
Abstract. The scheme of chemical processes proceeding in
the active medium of a pulsed chemical oxygen ë iodine laser
(COIL) is analysed. Based on the analysis performed, the
complete system of differential equations corresponding to
this scheme is replaced by a simpliéed system of equations
describing in dimensionless variables the chain dark decom-
position of iodides ë atomic iodine donors, in the COIL active
medium. The procedure solving this system is described, the
basic parameters determining the development of the chain
reaction are found and its speciéc time intervals are
determined. The initial stage of the reaction is analysed
and criteria for the development of the branching chain
decomposition reaction of iodide in the COIL active medium
are determined.

Keywords: chemical oxygen ë iodine laser, singlet oxygen, iodide,
chain reaction.

1. Introduction

In a chemical oxygen ë iodine laser (COIL) operating at the
I �(5 2P1=2)! I(5 2P3=2) transition of the iodine atom, iodine
atoms are excited due to the quasi-resonance energy
transfer from singlet oxygen molecules O �2 (

1Dg) produced
in a chemical singlet oxygen generator. A conventional
source of iodine atoms in such a laser are I2 molecules,
which eféciently (according to the unknown mechanism)
dissociate in the singlet oxygen medium. However, it is not
always convenient to use molecular iodine, which has a low
vapour pressure at room temperature and a high eféciency
of `adhesion' to solid surfaces. Therefore, since the creation
of COILs, search for new atomic iodine donors has been
under way.

Photolysis of organic and êuorine-organic iodides RI
(CH3I, CF3I) and their homologues was used for the érst
time in a pulsed COIL in paper [1]. During photolysis RI
molecules dissociate into the radical R and the iodine atom

I �. Because of large absorption cross sections for UV
radiation and high vapour pressures at room temperature,
RI molecules turned out to be very convenient donors of
iodine atoms in pulsed COILs. However, subsequent inves-
tigations showed [2] that during the transport of the laser
mixture containing O �2 , O2, RI and Cl2 molecules (Cl2 is an
impurity coming from the singlet oxygen generator), dark
decomposition of organic iodides (CH3I, etc.) occurs. This
decomposition leads to the spontaneous emission of iodine
atoms in the dark zone [3]. In the case of êuorine-organic
iodides (CF3I, etc.) dark decomposition of RI was not
observed. We proposed in [4] a chain mechanism of the dark
decomposition of RI (CH3I, CF3I) in the medium contain-
ing O �2 , O2 and Cl2 and explained the experimentally
observed peculiarities of these systems.

The numerical method used in [4] to solve the system of
differential equations (SDE) describing the chain decom-
position of RI makes it possible to calculate chemical
reactions in the active medium of pulsed COILs at different
initial concentrations of the laser-mixture components.
However, it does not allow one to select concentrations
to control purposefully the decomposition rate of RI, in
particular, to suppress undesirable dark decomposition of
RI or, vice versa, to use it as a chemical source of iodine
atoms in a pulsed COIL.

The aim of this paper is to obtain analytic expressions
for main characteristics of the chain decomposition reaction
of iodides RI in the pulsed COIL active medium, which
make it possible to control the behaviour of the chain
decomposition of RI by directly selecting the initial con-
centrations of the components of the active medium.

This paper is the érst part of investigations on the chain
decomposition reaction of RI in the pulsed COIL active
medium, which is based on the analytic solution of the
corresponding SDE. We obtained expressions to calculate
the basic characteristics of this reaction and analysed the
initial stage of the chain reaction and determined the criteria
for the development of the branching chain decomposition
reaction of RI in the active medium of the pulsed COIL.

This paper consists of seven sections and six Appendices
and is organised as follows. In section 2, we discuss the
complete system of differential equations (SDE1) describing
the chain decomposition of RI; a simpliéed system of
differential equations (SDE3) corresponding to SDE1 has
been derived using substantial approximations. In section 3,
based on the characteristic features of SDE3 equations, we
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select four characteristic time intervals of the chain decom-
position reaction of RI and describe the procedure of the
approximate analytic solution of SDE3. In section 4, we
analyse the érst stage of the chain decomposition and obtain
the érst critical condition for the development of the
branching chain reaction. In section 5, the second stage
of the chain decomposition is analysed and the second
critical condition for the development of the branching
chain reaction is determined. In section 6, we discuss the
obtained results and compare them with the results of the
numerical solution of SDE1. In Conclusions, we list the
main results of this work. Appendices present the system of
differential equations SDE1 and the dimensionless variables
and constants used in the paper as well as dependences
between the variables determined by SDE3.

2. System of differential equations

Let us analyse the scheme of basic processes [4, 5] des-
cribing the chain decomposition of RI:

I2 � 2O �2 ! 2I� 2O2, (1)

I � �O2
! I�O �2 , (2)

I � � Cl2 ! ICl� Cl, (3)

Cl�RI! ICl�R, (4)

R� Cl2 ! RCl� Cl, (5)

R�O2 ! RO2, (6)

I � � ICl! I2 � Cl, (7)

O �2 �RO2 ! O2 �RO2. (8)

The rate constants of reactions (1) ë (7) are presented in
Table 1 and the rate constant of reaction (8) is discussed
below.

Consider érst the nonbranching chain decomposition
reaction of RI [reactions (1) ë (6)]. To decompose RI
according to this scheme, Cl atoms are required, which

are produced in reaction (3). In turn, the latter is possible
only in the presence of I � atoms. The source of iodine
atoms, as was shown in [4], is the molecular iodine, which is
present in the initial medium as a small impurity (�I2�0) of
the initial iodide RI.

Cl atoms produced in reaction (3) initiate chain reactions
(4), (5) of RI decomposition. In the absence of the loss of
radicals R in reaction (6), the énal degree of RI decom-
position is equal to unity. The decrease in the concentration
of Cl atoms at each link of chain (4) ë (6) is determined by
the relation

a � K5�Cl2�=�K6�O2� � K5�Cl2��. (9)

Let N be the average number of links in chain (4) ë (6)
per Cl atom produced in reaction (3). It is obvious that N is
equal to the sum of terms of an inénitely decreasing
geometric progression with the denominator equal to a
and the érst term equal to unity. Simple calculations yield

N � 1=�1ÿ a� � 1� K5�Cl2�=K6�O2�. (10)

The parameter N is equal to the maximum number of RI
molecules, which can be decomposed by one Cl atom
produced in reaction (3).

In the absence of continuous supply of molecular iodine
into the volume, the rate of the chain initiation [reactions (1)
ë (3)] tends to zero with time because the sum of concen-
trations of iodine atoms (�I �� � �I�) decreases. Therefore, the
decomposition degree of RI molecules (ZRI) will be small
and determined by the inequality

ZRI � ��RI0 ÿ �RI��=�RI�0

� D�RI�=�RI�0 < 2�I2�0N=�RI�0. (11)

Let us supplement scheme (1) ë (6) with reaction (7). This
process initiates chain reaction (4) ë (6) because both I2
molecules and Cl atoms are produced in (7). In this case,
one active centre entering into the reaction (I � atom)
produces, taking into account (1) and (2), three active
centres ë two iodine atoms and a Cl atom. Thus, simple
chain reaction (1) ë (6) in the presence of reaction (7) is
transformed into the branching chain reaction. Because ICl
molecules (the source of branching) are accumulated during
a simple chain reaction, the whole set of reactions (1) ë (7) is
the degenerate branching chain reaction [15]. A speciéc
feature of these reactions is the presence of an induction
period within which the critical concentration of the
intermediate products (in the case under study, ICl
molecules) is rather slowly accumulated, after which the
rate of the chain reaction increases exponentially.

In scheme (1) ë (7) singlet oxygen O �2 is required to
decompose RI. Therefore, the rate of the chain reaction is
very sensitive to the relative content of O �2 molecules in the
mixture of O �2 and O2. If there is no additional loss of O �2 ,
ZRI � 1 under the condition

4�RI�0=�O �2 �0 < 1. (12)

It was shown in papers [4, 16, 17] that the main loss of O �2
in the system under study occurs in reaction (8). Its action
blocks processes (1), (2) [initiation of chain reaction (1) ë
(7)] and limits the ZRI quantity.

Table 1. Rate constants of reactions (1) ë (7) for T � 300 K.

Constant
�

cm3 sÿ1
Radical

CF3 CH3

K
��
1 6� 10ÿ29 [6] 6� 10ÿ29 [6]

K2 2:7� 10ÿ11 [7] 2:7� 10ÿ11 [7]

Kÿ2 7:8� 10ÿ11 [7] 7:8� 10ÿ11 [7]

K3 2� 10ÿ14 [8] 2� 10ÿ14 [8]

K4 10ÿ12 [9] 10ÿ12 [9] (determined in [9] for
CF3I; due to the proximity of
binding energies R ë I for CF3I
and CH3I, the values K4 are
assumed equal)

K5 1:1� 10ÿ13 [10] 1:6� 10ÿ12 (estimated by ana-
lysing data [11], [12])

K6 2:5� 10ÿ12 (estimated for
conditions of this paper by
using data [13])

2:5� 10ÿ13 (estimated for con-
ditions of this paper by using
data [14])

K7 3:0� 10ÿ11 [8] 3:0� 10ÿ11 [8]

*) measured in cm6 sÿ1; Kÿ2 corresponds to inverse reaction (2).
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To describe quantitatively the process of RI decom-
position, we will write the system of differential equations
SDE1 corresponding to the scheme of reactions (1) ë (8) (see
Appendix 1). First, we will introduce some simpliécations.
The characteristic time N=K4�RI� of RI decomposition in the
active medium of a pulsed COIL in scheme (4) ë (6) is
usually much greater than the characteristic time of I2
dissociation, which is equal to 1=K1�O �2 �2, the lifetime of
R radicals (1=K6�O2� � K5�Cl2�) and the characteristic time
of the resonance exchange between iodine atoms and oxygen
molecules (1=Kÿ2�O �2 �). This makes it possible to take
advantage of the conditions for quasi-stationarity (see
[18]) of concentrations [I2], [R] and ratio �I ��=(�I���I ��)ÿ1
and assume that d�I2�=dt � 0, d�R�=dt � 0 and the fraction
of excited iodine atoms in the mixture of I � and I is
determined by the parameter d (see Appendix 1). By using
the quasi-stationarity condition for [I2] and [R] and for the
ratio �I ��=(�I� � �I ��) and introducing dimensionless variables
we will transform the system of differential equations SDE1
to the form (SDE2):

dx

dt
� ey�uÿ 1�x, (13)

dv
dx
� u� 1

uÿ 1
ÿ A

uÿ 1

v
x
, (14)

du

dt
� 1

a
eyx�D� 1ÿ u�, (15)

d�y� beyx�
dt

� ÿbe�3u� 1�yxÿ By
xÿ 1� au

a
. (16)

All quantities entering SDE2, variables x, y, u, v, t and
parameters a, b, A, B, D, e are deéned in Appendix 1. The
dimensionless concentration of excited iodine atoms is given
by the expression

�I ��=�2�I2�0� � xye. (17)

By using (17) and assuming that e � const (see Appendix 1),
we will write out also the expression for the derivative
d(�I ��=(2�I2�0))=dt necessary for the following analysis in the
form

e
d�xy�
dt
� ex

dy

dt
� ey

dx

dt
. (18)

Note than SDE2 does not contain the differential equations
to énd �RI�(t), �RO2�(t) and �RCl�(t). Due to low concen-
trations of [R] and [I2], the concentrations D�RI� of
decomposed molecules RI and [RO2] and [RCl] were
determined by the algebraic equations:

D�RI� � �I� � �I �� ÿ 2�I2�0 � �ICl� � �RO2� � �RCl�,

�RO2� � D�RI�=N, �RCl� � D�RI� ÿ �RO2�
(19)

[see (9), (10)]. Relations (19) were used to derive expression
(16), in which the factor xÿ 1� au is the change in the RI
concentration (D�RI�) expressed in dimensionless units.

Let us discuss brieêy system (13) ë (16). Equation (13)
describes in dimensionless variables the time dependence of

the sum of concentrations of iodine atoms x(t). Equa-
tion (14) gives the relation between the concentration of Cl
atoms and the sums of concentrations of iodine atoms.
Equation (15) describes the time dependence of [ICl] [u(t)].
Equation (16) describes the time dependence of the sum of
concentrations (�O �2 � � �I ��), i.e. the relaxation of energy
stored in the system. The érst term in the right-hand side of
(16) determines the losses of singlet oxygen spent to
dissociate I2 and then to excite iodine atoms I, while the
second term describes the quenching of O �2 by RO2 radicals.
The second term of the sum in the left-hand side of (16)
under the derivative sign can be neglected because it is equal
to the ratio �I ��=�O �2 �0, which is much smaller than unity in
the dark zone of the pulsed COIL.

Thus, expression (16) takes the form

dy

dt
� ÿbe�3u� 1�yxÿ By

xÿ 1� au

a
. (20)

We will consider below SDE3 containing equations (13) ë
(15), (20).

3. Procedure for solving SDE3

SDE3 is a complicated nonlinear system, which cannot be
solved analytically. However, the equations entering it have
speciéc features, which make it possible to select four time
intervals in the development of the chain reaction of RI
decomposition. These intervals differ in the range of
variations in u (concentrations of ICl molecules ë the
main particle determining the branching). This allows one
to derive approximate analytic expressions for concentra-
tions of components of the pulsed COIL active medium at
each interval of the chain decomposition of RI as well as
for the time parameters characterising these intervals.

The procedure for the approximate solution of SDE3
consisted in the following:

(i) Instead of the time dependences of variables, the
dependences x(u), y(x), and (v=x)(u) in four ranges of
variations in u were determined. Note that the parameters
entering SDE3 are not strictly constant. Therefore, for each
range of the u variations we determined the range of
variations in each parameter and, if necessary, found the
expression for calculating its average value.

(ii) The time characteristics of the branching chain
reaction of RI decomposition were determined for each
range of u by solving Eqn (13) with the help of obtained
dependences x(u) and y(x).

Figures 1 and 2 present typical dependences, which are
obtained by solving numerically SDE1 and describe the time
dependences of the sum of concentrations of iodine atoms
and excited iodine atoms, these time dependences illustrat-
ing the above-analysed behaviour of the chain reaction of
RI decomposition. The point of the minimum of the
dependence (�I �� � �I�)(t) (values xmin and tmin) and points
of the minimum and maximum of the dependence �I ��(t)
(values �I ��min, �I ��max and time instants corresponding to
them) are the critical points of these dependences. The
determination of these quantities is the main objective of the
approximate analytic solution of SDE3.

In this paper we studied the initial stage of the chain
reaction of RI decomposition, which includes the érst
(04 u4 1) and second (1 < u4 2) variation ranges of u.
At the end of the érst time interval, when u � 1, the minimal
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value xmin of the sum of concentrations of iodine atoms is
achieved, while in the range 1 < u4 2 the minimum value
�I ��min of concentrations of excited iodine atoms is achieved.
The presence of minima in the dependences x(t) and
�I ��(t)(2�I2�0)ÿ1 can be treated as a criterion for the existence
of the branching chain reaction of RI decomposition.
Indeed, in the case of simple chain reaction (1) ë (6),
decomposition of RI molecules leads to an increase only
in concentrations [ICl], [RCl] and [RO2] and only in the case
of effective reaction (7) the increase in the concentrations of
iodine atoms is possible. In this paper we obtained the
criteria for achieving xmin and �I ��min, which are criteria for
the transformation of simple chain reaction (1) ë (6) of RI
decomposition into branching chain reaction (1) ë (8).

The approximate solution of SDE3 is quite complicated
and mainly presented in Appendices 2 ë 6, while in the main
text we present the characteristic of the analysed time
interval, the basic expressions determining the development
of the branching chain reaction of RI decomposition and
discuss the obtained results.

4. Analysis of the érst stage of the development
of the chain reaction (04 u4 1)

4.1 Determination of basic characteristics

Consider the érst stage of the chain reaction called the
induction period, which is determined using the peculiarities

of expression (13). In this time interval (04t4tmin), the
derivative is dx=dt4 0 and, hence, the sum of concen-
trations of iodine atoms decreases from the initial value
2�I2�0 (x � 1) to some minimal value xmin achieved for u � 1
at the time instant tmin. The concentration [I �] proportional
to x and y [see (18)] also decreases at the érst stage because
x and y decrease. The concentration of ICl molecules, on
the contrary, increases from zero to the critical value �ICl�cr
(u � 1). When this critical value is achieved, the rates of
reactions (3) and (7) become equal and the chain reaction of
RI decomposition becomes branching.

Note that due to smallness of �ICl�cr, the degrees of [RI]
and [Cl2] (ZRI and ZCl2 ) decomposition at the érst stage are
also small and determined by the inequalities

ZRI < �ICl�cr=�RI�0 5 1, ZCl2 < �ICl�cr=�2�Cl2��5 1 (21)

[see (19), Appendix 1 and Table 1]. Thus, we can assume
that �RI� � �RI�0 and �Cl2� � �Cl2�0 for 04t4tmin.

Expressions for calculating xmin and tmin derived in
Appendices 2, 5, 6 have the forms:

xmin � 1ÿ a

�
1�D1 ln

�
1ÿ 1

D1 � 1

��
, (22)

tmin � 2

�
1ÿ xmin

xmin

�1=2
arctan

�
1ÿ xmin

xmin

�1=2
1

d1
, (23)

where

D1 �
3

2

Nj�tmin�
1ÿ 1=�2A� (24)

and d1 are the average values of these parameters at the érst
stage of the development of the chain reaction and
j(tmin) < 1 [determined from (A4.6), (A5.3)]. Parameters
entering expressions (22) ë (24) were calculated for the
initial concentrations of RI and Cl2. At low ZRI [see (21)]
due to smallness of [RO2] we can neglect in the érst
approximation the decrease in [O �2 ] and assume that
y1 � y(tmin) � 1. Therefore, the average value of d at the
érst stage (d1) will coincide with its initial value:
d1 � ey1 � d0 � const � e0. This conclusion is conérmed
by calculations of y1 with the help of Eqn (A3.7) and by the
numerical solution of SDE1.

Quantities xmin, tmin, D1 because of their mutual depend-
ence are simultaneously determined by solving expressions
(22) ë (24) with the help of the method of successive
approximations. In the case of very strong quenching,
when y1 � y(tmin) is noticeably lower than unity [see
(A3.7)], the above procedure for the combined solution
of the system of equations (22) ë (24) and (A3.7) is
employed.

4.2 First critical condition for existence
of the branching chain reaction of RI decomposition

Let us discuss the derived expressions. The inequality
xmin < 0 yields the érst critical condition for the develop-
ment of the branching chain reaction of RI decomposition.
Indeed, if a and D1 are such that xmin < 0, the derivative
dx=dt < 0 for any t [i.e. x(t)! 0 for t!1], the critical
concentration [ICl]cr is not achieved, branching is absent
and, therefore, the rate of the chain reaction of RI
decomposition tends to zero.
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Figure 1. Time dependences of the concentrations of iodine atoms (I �

and I) and singlet oxygen obtained by solving numerically SDE1 during
the dark decomposition of CH3I in the mixture �CH3I�0 � 1016 cmÿ3,
�O �2 �0 � �O2�0 � 3� 1017 cmÿ3, �Cl2�0 � 5� 1016 cmÿ3 and �I2�0 �
1013 cmÿ3 at K8 � 10ÿ12 cm3 sÿ1.
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Using the condition xmin 4 0, we determine the limiting
initial concentration of molecular iodine �I2�min

0 , whose
excess is required for the development of the branching
chain reaction. Two parameters, namely, a and D1, enter the
expression for xmin. For xmin ! 0, the parameter D1 ! 3

2
N,

because tmin !1 and j(t)! 1 [see (24), (A4.6) and
(A5.3)]]. By substituting into (22) the expression for a,
D1 � 3

2N and corresponding constants, we obtain

�I2�0
�Cl2�0

4
1

3
10ÿ3

�
1� 3

2
N ln

�
1ÿ

�
3

2
N� 1

�ÿ1��
(25)

from the condition xmin4 0. Let us estimate �I2�min
0 using

expression (25) érst for small N, which are realised, for
example, for the following composition of the pulsed COIL
active medium: �RI�0 � 1016 cmÿ3, �Cl2�0 � 5� 1016 cmÿ3,
�O2�0 � �O �2 �0 � 3� 1017 cmÿ3. Under these conditions, in
the case of CH3I we have K6 � 2:5� 10ÿ13 cm3 sÿ1,
K5=K6 � 6:4 (see Table 1), N ' 2:1, and from (25) we
obtain �I2�min

0 =�Cl2�0 � 4:4� 10ÿ5 (5:2� 10ÿ5). In the case
of CF3I, the ratio K5=K6 � 0:0445 1 (see Table 1), N � 1,
and from (25) we obtain �I2�min

0 =�Cl2�0 � 7:8� 10ÿ5

(8:4� 10ÿ5). In braces we present values obtained by
solving numerically SDE1. The analytic estimates with the
help of Eqn (25) agree well with the results of numerical
calculations.

Note that for CF3I the value of N is close to unity almost
for any active medium composition of the pulsed COIL
because K5=K6 5 1 in a broad range of pressures (see [13])
and �Cl2�0=�O2�0 < 1.

Consider now the case of large N, which is realised only
for CH3I and anly at low pressures of the initial medium
(small values of K6, see [14]). By using two terms in the
logarithm expansion in (22) and taking into account that at
large N the equality N � K5�Cl2�=K6�O2� holds true, we
transform (25) to the form valid for CH3I at N4 1 and
obtain

�I2�min
0 =�O2�0 � K3K6=�6K7K5�. (26)

The constant K6 depends on the pressure. By substituting
K6 � 2:5� 10ÿ14 cm3 sÿ1 into (26), we obtain

�I2�min
0 =�O2�0 � 1:7� 10ÿ6. (27)

The presented estimates show that at small N (which is
always valid for CF3I and only at large K6 for CH3I) the
limiting value �I2�min

0 depends on the initial concentration
Cl2 and in the case of large N, which is realised only for
CH3I (small K6), the limiting concentration �I2�min

0 is
determined by the initial concentration of O2.

5. Analysis of the second stage
of the development of the chain reaction
(1 < u4 2)

5.1 Second critical condition for existence of the
branching chain reaction of RI decomposition

Consider the second stage of the chain decomposition of RI
according to the scheme of reactions (1) ë (8). This stage
determines the further behaviour of the chain reaction
because in this range of the u variations the concentration
of I � becomes minimal: I � � �I ��min. At t > tmin the sum of
the concentrations of iodine atoms begins to increase slowly

(dx=dt > 0), but the concentration of excited iodine atoms
still continues to decrease for some time. Indeed, the érst
term in the right-hand side of (18) is always less than zero
because dy=dt < 0 always, and the second term changes its
sign at u � 1. At u < 1 the derivative dx=dt < 0 and [I �]
decreases. At u > 1 the derivative dx=dt > 0, therefore, at
some x (in the vicinity of xmin) the right-hand side of (18)
can vanish and, hence, �I ��min is achieved. However, this
minimum can be and cannot be achieved.

Let us determine the criterion for the presence of the
minimum in the dependence �I ��(t) in the range 1 < u4 2.
Dividing (18) by dx=dt and using expression (A3.5) for
dy=dx, we derive

e
d�xy�
dx

� ey�x� ÿ e
B

e
a
xÿ 1� au

uÿ 1
, (28)

where y(x) is a monotonically decreasing function of x and
the second term is strongly changed in the vicinity of u01
(for x0xmin). Thus, �I ��min is achieved only in the case
when 1 < u4 2. The concentration of I � reaches �I ��min if
the right-hand side of (28) is nonnegative. Then, using
expressions (A3.8) and (A2.7) for y(x) and uÿ 1, respec-
tively, and assuming that uÿ 15 1, we obtain from (28)

�y1e=Bÿ 1��uÿ 1� ÿ �xmin ÿ 1� a�=a
ÿ�1ÿ xmin��3xmin � 2aÿ 2��uÿ 1�2=�axmin�5 0. (29)

The last two terms in the left-hand side of (29) are negative,
because a > 0, xmin < 1 and xmin ÿ 1� a > 0, where
xmin ÿ 1� a is the concentration of decomposed RI mole-
cules at u � 1 (t � tmin) [see (19)]. Therefore, the solution of
inequality (29) at uÿ 1 > 0 exists only if y1e=Bÿ 1 > 0 and
the discriminant of the quadratic trinomial in the left-hand
side of the inequality is nonnegative. This makes it possible
to obtain the condition for the presence of the minimum in
the dependence �I ��(t):

y1e=Bÿ 15 2��1ÿ xmin�=xmin�1=2

���xmin ÿ 1� a��3xmin � 2aÿ 2��1=2=a, (30)

where y1 is deéned by expression (A3.7).
Expression (22) for xmin and inequality (30) allow one to

formulate two criteria for the development of the branching
chain reaction of RI decomposition in the general case: for
xmin < 0 [see (22)] branching is impossible and for xmin > 0
branching is possible only if inequality (30) is fulélled.

Therefore, for speciéed xmin there exists a critical value
Bcr and, hence, K8 cr deéned by (30), after the excess of
which the development of the branching chain reaction of
RI decomposition becomes impossible. By substituting
expression (A3.7) for y1 into (30), we obtain the expression
to derive K8 cr:

K8 cr � K7Ne
�
1� 2�1ÿ xmin�=a� ln xmin � 2�aÿ 1�=a

���1ÿ xmin�=xmin�1=2 arctan ��1ÿ xmin�=xmin�1=2 � �2=a� (31)

���1ÿ xmin�=xmin�1=2��xmin ÿ 1� a��3xmin � 2aÿ 2��1=2	ÿ1.
6. Discussion of the results

To conérm the validity of the analytic expressions derived
in this paper for describing processes proceeding in the
active medium of a pulsed COIL, we compared the cal-
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culation results of parameters of the chain decomposition
of CH3I obtained with the help of analytic expressions and
in the numerical solution of SDE1. For the typical com-
position of the pulsed COIL active medium (�CH3I�0 �
1016 cmÿ3, �O �2 �0 ��O2�0 � 3� 1017 cmÿ3, �I2�0 �1013 cmÿ3,
�Cl2� � 5� 1016 cmÿ3 and K8 � 10ÿ12 cm3 sÿ1) the param-
eters entering system (22) ë (24) take the following values:
N � 2:07, a � 5=3, A � 6:44, e � 3=4, B � 0:021. Then, for
the érst stage of the chain reaction development (04 u4 1)
we obtain from system (22) ë (24) and (A3.7) that D1 � 2:5,
xmin � 0:73 (0.67), tmin � 0:89 (1.02) and y1 � 0:99 (0.99).
For the second stage (1 < u4 2), from expressions (A2.2)
at u � 2, u0 � 1, x0 � xmin, x � x2 and from (A3.9), (A5.5)
and (A6.2) we have D2 � 4:8, x2 � 0:88 (0.86), t2 � 1:76
(1.82) and y2 � 0:988 (0.98). The values of the parameters
obtained during the numerical solution of SDE1 are
presented in braces. One can see that these results coincide
fairly well with the corresponding values obtained analyti-
cally. Note also that the value of x2 � 0:88 calculated with
(A2.2) is close to x2 � 1 calculated with approximate
expression (A2.5), which is used in this paper to énd the
dependence y(x).

Figure 3 presents the dependences ([I *]+[I])(t) obtained
by solving numerically SDE1 at K8 � 0 for two variants of
initial conditions for the dark decomposition of CH3I,
which differ only in initial concentrations of molecular
iodine. On the curve corresponding to �I2�0 � 2:55�
1012 cmÿ3 the minimum is absent, while on the curve
corresponding to �I2�0 � 2:60� 1012 cmÿ3, the minimum
is present. Calculations with the help of (25) yield close
limiting value of �I2�min

0 (2:2� 1012 cmÿ3). Figure 3 also
shows the dependences [ICl](t) corresponding to the same
initial conditions. These dependences conérm that the
absence of the minimum in the dependence (�I ��� [I])(t)
is caused by the fact that the critical concentration [ICl]cr is
not achieved in the system.

Note that in the case of CF3I, at the same initial
concentrations of RI, Cl2, O2 and O �2 curves similar to
those in Fig. 3 are plotted but at larger initial concentrations
of molecular iodine: �I2�0�4:2�1012 cmÿ3 (minimum is
absent), 4:3� 1012 cmÿ3 (minimum is present). The limiting
(critical) initial concentration of molecular iodine calculated
under these conditions with expression (25) was 3:9�
1012 cmÿ3.

Before conérming the validity of second condition (31)
for the development of the branching chain reaction of RI
decomposition we will analyse the dependence of K8 cr on
xmin with the help of expression (31). At xmin ! 1 the
denominator of fraction in (31) tends to its minimum value
equal to unity for which the quantity K8 cr � K7Ne will be
maximal. To obtain xmin � 1, it is necessary to select such
initial concentration �I2�0 so that the inequality
a � (�ICl�cr=�I2�0)5 1 should be fulélled, the parameter
D1 taking any values [see (21)]. At a > 1 (small concen-
trations �I2�0) xmin < 1 and K8 cr is smaller than its maximum
value.

The validity of condition (31) was veriéed for two
iodides (CH3I and CF3I) at equal initial concentrations
of RI, Cl2, O2 and O �2 but different concentrations of
molecular iodine �I2�0. In the case of CF3I (Fig. 4) the most
favourable conditions were selected for the development of
the chain reaction ë high initial concentration of molecular
iodine (�I2�0 � 1014 cmÿ3) for which xmin � 0:937 � 1. For
CH3I (Fig. 5) the concentration�I2�0 � 3:5� 1012 cmÿ3 was
used for which xmin � 0:31. This allows us to verify
expression (31) for small xmin.

It follows from the dependences presented in Fig. 5 for
CH3I that the results of the numerical solution of SDE1 are
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close to the values K8 cr � 8:0(8:7)� 10ÿ12 cm3 sÿ1 esti-
mated using expression (31). (The value of K8 cr obtained
by solving numerically SDE1 is presented in braces.)

For CF3I, the value K8 cr � 2� 10ÿ11 cm3 sÿ1 (see
Fig. 4) obtained by solving numerically SDE1 is close to
the maximum one, Kmax

8 cr � eK7 � 2:25� 10ÿ11 cm3 sÿ1,
determined from (31) at N � 1, xmin � 1 and e � 3=4.
For xmin � 0:937 (see above), expression (31) gives a some-
what lower value of K8 cr equal to � 1:1� 10ÿ11 cm3 sÿ1.
The observed discrepancy is explained by the fact that in
deriving expressions (29) ë (31) we used the approximate
dependence x(u) (A2.5) derived by expanding the logarithm
in (A2.2) existing at D1 > 1, while for CF3I at xmin � 0:937
we have D1 � 0:67. Thus, in the case of large initial
concentrations of molecular iodine (a < 1) for which
xmin � 1 and D1 < 1, expression (31) gives a more exact
estimate of K8 cr when substituting xmin � 1.

Note that calculated dependences �I ��(t) in Figs 4 and 5
both quantitatively and qualitatively conérm the second
critical condition for the development of the branching
chain reaction of RI decomposition. It follows from (29) ë
(31) that for K8 > K8 cr the derivative d�I ��=dt twice (at
minimum and maximum points) vanishes and for K8 < K8 cr

extreme points are absent. Therefore, for K8 ! K8 cr the
time interval between the minimum and maximum points
for �I �� as well as the difference (�I ��maxÿ�I ��min) tend to
zero, which is shown by the curves in Figs 4 and 5.

Analysis of the obtained results allows one to explain the
absence of dark decomposition of CF3I observed exper-
imentally by two factors ë low eféciency of the primary
chain (N � 1) and high eféciency of O �2 quenching by
CF3O2 radicals (K8 0 2� 10ÿ11 cm3 sÿ1). In addition,
because of lower boiling temperatures the initial admixture
of molecular iodine in êuorine-organic iodides is usually
signiécantly lower than in organic. For CH3I the primary
chain under typical conditions of the active medium of
pulsed COILs is always effective (N > 1) while the value of
K8 for CH3O2 radicals should be lower than 10ÿ11 cm3 sÿ1.
Otherwise, the dark decomposition of CH3I observed in
numerous experiments should be absent.

7. Conclusions

The main results of the paper are:
(i) Scheme of basic reactions describing the chain reaction
of RI decomposition in the dark zone of a pulsed COIL is
analysed.

(ii) A simpliéed system of differential equations (SDE3)
is derived, which describes in dimensionless variables the
chain decomposition of RI in the active medium of a pulsed
COIL.

(iii) The procedure for solving SDE3 is described.
(iv) The main parameters determining the development

of the chain decomposition reaction of RI are found and the
characteristic time intervals of the chain development are
deéned.

(v) The érst (04 u4 1) and second (1 < u4 2) stages of
the development of the chain reaction of RI decomposition
are studied and expressions for calculating the concentra-
tions of basic components of the active medium are derived
at these stages.

(vi) Criteria for the development of the branching chain
reaction of RI decomposition in the active medium of a
pulsed COIL are determined.
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Appendix 1

System of differential equations SDE1

d�I�
dt
� 2K1�I2��O �2 �2 � K2�I ���O2� ÿ Kÿ2�I��O �2 �, (A1.1)

d�I ��
dt
� Kÿ2�I��O �2 � ÿ K2�I ���O2�

ÿK3�I ���Cl2� ÿ K7�I ���ICl�, (A1.2)

d�O �2 �
dt
� ÿ2K1�I2��O �2 �2 � K2�I ���O2� ÿ Kÿ2�I��O �2 �

ÿK8�O �2 ��RO2�, (A1.3)

d�O2�
dt
� 2K1�I2��O �2 �2 ÿ K2�I ���O2� � Kÿ2�I��O �2 �

�K8�O �2 ��RO2� ÿ K6�R��O2�, (A1.4)

d�Cl�
dt
� K3�I ���Cl2� � K7�I ���ICl� �K5�R��Cl2�

ÿK4�Cl��RI�, (A1.5)

d�ICl�
dt
� K3�I ���Cl2� � K4�Cl��RI� ÿ K7�I ���ICl�, (A1.6)

d�I2�
dt
� ÿK1�I2��O �2 �2 � K7�I ���ICl�, (A1.7)

d�R�
dt
� K4�Cl��RI� ÿ K5�R��Cl2� ÿ K6�R��O2�, (A1.8)

d�RI�
dt
� ÿK4�Cl��RI�, (A1.9)

d�RCl�
dt

� K5�R��Cl2�, (A1.10)

d�RO2�
dt

� K6�R��O2�. (A1.11)

Dimensionless variables

t � gt; x � �I� � �I
��

2�I2�0
; v � �Cl�

2�I2�0
; u � �ICl��ICl�cr

; y � �O
�
2 �

�O �2 �0
.

Parameters

�ICl�cr �
K3�Cl2�
K7

; g � K3�Cl2�; a � K3�Cl2�
K72�I2�0

� �ICl�cr
2�I2�0

;

N � 1� K5�Cl2�
K6�O2�

; e � Keq�Keq ÿ 1�ÿ1
y� ��1� �O2�0=�O �2 �0��Keq ÿ 1�ÿ1 ,

where Keq � Kÿ2=K2 (the parameter e is a slowly varying
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function of y; thus, at �O �2 �0 � �O2�0 for T � 300 K (Keq �
2.9) e � 3=4 for y � 1 and e4 3=2 for y � 0, i.e. e � 1);

d � �I ��
�I �� � �I� � ey; A � K4�RI�=K3�Cl2�

Ney
; D � K4�RI��Cl�

K3�Cl2��I ��

� K4�RI�
K3�Cl2�

v=x
ey
� AN�v=x�; B � K8

K7N
; b � 2�I2�0

�O �2 �0
;

y � K8

K4N�v=x�
.

In Appendices 2 ë 4 dependences x(u), y(u), �v=x)�u) are
determined under assumption that in the given range of the
u variations all the parameters ë a, A, N, D, e, B ë are
constant quantities.

Appendix 2

Dependence x(u). General expression
To énd x(u) we divide equation (15) by equation (13). As a
result, we have

du

dx
� 1

a

D� 1ÿ u

uÿ 1
. (A2.1)

Solving this equation at D � const and a � const we
derive the expression establishing a relation of concentra-
tions of ICl molecules (u) and the sum of concentrations of
iodine atoms (x):

uÿ u0 �D ln

�
1ÿ uÿ u0

D� 1ÿ u0

�
� 1

a
�x0 ÿ x�. (A2.2)

Expression (A2.2) is valid at uÿ u0<�D� 1ÿ u0�.

The érst stage: 04 u4 1
For the érst stage u0 � 0, x0 � 1, x(tmin) � xmin,
u(tmin) � 1. Using (A2.2) we derive an expression for xmin:

xmin � 1ÿ a

�
1�D1 ln

�
1ÿ 1

D1 � 1

��
, (A2.3)

where D1 is deéned by expression (A5.4).

The range 0 < u4 2
In this range of u variations at D1 > 1 the expression in the
logarithm in (A2.2) is smaller than 1/2 and the logarithm
can be expanded. Using two terms of expansion and
assuming that x0 � xmin, u0 � 1, we will rewrite (A2.2) in
the form

x�u� � a

2D
�uÿ 1�2 � xmin. (A2.4)

Expression (A2.4) is a quadratic function of u, which taking
(A2.3) into account with good approximation can be
represented in the form:

x�u� � �1ÿ xmin��uÿ 1�2 � xmin. (A2.5)

At the érst stage uÿ 14 0, and, hence, solving (A2.5), we
obtain

uÿ 1 � ÿ
�
xÿ xmin

1ÿ xmin

�1=2
. (A2.6)

Similarly for the range 1< u4 2 at uÿ 1 > 0, we have

uÿ 1 �
�
xÿ xmin

1ÿ xmin

�1=2
. (A2.7)

Appendix 3

Dependence y�x�
We will establish the dependence y(x) for the range of u
variations under study. Dividing equation (20) by equation
(13), we obtain

dy

dx
� ÿ b�3u� 1�

uÿ 1
ÿ B

e
xÿ 1� au

a�uÿ 1�x . (A3.1)

By simplifying (A3.1), it can be represented in the form

dy

dx
� ÿ3bÿ B

ae�uÿ 1�
�
1� 4bae

B

�
ÿ B

e
1

x

ÿ B�aÿ 1�
ae

1

�uÿ 1�x . (A3.2)

Let us evaluate K8 for which the ratio 4bae=B �
4K3�Cl2�N=(K8�O �2 �0)5 1. Consider the case of large N
(low pressures), when K6 � K6min � 10ÿ14 cm3 sÿ1 and
N � K5�Cl2�=(K6�O2�) [see (10) and Table 1]. Using this
expression for N and taking into account that the concen-
tration of chlorine in the active medium of a pulsed COIL
usually does not exceed � 20% of the oxygen concen-
tration, we obtain

K8 4N� 10ÿ14 cm3 sÿ1 (for N4 20). (A3.3)

For the values of K8 satisfying (A3.3), we can neglect the
ratio 4bae=B in the second term of the right-hand side of
(A3.2) and rewrite this equation in the form

dy

dx
� ÿ3bÿ B

ae�uÿ 1� ÿ
B

e
1

x
ÿ B�aÿ 1�

ae
1

�uÿ 1�x . (A3.4)

One can see that for the range of the u variations (04
u4 2) considered in this paper, the érst term in the right-
hand side of (A3.4) can be excluded and written in the form

dy

dx
� ÿ B

ae�uÿ 1� ÿ
B

e
1

x
ÿ B�aÿ 1�

ae
1

�uÿ 1�x . (A3.5)

Let us determine the dependence y(x) for the érst stage
(04 u 4 1). Using (A2.6) and (A3.5), we obtain

y�x��1ÿ B

e

�
ln x� 2�1ÿ xmin�

a
ÿ 2��1ÿ xmin��xÿ xmin��1=2

a

� 2�aÿ 1�
a

�
1ÿ xmin

xmin

�1=2�
arctan

�
1ÿ xmin

xmin

�1=2

ÿ arctan

�
xÿ xmin

xmin

�1=2 ��
. (A3.6)
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By substituting x � xmin in this expression, we will
determine y at the end of the érst stage (at u � 1):

y1 � y�xmin� � 1ÿ B

e

�
ln xmin �

2�1ÿ xmin�
a

� 2�aÿ 1�
a

�
�
1ÿ xmin

xmin

�1=2
arctan

�
1ÿ xmin

xmin

�1=2 �
. (A3.7)

Let us énd the dependence y(x) for the second stage
(1 < u4 2). By substituting (A2.7) into (A3.5) and solving
it, we obtain

y�x� � y1 ÿ
B

e

�
ln

x

xmin
� 2��1ÿ xmin��xÿ xmin��1=2

a
�

� 2�aÿ 1�
a

�
1ÿ xmin

xmin

�1=2
arctan

�
xÿ xmin

xmin

�1=2 �
. (A3.8)

By substituting x � x2 � 1 [see (A2.5)] and y1 into this
expression, we will determine the value of y at the end of
the second stage (at u � 2):

y2 � 1ÿ 4B

e

�
1ÿ xmin

a
� aÿ 1

a

�
�
1ÿ xmin

xmin

�1=2
arctan

�
1ÿ xmin

xmin

�1=2 �
. (A3.9)

Appendix 4

Dependence �v=x��u�
First, we estimate qualitatively how the ratio �Cl�=(�I ���
�I�) � v=x changes with changing u. The source of Cl atoms
are reactions (3) and (7). First, the increase in [Cl] mainly
occurs due to reaction (3) but the role of reaction (7)
increases with increasing [ICl]. It is obvious that in the
limit, when reaction (7) becomes the main `supplier' of
chlorine and iodine atoms, the ratio v=x � (v=x)max � 1.

We will solve expression (14) to determine the depend-
ence �v=x)�t). The parameter A characterises the eféciency
of the development of nonranching chain (1) ë (6) because it
is equal to the ratio of the characteristic time of chain
initiation [reaction (3)] to the characteristic time of chain
continuation [reactions (4) ë (6)]. At A4 1 the rate of chain
process (1) ë (6) is determined by the rate of reaction (3). The
parameter A depends on [RI], [Cl2], [O

�
2 ], [O2] and in the

case of their small change (see below) can be considered
constant. By solving equation (14) and treating the variable
u as a parameter, we obtain

v=x � ��u� 1�=�A� uÿ 1���1ÿ xÿ�A�uÿ1�=�uÿ1��. (A4.1)

Here, the bar implies averaging over the entire variation
range of u. Consider equation (13). Assuming [RI], [Cl2],
[O �2 ], [O2] to be constants and u to be a parameter, we will
solve equation (13) and determine the time dependence
x(t):

x�t� � exp�ey�uÿ 1�t�. (A4.2)

By substituting (A4.2) into (A4.1) we obtain

�v=x��t� � ��u� 1�=�A� uÿ 1��j�t�,
(A4.3)

j�t� � 1ÿ exp�ÿ�A� uÿ 1�eyt�.
Let us analyse the obtained dependence �v=x)�t). At small
t, the ratio v=x linearly depends on time:

v=x � �u� 1�eyt. (A4.4)

When time increases j(t)! 1, the ratio v=x is determined
by the expression, which is explicitely independent of time:

�v=x�stat � �u� 1�=�A� uÿ 1�. (A4.5)

The time of achieving (v=x)stat is determined by the
exponential factor in (A4.3) and in the case of efécient
development of the chain reaction (when A5 2) even at
0 < u < 1 does not exceed the characteristic time of
reaction (3). Therefore, j(t) � 1. Note that to average
the dependence j(t) in the given time interval, we can take
advantage of the expression

j�t� � 1ÿ �1ÿ exp�ÿx��=x, (A4.6)

where x � (A� uÿ 1)eyt.
In this case, the average value (v=x)av is calculated using

expression

�v=x�av � �v=x�statj�t�. (A4.7)

It follows from (A4.5) that at A � 2 the ratio (v=x)stat � 1
for any u and at A 6� 2 this ratio is a slowly varying
function of u tending to unity with increasing [ICl](u). This
allows one to use the arithmetic mean value of u for
calculating (v=x)stat in the given range of the u variations
(u1 4 u4 u2).

Appendix 5

Estimate of parameters a and D. The érst stage: 04 u4 1
The parameter a � �ICl�cr=(2�I2�0) contains only one vari-
able, i.e. the concentration of Cl2. The parameter D equal
to the ratio of rates of reactions (4) and (3) depends on the
ratios [RI]/[Cl2], v=x on the parameter d � ey and is also a
variable quantity (see Table 1).

Note that the degree of RI and Cl2 decomposition (ZRI Ë
ZCl2 ) at the érst stage are small and determined by inequal-
ities (21). In the case of small decomposition of RI due to
the smallness of [RO2], we can also neglect in the érst
approximation the decrease in [O �2 ] and assume that
y1 � y(tmin) � 1 and the average value of d at the érst
stage (d1) coincides with its initial value: d1 � (ey)1 �
d0 � const � e0 [see (A3.7)] and Appendix 1]. Therefore,
for 04t4tmin, the parameter a � const and the time
dependence D(t) is determined by the dependence
�v=x)�t) [see (A4.3)].

Calculation of D1 ë the average value D at the érst stage
(04 u4 1)
The parameter D is equal to the ratio of the decomposition
rate of RI to the rate of production of chlorine atoms in
reaction (3). At t � 0 the concentration of Cl is equal to
zero and, hence, D1min � 0. Let us estimate D1max. The
number of RI molecules decomposed by one Cl atom can
vary from 1 to the maximum possible value N [see (10)].
Thus, if Cl atoms are produced only in reaction (3) the
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maximum possible value of D1 is equal to N. If the chain is
initiated by reactions (7), (1), (2), two Cl atoms are
produced: one ë directly in reaction (7) and the other ë by
replacing the I � atom by the Cl atom in reaction (3) or (7).
Because at the érst stage the rate of reaction (3) surpasses
that of reaction (7), the maximum possible value of D1 in
this case is equal to 2N and is achieved at the end of the
érst stage. Thus, at the érst stage the relation

0 < D1 < 2N (A5.1)

is valid.
To obtain a more precise estimate of D1, we will

represent the parameter D in the form

D � AN�v=x�av � N�u� 1�=�1� �uÿ 1�Aÿ1�j�t�. (A5.2)

At the érst stage u � uav � 1=2 and j(t) � j(tmin) is
determined by expression (A4.6) at

x � Atmind1�1ÿ 1=�2A��. (A5.3)

By substituting j(tmin) and u � 1=2 in (A5.2), we obtain

D1 � 3=2 Nj�tmin�
��1ÿ 1=�2A�� (A5.4)

for the range 04 u4 1.

Calculation of D2 ë the average value D at the second stage
(1 < u4 2)
By substituting j(t) � 1 and u � 3=2 in (A5.2), we obtain

D2 � 5=2 N=�1� 1=�2A�� (A5.5)

for the range 1 < u4 2.

Appendix 6

Determination of the time characteristics of the chain
reaction of RI decomposition. The érst stage: 04 u4 1
The second main characteristic of the érst stage of the chain
decomposition of RI, i.e. its duration tmin, is determined by
using equations (13) and (A2.6).

By substituting (A2.6) into (13) and integrating it, we
derive the expression to énd tmin:

tmin � 2

�
1ÿ xmin

xmin

�1=2
arctan

�
1ÿ xmin

xmin

�1=2
1

d1
. (A6.1)

The second stage: 1 < u4 2
It follows from (A2.5) that the function x(u) is symmetric
with respect to the point u � 1. Therefore, we can set

t2�u � 2� � 2tmin. (A6.2)
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