therefore, the simplified oscillation model can be used
for calculating the output characteristics of cw OILs in the
cases when the energy losses in relaxation processes are
reduced to minimum.

The intervals of the similarity criteria corresponding to
the maximum energy extraction from the active medium can
be found based on a comparative analysis of the calculated
and experimental data. The data obtained using the simplified
oscillation model show that, atty = 5 and IT > 4, the energy
extraction efficiency is close to the limiting value Y, — Yy;,. The
chosen model allows one to determine only the lower bound-
aries of the regions of similarity criteria, while the upper
boundaries can be determined by analysing the output OIL
characteristics available in experimental works.
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Table 1. Parameters characterising the operation of OILs in experiments demonstrating a high chemical efficiency.

U Y, [Mofem™ T/IK P./Torr ufecms! Lfecm dfem t a Nextr Nexp(Y0)  Paper
0.94 0,68 7.5x 101 2801 2.3D 4.2 % 10* 5.0 3.6Y 0.007Y 0.0006" 0.92 39.6 [11]
0.90 0.70 4.1x10 268 3.0? 3.1x10% 7.5 5.0% 0.016 0.0018 0.90 32.9 [12]
0.95 0.60 7.0 x 104 220 1.8 6.4 % 10* 37.0 6.0 0.1 0.01 0.91 31.5 [13]
0.99)  0.65) 0.5x10™ 3509 0.25 0.7 x 10* 100.0 7.0 0.01 0.001% 0.91 30.0 [14]
0.92 0.60 6.2x 10 360 1.3 3.2x 104 10.0 4.5 0.013 0.0013 0.91 29.0 [15]
0.93 0.60 14.4x 10" 2204 7.1 4.5 % 10* 5.0 4.5 0.037 0.00379 0.91 25.6 [16]

) B.D. Barmashenko (private communication), > M. Endo (private communication), ¥ N.N. Yuryshev (private communication),

4 M.V. Zagidullin (private communication).

Table 1 lists the laser parameters taken from experimental
papers reporting on the achievement of a high chemical effi-
ciency [11-16]. Additional information concerning these
experiments can be also found in [17-22]. From all the refer-
ences, we chose only the works containing data necessary for
our analysis. Some missing parameters were directly provided
by the authors of these papers. In [16], the singlet oxygen yield
at the entrance to the resonator Y, was not measured. Here,
we take it to be 0.6 — a typical value for OILs with a chemical
singlet oxygen generator.

An important characteristics appearing in the chosen
model and exerting a pronounced effect on the results of
experiments and calculations is the concentration of iodine
atoms. Under experimental conditions, this concentration is
not equal to the doubled concentration of iodine molecules,
because they dissociate not completely. The dissociation
degree I, = GIO(ZGIZ)*l is usually 50%—80% (Gy, and Gy, are
the flow rate of atomic iodine at the entrance to the resonator
and the total flow rate of molecular iodine, respectively). The
concentration of iodine atoms in the flow can be most pre-
cisely determined if the gain coefficient is know. In this case,
this concentration can be determined using the relation [18]

1, = 22 Ka =1 Yo+ UKy = )
0T G gt 1 Yo Yy

By this formula, the atomic iodine concentration was deter-
mined under the conditions of works [11-13], in which the
gain coefficients were directly measured. The atomic concen-
tration [I], in [14] was the same as in work [22] by the same
authors. For papers [15, 16], the atomic iodine concentration
was calculated taking into account the data of these works on
the relation of molecular iodine and oxygen flows on the
assumption that the molecular iodine dissociation degree is
0.8 for a rake-type iodine injector [15] and 0.6 for an ejector
mixing system [16].

Based on the parameters given in Table 1, we determined
the similarity criteria 74 and ITand calculated the energy effi-
ciencies 7., by solving systems of equations (14) and (15) with
the use of (5). The values of 74 and IT given in Table 2 are
determined with an accuracy of ~20% due to the errors in the
measurement of atomic iodine concentrations and gas tem-
perature. As is seen from Table 2, the calculated energy effi-

ciencies are higher than the experimental values 7.y, on aver-
age by 6%. This occurs because the energy losses in the I,
dissociation and relaxation processes were not taken into
account.

Comparison of the calculated and experimental data
shows that the losses of singlet oxygen AY), in the experi-
ments chosen by us for the analysis varies from 3% to 16%
(see Table 2). Since the dissociation of one iodine molecule
involves three singlet oxygen molecules [34], the amount of
0O,('A) molecules spent on iodine dissociation can be deter-
mined from the relation AY ;s = 311, F1,, where iy, = Gi,/Go, is
the relative initial concentration of I, in the gas flow. From
the values of AYy;, given in Table 2, it follows that the portion
of singlet oxygen molecules spent on the dissociation amounts
to 6%. The other part of losses, AYjejax = AYss — AV 4iss> CaN be
attributed to the energy losses due to the relaxation of excited
I(*P,5) atoms on H,0, I,, and O,('A) molecules [33, 34]. For
example, in [11] the dissociation losses are 4% and the relax-
ation losses are 1%. In the considered experimental works,
except for [16], the losses of singlet oxygen in relaxation pro-
cesses do not exceed several percents. It should also be noted
that the main contribution to the total losses of singlet oxygen
is made by dissociation losses in the case of the ultrasonic
regime and by relaxation losses in the subsonic regime. This
occurs because the optimal relative concentration of I, in the
ultrasonic flow is higher than in the subsonic flow.

The two-level model predicts that, at 74 < 5 and IT < 4,
the portion of singlet oxygen carried out of the resonator with
the gas flow, AY = Y4— Yy, is rather large. In particular, in
[12], the gain-to-loss ratio is small, IT= 2.7 (see Table 2), and,
as a result, the outflow losses are high, AY,, = 12%. These
losses are also high (AY,, = 9 %) in work [14], where the simi-
larity criterion 74 = 3.9 is nonoptimal. However, the nature of
these losses in [12] and [14] is different, namely, in the first
case, the active medium is characterised by a low gain coeffi-
cient, while in the second case, the small resonator length
along the flow does not allow efficient energy extraction from
the active medium. In[11, 13, 15], where t4 > 5 and IT > 4, the
portion of singlet oxygen carried out of the resonator does
not exceed several percents. In [16], the energy efficiency is
relatively low (25.6%), which, at 4 = 11.2 and IT = 3.1, is
caused mainly by the relaxation losses AY g, = 0.11.

Table 2. Calculated parameters characterising the operation of highly efficient OILs.

Y YC?O Yy Td n Ncal (%) An (%0) 7712 FI2 AY gigs AY retax AYoss Paper
0.14 0.14 0.17 5.0 7.7 43.6 4.0 0.027 0.48 0.04 0.01 0.05 [11]
0.13 0.15 0.25 5.1 2.7 353 2.4 0.014 0.64 0.03 0.00 0.03 [12]
0.10 0.10 0.14 5.1 4.1 37.6 6.1 0.025 0.74 0.06 0.01 0.07 [13]
0.17 0.18 0.26 3.9 6.3 36.4 6.4 0.004 0.80 0.01 0.06 0.07 [14]
0.18 0.18 0.22 6.8 5.9 322 32 0.017 0.80 0.04 0 0.04 [15]
0.10 0.10 0.14 11.2 3.1 39.2 13.6 0.029 0.60 0.05 0.11 0.16 [16]
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Analysis of the data given in Tables 1 and 2 shows that the
dimensionless similarity criteria in the studies achieved a high
energy efficiency (e, = 30%) are y = 5-7 and IT=3-8. At
the same time, correction of the calculated initial singlet oxy-
gen yield Y, for dissociation losses decreases the difference
between the calculated and experimental energy efficiencies to
several percents. In this case, Ap = 7c, — eyxp cOrresponds
solely to relaxation losses. Therefore, the simplified two-level
model allows one to predict the output characteristics of cw
OILs with a satisfactory accuracy at tq4 < 7. The latter is true
when the losses for molecular iodine dissociation are taken
into account.

Generalising the calculated experimental results, we can
conclude that the efficient energy extraction from the active
medium of a chemical OIL is achieved at 74 = 5-7 and IT=
4-8. Here, the lower boundaries correspond to the calculated
data. The upper boundaries are determined based on experi-
mental data of papers in which high energy efficiency was
achieved. The right-hand boundary chosen for the first crite-
rion, 7y = 7, is close to the value obtained in [15], where the
chemical efficiency was ~30%.

Thus, the two-level model proposed to describe a cw OIL
operation [35—-39] allows one to introduce dimensionless sim-
ilarity criteria, which have a clear physical meaning and
include experimentally measured parameters. The criterion 74
= k¢[I]od/u is determined by the ratio of the residence time of
the gas flow in the lasing zone to the characteristic time of
singlet oxygen energy extraction. The criterion IT= 20 [I],L/(t,
+ ) corresponds to the gain-to-loss ratio. The simplified
model allows one to estimate the energy efficiency of a laser
even at the stage of its creation at tqy < 7 and provides rela-
tions for calculating maximum possible energy extraction
from the active medium volume at ty — oo for any IT(16) and
at IT— oo for any 74 (17).

The analysis of the calculated and experimental results
shows that the efficient energy extraction from the active
medium of a chemical OIL is achieved at 7y =5-7 and Il =
4-8. At lower 74 and IT, a considerable part of energy is car-
ried out of the resonator with the gas flow, while the relax-
ation losses in the active medium and the nonresonant losses
at the mirrors become considerable at larger values of these
parameters. At long residence times, the heat release losses
also increase. An increase in temperature leads to a shift of
reaction (1) equilibrium to the left and to a decrease in the
efficiency of energy extraction from the active medium. The
two-level lasing model can be used for estimating the output
characteristics of OILs if the energy losses in the mixing and
relaxation processes are insignificant.

The simplified model can also be used in calculations of
the output characteristics of cw OILs with an electric-dis-
charge singlet oxygen generator [23—26], because the similar-
ity criteria 74 and ITinclude parameters common for lasers of
both types. In this case, the energy efficiency is determined by
expression (5), in which the factor U is taken to be equal to
unity.
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