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I. INTRODUCTION

The chemical oxygen-iodine laser (COIL)I'3 is based on transferring

energy from a majority energy storage species [0 ( A)] to a minority receptor
species (L P3/2)

k

1 2 2
0,("8) + 1(°P 3/2) k—l ———> 0,( 3 + I( Pi/) (1)

Kgq = ky/koj = 2.9 at T = 295 K

An energy level diagram for the low-~lying electronic states of 07, I5, and I

b is shown in Fig. 1. Examination of the above electronic state equilibrium and
E? the threshold criterion for the atomic iodine laser ([I*]/[I] > 0.5) yields
the conclusion that [0 ( A)]/[O ( Z)] > 0.17 in order to sustain cw laser

. oscillation. While the yield of 0 ( A) from the reaction of Cly and basic

hydrogen peroxide is extremely high deactivation of 0O ( A) to O ( I) quickly

degrades the extractable energy from such a device.

Direct quenching of 0O ( 4) 1s extremely deleterious to laser performance;
fortunately, most O (IA) quenching processes are extremely inefficient.
Quenching of 1* is important because Process (1) connects the OZ(IA) energy
storage reservoir with the I lasing medium. I* quenching processes become

*
significant loss mechanisms for OZ(IA) at high ratios of I /OZ(IA).

In the review to follow, particular attention will be paid to the mech-
*
anism by which 02 dissociates molecular I,

' * 2 + 21
3 | no2 + 12 > no2 (2)

o and to the second-order energy pooling (k3a) and electronic quenching (k3b,
k3., and ky4) processes.

3a

1A *
02( )+ 1

(3a)
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k
3b 02(32) + 1 (3b)
k
3c
—_> OZ(IA) + 1 (3¢)
k
*
3d 02(32) + 1 (3d)

In the conventional COIL device, these processes are intrinsic loss processes
for Oz(lA) that must be tolerated. Finally, we will briefly examine the

advantages of replacing I, by an alternate I-atom precursor that is premixable
with 0,('a).
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I1. EXPERIMENTAL

The work reported from the Aerophysics Laboratory of The Aerospace Corpo-
ration has been performed on two different experimental systems. The kinetic
flow tube apparatus (Fig. 2) has been described in great detail in Ref. 4.

The excimer laser photolysis apparatus (Fig. 3) has been described in
Ref. 5. In both cases, 02* is created by a microwave discharge in pure
0, [OZ(IA)/02(3Z) < 0.1)], and the 0(3P) atoms are removed on a heated HgO

surface just downstream of the discharge.

Although the apparatus in Fig. 3 is a flow system, the time histories of
the important densities are monitored by time-resolved emission spectroscopy
following the excimer laser photolysis pulse. In the apparatus of Fig. 2,
steady-state emission intensities are monitored as a function of distance down
the flow tube in order to extract kinetic information. 1In each case, the
[OZ(IA)] is calibrated absolutely by isothermal calorimetry, and the [I*]
related to it by the ratio of the Einstein coefficients. Concentrations of
02(12),-12(A;n1u), and 12(B3n0+) were also followed during some experiments.
Two experimental details are worth emphasizing. First, the treatment of the
walls in the flow tube apparatus were coated with a low melting halogenated
wax (Halocarbon, Inc.) that was very inefficient at recombining I atoms. Sec-
ondly, the use of an extremely sensitive intrinsic Ge detector (ADC 403 HS)
permitted the detection of 02(1A) and I* in the flow tube with excellent S/N

and I* with good time response in the excimer photolysis apparatus.

13
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III. RESULTS AND ANALYSIS

A. DECAY OF 0,(}A) IN THE ABSENCE OF I, AND I

The decay of OZ(IA) can be accurately described by a combined first- and

second-order decay equation based on the following processes:

k
1 1 4a 1 3
02( a) + 02( a) > 02( L) + 02( I) (4a)
k
245y 0.y + 0.CD) (4b)
2 2
k
5 0,0 + 0,°0) (4c)
1 k5a 1
02( D+ M > 02( A) + M (5a)
k
225 0,°n) + 1 (5b)
1 k6a 1 .
02( L) + wall —> 02( 4) + wall (6a)
k
5o, 0,’0) + wall (6b)
k
oz(la) M =1 02(32) + M (7)
1 kg 3
02( 4) + wall —> 02( L) + wall (8)
The solution can be written as follows:
1,y,-1 1 -1 A A
[0, = {[0,C*»)], ™" + Flexp(Bt) - (P (9)
k, (k. +k, )
_ _ 1 4a 5a ba
where A = 2k, - { (5, + %) } + ko * 2K,

M
and B = k8 + k7 [M].

17




Making the assumption that 02(12) is quenched predominantly to OZ(IA) and that
the two dominant quenchers from a COIL chemical generator are 02(32) and H,0,

we can write

A= kyg + kgp + 2k

H,0
B = kg + k,0210,°D)] + k; 2 [H,0]

The necessary rate coefficient information for evaluating OZ(IA) decays under
these conditions is shown in Table 1. Because the rate coefficient k, is so
small, it is extremely difficult to detect the second-order decay component in

a pure 02 or an 0y + Hy0 system.

B. DECAY OF o,(lA) IN I and I* (1,] = 0)

1. DECAY OF CURVES FOR [OZ(IA)] >> [02(32)]

Under conditions that are approachable with a chemical generator for
singlet oxygen, the relationship between OZ(IA) and I* can be written as

follows4

o (20 [1

(1] 210

= '('1 + x)'_ (10)

where X = KEQ[IA]/[32] = [I*]/[I]. In this case, since X >> 1, [I*] =
2[12]0, i.e., all the I atoms are in the excited state. Thus, [I*] can be
treated as one of the constant quenchers in Eq. (7).

2. DECAY CURVES FOR [02(1A)] = (0.1 - 1.0) [02(32)]

In this important region for the chemical laser, analytic modeling is

complicated, and numerical methods are to be preferred.
3. DECAY CURVES FOR [0,('8)] < 0.1 [0,(5)]

In this regime where flow tube experiments employing microwave discharge
*
production of 02 operate, Eq. (10) reduces to

. ZKEQIIA] 1,1,

(1) = c-rta] (11)

(o + 1.9[%a)

2]tot

18
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Table 1. Rate Coefficient Data for OZ(IA) Quenching
in Pure 02 (T = 295 K)
Rate Coefficient
Process M (cm?/molecule-sec) References
¥4a (2.0 £ 0.5) x 1077
(2.0 + 0.6) x 10~17 8
K, <5 x 10717 7
ks 0, (4.0 £ 0.4) x 10717 9
(3.9 + 0.2) x 10717 10
H,0 (5 £ 1) x 10712 11
4.7 x 10712 12
(6.7 £ 0.5) x 10712 13
ke Y3 = 1x 10~2 (pyrex)
2 x 1072 {ryrex)
1 x 1073 (Halocarbon)
Ky 0, (1.6 + 0.05) x 10718 14
(1.5 + 0.05) x 10718 15
H,0 (4 £ 1) x 10718 11
kg Y3 = 2 x 1073 (pyrex) 6
1.2 x 10™3 (pyrex) 14
3 x 1077 (Halocarbon) 8

3y represents the wall recombination probability; y = (2Rk)/c in a cylindrical
flow tube; c is the oxygen mean velocity; R is the tube radius; and k is

the measured removal rate (sec ‘).

19
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where [I ] is directly proportional to O ( A) For this last case, we can
write an O ( A) decay equation analogous to Eq. (9) based on an analysis

originally put forth by Derwent and Thrush16

1 -1 1 -1
[0,CC&)]™" = {[02( »l,

+
ol

Jexp (D) - (§) (12)

i; where
Y,
' k
% 1 {1]
C=A+T—T)_(k + 2k + k +k)_
k—l + 13 3a 3b 3c 3d [321
[I]
E = A+ KEQ(k3a + 2k3b + k3c + k3d)
g» [ Z]
! and
s
.t 3
r D e B {k . k13k1 + kl(k15M [M] + k16 + k17)/[ 2]} -
14 (k_| + k5)
D= B+ fi, + Ryoliyy + (e [M] + K + k)08 } L1

= B+ fiegge + KgQit M1 + ko + )/} (1)

kegf = k14 + Kggkyy

The terms A and B were defined in Eq. (9). The term k.gg was introduced by
Derwent and Thrush!® and has been used subsequently by other authors8 in order
to analyze their data. The additional processes introduced above are defined

as follows:

|
1*+oz( I) 1—3>1+o(z) (13) |
1 k14 3 )
02( ) + 1 —> 02( )+ I (14)
"+ M —i> I+ M (15)
20
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I + wall —l§—> I + wall (16)
e VA (17)

We will show that k_; >> k;3 allowing Kgq to replace the term k;/(k_; + k;3)
in the definitions of C and D above. Figure 4, taken from Ref. 17, shows that
using H,0 as an * quencher that oné observes qualitatively a regime where
first- and second-order components are both significant [(H,0) = 0]. Upon the
addition of HZO, one begins to see single exponential decays. As noted in
Ref. 17, the derived value of ki2® = 1.7 x 10712

agreement with literature values (Table 2).

cm3/ molecule=-sec 1s in good

As is the typical case for combined first- and second-order decays, an
unambiguous deconvolution is very difficult without exceedingly precise

data. This system is no exception to that rule. Derwent and Thrush1®

concluded that the second-order component of the Oz(lA) decay in the presence
of I* was not observable, however, our studies are not consistent with that

conclusion.

In Fig. 5a, we see an 02(1A) decay curve versus time taken in our kinetic
flow tube. A two parameter nonlinear least squares fit to these data is
superimposed. In Fig. 5b, the data are plotted as though they represent a
pure second-order decay. The first-order wall decay (measured without I
atoms) is exceedingly small and, clearly, the incremental first-order decay
component in the presence of T and I* is small as well. It should be noted
that the relative [0 ( A)] must be determined by obtaining a difference spec-

trum since IZ(A31rlu »> X L) emission overlaps the O (a A+ X L) emission

band. Analysis of the C and D coefficients in Eq. (12) as a function of
[I]/[3E] gives the plot in Fig. 6. From it, we estimate that ky, + 2k3b

k3c
measured to be ~ 1 x 10~

+ kyg = 2.1 x 107 -13 cm3/molecu1e-sec. The rate coefficient k3a has been
“13 /molecule-sec (Table 2). Upon addition of I,,
we find that the increase in the first-order decay coefficient, i.e. (D-B),
is not statistically significant. Using the value (D-B) < 0.13 sec”! gives

the following inequality:

21
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Table 2. Rate Coefficient Data for O (IA) Behavior in the
* 2
Presence of I and 1
Rate Coefficient
Process M (cm3/molecu1e-sec) References
k_) (2.7 £ 0.3) x 10711 18
(k)) (7.8 £ 0.8) x 10711 a
k3, 2.7 x 10~ (1.3 x 10%) 6,16
8 x 10714 (4 x 103) gb
1.1 x 10713 (5.5 x 103) 19bs¢
8.4 x 10714 (4.2 x 103) 19Ps¢
Ky 2.1 x 10713 This Work
-13
k_ggd 1.3 x 10 6
3 x 10714 8
<1x 10713 . This Work
-14
ki3 4.6 x 10 6
1 x 10714 8
< 3.5 x 10716 This Work
(0.9 + 4) x 10712 18
-13
k4 1.3 x 10 6
3 x 10714 8
<1 x 10713 This Work
ks H,0 (2.5 £ 0.5) x 10712 20
. (2.1 £ 0.3) x 10712 21
1.7 x 10™12 17
1
I(2P3/2) < 1.7 x 10-13 This Work J
< 1.6 x 10714 22 }
\
|
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3 Table 2. Rate Coefficignt Data for O (1A) Behavior in the
{ Presence of I and I (Contifiued)
Rate Coefficient
Process M (cm”?/molecule-sec) References
-1
) Kig < 30 sec This Work
- k7 < 30 sec”! This Work
7.8 sec™! 23

3The forward rate coefficient, ky, 1s determined by the reverse rate
. coefficient and the equilibrium constant, KEQ'
. bThe values in parentheses are the measured ratios of k3a/k3b'
: CThe quoted values were obtained in Ref. 19 by alternate methods for
[~ calculating the I atoms in the system.
b dThe term keff 1s determined in the text as a cbmbination of rate coefficients..
‘ ©The diffusion rate to the wall in this system is calculated to be 40 s~! from
[ the diffusion equation for a long cylinder and using a diffusion coefficient
ol of 0.1 cm2/s.
2
i
l
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cm3/sec

3 -
kyy + KEQ{kIB + (kM (M) + ko + ko)1 zl} <1 x 10

Using this inequality, we can derive the upper bounds for a number of first-
order quenching processes that might be occurring in the COIL system. These
rate coefficients are kj, < 1 x 10f15, kyg < 3.3 x 10”16 (K k_y), and kl I <
1.7 x 10713 cm3/molecule-sec. The rates kig < 30 sec”! and k;7 < 30 sec-? are
determined as well. These upper bounds are considerably lower than those pro-
posed by Derwent and Thrush16 and are somewhat lower than those reported by
Fisk and Hays.8 The limit imposed upon k17 is a factor of four larger than

the accepted spontaneous emission rate from I (AEIN =7.8 sec'l).23

These results are offered as an example of the difficulty in deconvolving
first- and second-order decays in a regime where their magnitudes are compara-
ble. Although our results seem quite different from those of Fisk and Hays,8
it should be realized that they represent a difference in rate increase of
0.13 sec™! in one experiment and perhaps 2 sec™! in the other. Neither
experiment should be considered to be definitive in determining these small
changes in such a complex system. Clearly, the second-order component of the
decay plays a significant role based on independent evidence regarding the
formation of 02(12). On the basis of our 9wn work, we believe that most of
the I-atom catalyzed first-order decay processes for Oz(lA) can be ignored.
The exceptions are the quenching processes for I*. The results of this study

are compared to previous work in Table 2.

c.  DECAY OF 0,(*a) v 1, 1*, and I,

*
The stored energy in O2 is known to be capable of dissoclating I,. The

efficiency of this dissociation process is thus a primary consideration for
the design of a COIL device. Examination of the energy level diagram in
Fig. 1 shows that two quanta of 02(1A) energy are required in order to break
the I, bond (35.1 kcal/mol).

24 and

One of the original suggestions made by Ogryzlo and coworkers
endorsed by the extensive work of Derwent and Thrush23,26 was that I, was both

excited and dissocfated by 02(12):
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k18a

1 3
02( ) + IZ(X) > 02( ) + 21 (18a)
—18">o< D) + 1,(4,A%) (18b)
1 k9a 3
02( A) + IZ(A,A )y —= 02( I) + IZ(B) (19a)
—133> 0,°5) + 21 (19b)

The 02(12) is formed by Processes (3a) and (4). Although the details of the
kinetic model that describes this mechanism are complex, the efficiency of the
process in terms of OZ(IA) storage molecules consumed can be written down by
inspection relative to an efficiency of 1.0 for the consumption of
2 OZ(IA) molecules per I, dissociated:

k)gal Ip]

E = m (20)
(k18[12] + kg [M] + k6)

If I, is the chief loss mechanism for 02(12), then the dissociation efficiency
is given by E = lea/kIB' which has been measured to be < 0.2.27 If there are
other loss mechanisms for 02(12), the efficiency is lower still.

Although this mechanism may be operative in the COIL system, recent
experimentsl7'27 have shown that k18a is too slow to account for the phenom-
enological dissociation rates of I, in 02 .« A sequential excitation model%
for 12 dissociation can be proposed that is kinetically identical:

k
1 21 3 *
0,(°8) + L(X) <13 0,(78) + 1, (21a)
o+ 1, —3l9> 31 (21b)
* k,, *
I + I(X) “£5 1+ I, (22a)
OZ(IA) + 1, ﬂ> 0, 35y + 21 (22b)
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Either or both of the above sequences are kinetically acceptable, however, we
* »
prefer sequence (22) as it invokes collisions of the intermediate IZ with a

majority flow species [OZ(IA)] rather than a minority one (1*). Either high
vibrational levels of I,(X) or the electronically metastable I,(A,A') states
have been examined as candidates for the intermediate state in Processes (21)
and (22). At present, there is qualitative support for all of the suggested
intermediate states. Further quantitative work must be done. Assuming that
Process (22) is responsible for the bulk of the I, dissociation, the effi-
ciency of OZ(IA) utilization 1is given by

k,, [I,] ;
R (23) |
Rpp* Ry*

where RIZ* is the total rate of intermediate removal (sec"l) and RI* is the

total rate of I* removal. Thus, the overall dissociation efficiency is the

product of the * utilization efficiency in (22a) and.tbe efficiency by which
the I2
devices work well at [02(1A)]/[12] ratios of approximately 100 and that

* intermediate is used in (22b). It is interesting to note that COIL

kZZa/k3 is approximately 300. We believe that k22b[1A]/RI2* must be close to
unity,4 although that may be an untenable assumption for a vibrationally ‘
excited I,(X) intermediate. \

Removal of OZ(IA) during the I, dissociation process is quite difficult
to quantify experimentally. A seemingly trivial problem in flow tube

methodology has rather serious consequences, It is difficult to mix small
amounts of Iz(MW 254) into a stream of OZ(MW 32) in an efficient manner. A
carrier gas (typically Ar) is saturated with I, (0.1 to 10Z I, in Ar) and
injected into the 0, flow. We want to attain fast mixing and fast I, dis-
sociation in order to decouple this 02(1A) loss from that caused by I and I*
(Section IIIB). In order to get fast mixing (i.e., on the timescale of the I,
dissociation), one has to inject an Ar + I, mixture that represents roughly

5% of the 0y molar flow rate. As shown schematically in Fig. 7, this Ar then
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dilutes the 02* by 5% at the mixing point. 1In our system, it is impossible to
measure an O ( A) decrease because of I, dissociation of < 2% in the presence
of that dilution process. Table 3 is a matrix of percentage [0 ( A)] decrease
as a function of initial [ A]/[I ] ratio and mean dissociation efficiency.

The entries resulting in greater than 20% loss of O ( A) are omitted. The
weak area of this method involves measuring efficiencies for 1arge [ A]/[I ]
ratios. For ratios of 104, we are tempted to assign a 22 O ( A) decrease

to an efficiency of 0.0l1, however, that efficiency is properly expressed as

{0.01 + 1.0 (-0.005)].

Our own data are convincing for [lAlo/[IZ]O ratios of 100. It is shown
that the dissoclation efficiency is extremely high. We estimate that it is
(0.75 £ 0.25) or that (3 % 1) 02(1A) molecules are required to dissociate an
12. Our results depend critically on the fact that the Halocarbon wax surface
of the flow tube inhibits I atom recombination (and perhaps even 1* relaxa-
tion). Thus, Iz is not reformed on the walls by I atom recombination and
redissociated by additional 0,( A) Results on 0,( A) loss in the I,
dissociation regime clearly depend on wall and diffusional parameters of a

particular experimental apparatus.

D. EXTENSION TO PHOTOINITIATED 0,* = HI MIXTURES

The decay of 02(1A) in time-resolved kinetics experiments can be moni-
tored by photodissociation of an I-atom precursor in the apparatus shown in
Fig. 3. Although 0,( 14) 1s difficult to monitor directly in such experiments,
one can monitor [I ], which is proportional to it under the proper conditions
[Eq. (11)]. The precursor chosen (HI) has an extremely small quenching coef-
ficient for O ( A) The results of these experiments are detailed in Ref. 5.
In the present context, the effect is shown by increasing the density of the
precursor (Fig. 8) in order to increase the initial I atom concentration
produced by the laser. At low precursor densities, it has been shown that the
coupled 1* - OZ(IA) removal is dominated by a combination of axial diffusion,
radial diffusion, and cell pumpout. As the initial [I] + [I*] density
increases, the removal does accelerate. Also, the acceleration is entirely
consistent with Process (3). Thus, independent confirmation is available that

the first-order I-atom-related loss processes for 02(1A) are extremely small.
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Table 3. Fractional Depletion of 0,( A) in the I, Dissociition
Process: Mean Dissociation Efficiency, E, vs. A]o/[Izl0

Diss%iiztion Fractional DepletioT for the Following Values
Efficiency (E) of [02( A)]O/[IZ]O
10 102 103 104
1 0.2 0.02 2 x 1073 2 x 1074 J
0.1 - 0.2 0.02 2 x 1073
0.01 - - 0.2 0.02
0.001 - - - 0.2
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IV. CONCLUSION

The kinetic processes that remove O ( A) in a COIL system have been
reviewed in this report. In the absence of I, I , and I, the O ( A) decays
very slowly by energy pooling [second order Process (4)], gas phase quenching

by H,0 and 02(32), and by wall quenching.

The removal of 0 ( A) in the presence of 1* and I is described by
introducing the energy pooling 0 ( A) with 1* [second order Process (3)], and
several first-order quenching processes for O ( A) and I*. In particular, we
have considered the quenching of I by H,0, O ( Z), I atoms, and the walls.
These processes have an increasingly 1mportant effect on draining the O ( A)

storage reservoir as the 1 /O ( A) ratio increases.

The presence of I2 causes O ( A) removal by more complex processes.
The O ( A) energy can be used by several mechanisms to break the I, bond and
to create free I atoms. The electronic equilibrium [Process (1)] occurs
rapidly, so that the I* density is determined by the [ A]/[ Z] ratio and the
total I atom density. The mechanism for 12 dissociation by 02 is not
completely defined, however, it is certainly represented by a class of pro-
cesses that can be described as chain reactions with chain branching. These
include Process (3a) followed by (18a), Process (21), and Process (22). All

these mechanisms consume » 2 02(1A) molecules per Iz dissociated.

The use of Oz(lA) to create the I atom laser medium can be avoided if an
external power source is used to create free 1 atoms. A brief description has
been given of the excimer laser photolysis of HI to perform that function and

to create the possibility of a repetitively pulsed version of the COIL system.
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LABORATORY OPERATIONS

The Laboratory ©Operations of The Aerospace Corporation is conducting
experimental and theoretical {investigations necessary for the evaluation and
application of scientific advances to new military space systems, Versatility
and flexibility have been developed to a high degree by the laboratory person-
nel in dealing with the many problems encountered in the nation's rapidly
developing space systems. Expertise in the latest scientific developments is
vital to the accomplishment of tasks related to these problems. The labora-
tories that contribute to this research are:

Aerophysics Laboratory: Launch vehicle and reentry fluid mechanics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, environmental hazards, trace detection; spacecraft structural
mechanics, contamination, thermal and structural control; high temperature
thermomechanics, gas kinetics and raitation; cw and pulsed laser development

including chemical kinetics, spectroscopy, optical resonators, beam control,
atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemfcal reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
laser optoelectronics, solar cell physics, battery electrochemistry, space
vacuum and radiation effects on materials, lubrication and surface phenomena,
thermionic emission, photosensitive materials and detectors, atomic frequency
standards, and environmental chemistry.

Computer Science Laboratory: Program verification, program translation,
performance-sensitive system design, distributed architectures for spaceborne
computers, fault-tolerant computer systems, artificial intelligence and
microelectronics applications,

Electronics Research Laboratory: Microelectronics, GaAs low nolse and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-
optics; communication sciences, applied electronics, semiconductor crystal and
device physics, radiometric imaging; millimeter wave, microwave technology,
and RF systems research.

Materials Sciences laboratory: Development of new materials: metal
matrix composites, polymers, and new forms of carbon; nondestructive evalua-
tion, component fafilure analysis and reliability; fracture mechanics and
stress corrosion; analysis and evaluation of materials at cryogenic and
elevated temperatures as well as in space and enemy-induced environments.

Space Sciences Laboratory: Magnetospheric, auroral and cosmic ray phys-
{cs, wave-particle interactions, magnetospheric plasma waves; atmospheric and
ionospheric physics, density and composition of the upper atmosphere, remote
sensing using atmospheric radiation; solar physics, infrared astronomy,
infrared signature analysis; effects of solar activity, magnetic storms and
nuclear explosions on the earth's atmosphere, ionosphere and magnetosphere;
effects of electromagnetic and particulate radiations on @pace systems; space
instrumentation.
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