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I. TINTRODUCTION <

- There has been intense recent interest in the study of the chemically r
? punped oxygen—-iodine laser (COIL).1'3 The purpose of this report is to \g;]
; examine the photochemistry and kinetics of a hybrid version of COIL, which :ié

operates in a pulsed (or repetitively pulsed) mode rather than as a

l continuous~-wave device. A search was conducted to identify a photolytic T
* .

I-atom precursor that is stable in 02 and that 18 an inefficient deactivator

"of O (IA), 0 (12), and I*. A pulsed oxygen-iodine laser would have properties iy
i substantially different from the well-known photolytic I laser that has been f3ii
the subject of extensive review articles.“ 5 In a COIL device, each 1 atom is L

pumped from the I(2P3/2) ground sta:e to the I(ZPIIZ) excited state many times
. by the excited oxygen. Since the 02 is in great excess over the 1 atoms
~ (~100 to 1), the energetic efficiency of the initial I atom production is the
primary measure of overall laser performance. I, is the source of I atoms in
a conventional COIL device and has been considered as a source of I atoms for
a pulsed version of (:01L.6’7 In both cases, complex energy transfer processes
i ' result in an 0;-driven chain reaction mechanism for I, dissociation.8'9

The Oz(lb) consumed in this dissociation process represents lost output laser
power on the I atom transition; however, there may be a more serious

limitation on laser performance. In many instances, the I, dissociation

i process outruns 02-12 mixing by laminar diffusion. The resulting gain medium
is spatially inhomogeneous, which adversely affects the optical quality of the

output laser beam.
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An obvious second choice for an I-atom precursor in a premixed, photo-

t.
'

lytically initiated COIL system would be one of the perfluoroalkyl iodides.
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These compounds give extremely high * quantum yields upon photolysis in the

.-
]
A

) near ultraviolet.’ Although 0 ( A) quenching by most atoms and nolecules is
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extremely slow, many perfluoroalkyl iodides react rapidly with 02 in a highly

N complex manner.10:11 e will demonstrate in this report that this undesirable

2

«
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behavior is not observed when HI is used as the I-atom precursor. We have

v
._r

determined rate coefficients for 02(14 and 1:) quenching by HI in a computer-
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controlled flow tube apparatus that has been extensively described in earlier

7 publications.8'12'13 The measured quenching rates are sufficiently small to
*

_. permit premixing HI ([HI] > 1016/cm3) with 02 for time periods approaching

. 1 sec. Thus, one can obtain a high degree of medium homogeneity prior to

: photoinitiation.

) *

il In order to test the pulsed production of I atoms in 02 in the cleanest

possible manner, we photolyzed HI with a KrF laser at A = 249 nm, The quantum
yield of 1" from the HI photolysis was measured relative to that from n-C3F7I
in Ar buffer gas. The CF41 quantum yield was also measured for comparison.
The time behavior of I* created by the photolysis of HI can be complex, as

Bi

earlier work using broadband flash photolysis has shown. The secondary reac-
tions possible in the HI/Ar system are discussed. Subsequently, the time
behavior of 1" and 02(12) was measured under identical conditions of HI
photolysis with the Ar buffer replaced by a stream of electronically excited
oxygen. Modeling calculations are discussed that evaluate these results for
the low 1A/3t ratios produced by discharge methods and that enable us to pre-
dict kinetic behavior at 02(1A) levels attainable with a chemical generator of

i excited oxygen. 1-3

R t
. ety o 0.,
RS I AV B SIS Y

Ve

v e,
i A.',

_,- v -
. l. h
¢ ! .
. )
.

e
.

e,
v

10 - j:

Y
ot
P
.




II. EXPERIMENTAL APPARATUS AND PROCEDURES

A. COMPUTER-CONTROLLED FLOW TUBE APPARATUS

This apparatus has been described extensively in earlier publica-
tions.8»12,13 Electronically excited oxygen is created by a microwave
discharge in pure oxygen. The O atoms produced by the discharge are removed
on a heated HgO ring formed on the inside of the discharge tube by co-
discharging 0, and Hg prior to experimentation. The density of Oz(ld) is
determined by isothermal calorimetry following the procedure of Trainor et
a1.14 All other flow rates (02, Ar, and HI) are measured with Tylan digital
flowmeters or by Matheson rotamers calibrated by pressure rise measurements in
a known volume and cross calibrated against the digital flowmeters. Pressure
is measured by an MKS TruTorr capacitance manometer. All flow and pressure
data are entered into a PDP 11/10 computer that evaluates the partial pres-

sures and flow parameters of the experiment in real time.

The densities of OZ(IA), 02(12), and 1* are monitored by emis;ion
spectroscopy in the visible and near infrared. Two spectrometer systems are
mounted on a platform whose movement is regulated by a computer-controlled
stepping motor. At discrete positions along the flow tube (typically 50), the
computer samples the signal from both the visible emission channel (1/4-m
monochromator, GaAs phototube, and photon counter) and the near infrared
emission channel (1/4-m monochromator, intrinsic Ge detectoi, and lock~in

amplifier).

The flow tube was constructed of Pyrex tubing 3.8 cm i.d. with a 60-cm

usable length. It was internally coated with halocarbon wax to inhibit the

. wall recombination of any iodine atoms formed. In addition, halocarbon wax
forms an extremely inert surface for deactivation of electronically excited
0,. The gases used in this apparatus were 0, (Matheson, 99.99%), Ar
(Matheson, 99.9995%), and HI (Matheson, 982). The 0, and Ar were paseed at
atmospheric pressure through Linde 5A molecular sieve traps which had been
baked at 200°C under vacuum prior to experimentation. HI was purified by a
series of trap-to-trap distillations from 230 to 77 K. When HI was introduced

11
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into the system, it flowed through a Pyrex-wool-packed trap held at 195 K.
Despite these precautions, there is evidence that some I, does reach the
0; flow, which results in a low level production of I atoms (see Section
II1). An alternative explanation is that trace 0(3P) atoms bypass the HgO

ring and react with the added RI to form the I atoms.

B. EXCIMER LASER PHOTOLYSIS APPARATUS

The excimer laser photolysis apparatus is shown schematically in
Fig. 1. The gas handling system is virtually identical to that described
above. The mixture of HI, O, and Ar was slowly flowed through a quartz cell
4.5 cm 1.d. and 60 cm long to minimize the deactivation of 02(1A) by HI and
replace the gas mixture between laser shots. The Lambda Physik EMG 101
excimer laser was operated with stable cavity optics at 249 nm with repetition
rates of 1 to 10 Hz. The 1 x 2.8 c¢cm unfocused beam had an energy of
< 200 mJ/pulse resulting in an illumination intensity of < 5 MW/cm? . Suprasil

quartz windows both normal to and at Brewster's angle to the laser radiation
were tested. The normal incidence windows were used in the experiments
reported here. 1* and 02(1A) emissions (A = 1,315 and 1.27 um, respectively)
were detected by means of a high-speed intrinsic Ge detector viewing through
* narrow band interference filters (10 nm FWHM). 02(12) was detected by a
cooled GaAs photomultiplier—interference filter combination at A = 7619 A.
Laser energy was measured with a Scientech 4 in. diameter calorimeter. Gross

attenuation of the KrF beam (factors of 10 to 100) was accomplished by uéing a

quartz flat in positions S1 and/or $2 of the four-element oétical path shown Gy
in Fig. 1. Finer attenuation (a factor of 3 or less) was achieved by insert- ‘iﬁf
ing a stack of quartz plates into the optical path. The Tylan flowmeters were .J{Q
recalibrated under our exact experimental conditions for all the gases used in
this study by pressure rise versus time measurements in the same calibrated

volume. All such curves were precisely linear over the flow ranges employed.

The transient signals from the laser photolysis were digitized on a Bio-
mation 805 transient recorder and summed in a Nicolet 1072 gignal averager.
Up to 128 traces were summed and transferred to a DEC LSI 11/23 minicomputer

for storage and analysis.
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III. RESULTS AND ANALYSIS
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A. KINETIC FLOW TUBE

.
L)

- . .
VAR Y

The rate coefficient for Oz(lA) removal by HI has been measured by mon-
itoring the decay of 1.27-um emission along the flow tube following injection

of HI (Fig. 2):

-
Aados th

k

0,('8) + uI »! 02(31:) + HI (1
- Y
Some I* appears rapidly in the flow tube at short times. The I atoms are .fﬁ
* o
o attributed either to O,-driven dissociation of I, impurity in the HI or to the s
= reaction of trace 0(3P) atoms (those not recombined on the HgO surface) with :fﬁj
t HI. Pirkle et al.l5 used Reaction (2) e
. k ???
5 o®p) +ur P on+ 1 (2a)
K ﬁ;i
P ow+1 (2b) ]
e
in an attempt to produce a cw I-atom laser. They injected HI into a system of -3?5
* A
discharged 0, containing both 0(3P) and 02. 1" is produced by Reaction (2a) }}?
and by the fast equilibriuml6s17 et
1 k 3 * ' PO
o.ldm+1 B3 oD+ (3) T
2 Ky 2
Kgq = k3/k_3 = 2.9 (T = 295 K) =l
KRES
The rapid decay of 1* observed in Ref. 15 is most probably associated with the Eii
crestion of substantial amounts of H,O. The analysis of these data will be ??ﬂ
-.’_1
discussed in Section IV. The HgO surface recombination of 0(3P) in the pres- HIRS
ent kinetic flow tube apparatus eliminates any quenching of the coupled I*- Sfﬁ
wed
oz(lA) states (Fig. 2) upon HI addition that cannot be explained by the ;é&
process :§4
e"'-¢
==
l‘.::..‘
N
15 ;ga
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K
02(1A) + 1" 4 oz(lz) +1 (4a)

k
4b Other Products (4b)

Previous work in our laboratory has found kba = 1.1 x 10713 cm3/nolecu1e-

sec.12 Further work in progress has yielded an estimate of k, = 2 x 10'13
cm3/molecu1e-sec.18 On the basis of the current data and previous results, we
find k; < 2 x 10717 cm3/molecule-sec.

The quenching of 0 ( T) by HI is significantly easier to study. ;
( L) is constantly being produced by the energy pooling Processes (4a) .“;'ﬁ
and (5) B
k S
1 1 5 1 3 ot
0,(!&) +0,'8) +% 0,('1) + 0,(°D) (5) S
oo
and removed by
1 ke 3
0,("L) + HI " 0,(°I) + HI (6)

as well as by wall collisions and gas-phase collisions with buffer gas and
impurity species. The quenching of 02(12) by HI can be determined either by a

12,19 of by Stern-Volmer analysis in

time-resolved approach to steady state
steady state. We have relied on the former method to measure. the absolute

rate (sec'l) of 02(12) quenching in the absence of HI

'z = r'o1,, expt-2,00) - {t'21,, - 1'21g) explok e) 7

A value (k o) = (25 £5) sec”! was determined from Eq. (7) by the method
described 1n Ref. 12, where k 0 and k 0
phnce (typically n20) quenching of 0 ( I) and 02( A), telpectively.

[ t]o and [ t] are the initfial and steady-state densities of 02( t),

respectively. If mixing is rapid with respect to the kinetic tiwme scales, it

reprecent wall and background gas

is possible to analyze the time-resolved approach to a new 02(12) steady state




caused by the introduction of HI (see Fig. 2 and Ref. 12) in order to deter-
nine k6. This method was not used in the present study. Instead, we have
used the Stern-Volmer relationship, i.e., the ratio of steady-ctate o ( I)
densities with and without added HI to determine k6 ([02( a)] s constant)

0
1 k, [1) k
) = {1 + -i!r——-} - 1= —2 (m) (8)
I ksl a) kt
yhcrc It and Ig are the emnission intensities of the oz(lt) band at 762 nm in

& the presence and absence of HI, respectively. The second bracket on the left-
_l hand side of !q. (8) contains a small correction for incremental o ( L)
pumping k“[l ]/k l A] created by addition of the HI. A value k6 = (2.5

& $1.0) x 10716 3/nolcculc-.ec wvas deternined from o (lt) data such as those
shown in Pig. 2 by plotting the left-hand side of !q. (8) versus [HI) and mul-
tiplying the slope by the value of kg deternined from Bq. (7).

B.  PHOTOCHEMISTRY OF HI, CFyl, AND CqF71 AT A = 249 am

The subject of iodide photolysis in relation to the I* laser has been
reviewed recently.s’zo HI photolysis has been extengively studied as a source
of translationally excited H atoms.21-23

HI + hv + H + I(zPl/Z) (9a)

+H+ 102, ,.) ; (9b)

3/2

Mulliken2é predicted that the observed ultraviolet continuum is a convolution
3

of throe separate transitions: a parallel 12 * lo+ trancition resulting
3 and 1 r)
yielding I( P3/2)’ There is ample evidence to support his assignment of

the lt . 31 4+ transition to the region of the absorption maxi{mum. Quali-

tatively, I" quantum yields show such a maximum for both R125 and D126

in I( PIIZ) production and two perpendicular transitions ( I

photolysis. In addition, Clear et al.23 demonstrated by photofragment spec-

troscopy that 266.2 nm photolysis yields products from perpendicular (67%) and
from parallel (33%) transitions. Confirmation of this result has come from an N
elegant recent study of HI photolysis by tunable VUV laser spectroscopy of the S
Lyman-a transitiou.23 -
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Quantum yields for both I(ZPI/Z) and I(2P3/2) have been determined for a
number of alkyl iodides and for HI using atomic absorption spectroscopy.27'28

Continuum flash photolysis was used in these experiments and, therefore, the

reported quantum yields are averaged over the absorption band of the precursor
and the energy spectrum of the flashlamp. A frequently used technique for I*
quantum yields involves monitoring the 1* emission at A = 1.315 ym from a
"standard” and an "unknown” precursor in the same photolysis geometry. This
technique can be used in order to obtain relative 1* quantum yields or the
wavelength or temperature dependence of quantum yield. Recent work has shown
such measurements to be complicated by the presence of exciplex (i.e., excited

complex) emission at wavelengths slightly shifted from the I* transition29'3l

x
* *
™ em 192 1y (10a)
k-lOa
. K10b
™x 18 I+ M+ hy (10b)

where M is the iodine atom precursor or the buffer gas. Early quantum yield
woirk using this method for Hg12,32 CH212,33 and perfluoroalkyl fodides has
been slightly modified and extended by Smedley and Leone3l to account for this

exciplex emission in a quantitative fashion.

We have employed this method to measure the ™ quantum yield from CF3I
and HI in a density regime of I-atom precursor (< 0.3 Torr) and buffer gas
(< 5 Torr) where corrections for exciplex emission are not necessary.29 Execi-~
Plex emission involving HI as a precursor has not been reported, but must be
negligible under these experimental conditions. The obvious choice for a

standard precursor is n~C3F;I where the absorption-band-averaged I* quantum

yield is > 99228, and no measurable wavelength dependence is exhibited between ﬁf*
265 and 298 nm.3! Ve have assumed in this work that the I" quantum yield is -
1.0 at A = 249 nm. The quantum yield of 1* from photolyzing an unknown pre- b
cursor can be computed as follows: ;?
L] ._-.,:

0, * "F_°W o

S (1 ]s(t-O) RI RI RI
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where RI indicates the unknown precursor iodide (HI or CF31); S is the quantum
yield standard (n-C3F7I); and Q, P, W, and o are the I* quantum yield,
precursor pressure, laser flux, and absorption cross section of the precursor
at A = 249 mm, respectively. Thus, the quantum yield ratio is computed from
the four measured ratios defined on the right-hand side of Eq. (11). This
methodology removes most of the systematic errors inherent in the experi-
went. To evaluate the precursor pressures precisely, the digital flowmeters
were calibrated as described earlier. The partial pressure of each gas was
calculated from the ratio of its molar flow to the total flow multiplied by
the total system pressure., The ultraviolet absorption coefficients for the
three 1 atom precursors were remeasured (Fig. 3 and Table I). Selected data
points from Ref. 31 for n-C3F;I and from Ref. 35 for HI are shown for
comparison with the present results.

The yield of I* at t = 0 should be well defined for CF4I and n-CyFyI
precursors. During the photolysis of HI, however, secondary processes can
produce 1*. This complication is discussed in this section. As shown in
Fig. 4, a fraction of the data is taken on the fastest time scale permitted by

. our apparatus (200 ns/point). We have no indication from these data that our

extrapolation to t = 0 is affected by secondary processes. The experimental
data required to analyze Eq. (11) are presented in Table II. The quoted
errors represent one standard deviation and are consistent with a propagation
of the random errors inherent in the measured quantities in Eq. (11). The
quantum yield results are summarized in Table III. As predicted b{ Hulgi-

L= 1o+

component of the transition produces a substantial quantum yield of I*. The

ken,24 there is a region of the HI absorption continuum where the

deconvolution of the spectrum attempted by Clear et a1,25 is consistent with
the present results. Results for DI indicate the same quantum yield peaking
in the 240 to 250 nm range.26 The apparent agreement of the present results
with those reported by Cadman and Polany137 must be qualified because these
authors employed an I* Einetein coefficient of 22 sec™! to analyze their
data. The value A = 7.8 sec”! has extensive theoretical and experimental
jultification.s Our CF3I experiments give a quantum yield larger than that
reported by Gerck36 at the same wavelength. The present result is in better
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Fig. 3. Ultraviolet absorption cross sections for HI, CF,I, and n-CyF;I.
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Table I. Ultraviolet Absorption Cross Sections for HI, CF,I, and n-C3F41

°(‘:“.2) x 10-1-19

%249 nm “max

Reference

Species

HI1 4.8 8.1 This Work® ¢
5.3 8.4 35

CF4I 3.2 6.5 This Work
7.0 34

n~C3F;1 3.7 8.6 This Work
7.7 31
9.5 34

8cell path length: L = 9.9 cm
ressure of absorber: 10.0 Torr (MKS Baratron)
CSpectra recorded with Beckman 5240 spectrophotometer
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Table 11. I* Production Data for HI, CF3I, and n-C3F7I Photolytic Precursors

! Species [RI] ([I*l*’lllo8 QP
N (10 /em3) (1012 /cw3) (arb)
: CF,1 5.5 5.1 0.85
. y 8.7 16.3 0.89
9.0 6.8 0.90
11.7 10.0 0.93
15.2 13.9 0.85
i 16 .6 31.8 0.87
K Q,, = 0.8820.06
b HI 9.4 16.7 0.66
L 9.5 7.3 0.61
11.6 16.0 0.69
14.2 27.3 0.67
17.4 23.9 0.65
i 17.8 30.0 0.70
17.9 46.1 0.65
18.0 13.7 0.66
X 27.2 38.5 0.62
i 31.3 41.3 . 0.65
. 31.9 23.7 " 0.64
h 99.7 250.0 0.66
X Qqy = 0-6520.04
n-CyF, 1 5.9 9.3 0.997
. 10.4 16.2 1.006
: 14.3 22.4 0.990
), 20.1 31.7 1.008
: Q,, = 1.0040.01
)

- 8Calculated from [RI), o, and W.
bQ - ([I’]I([I’]+[I]) was normalized to Q = 1.0 for the mean of
the n-03P7I results.
24
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Table IITI. Quantum Yield of I* From Photolysis of HI, CF3I, and n-C3F7I

.3 Species Wavelength (nm) Qr* Reference
- HI 248 .5 0.65+0.04 This Work
253.7 0.5540. 252 37
: 253.7 0.55-0.65 38
" 266.2 0.3640. 05 25
266.2 0.4040.05 23
Broadband UV 0.10+0.05 28
Y DI 214 0.3320.10 26
240 0.60+0,07 26
253.7 0.4620.05 26
266.2 0.2640. 03 25
a 280 -~ 0.0840.27 26
CF,1 248.5 0.88+0. 06 This Work
- 248.5 0.75%0.05 36
i 308 0.83 36
Broadband UV 0.90+0.04 L27
Broadband UV 0.9140.03 28
y n=CyF, 1 248.5 (=1.0)° This Work
ZT 265-298 Constantb 31
4 Broadband UV 50.99 28

. ‘Derivagiou of this number assumes an I* Einstein coefficient of
. 22 sec = (see text).
b'l‘he quantum yield of I from n-c3F7I is assumed to be unity.
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agreement with measurements employing broadband flash photolysis;27'28

however, more data as a function of wavelength are necessary to evaluate the

quantum yield results of 249 nm.

This general experimental arrangement is suitable for measuring the
quenching of 1* by parent compounds and photolysis products. The rate coef-
29
I

ficients for I* quenching by CF3I and n~C3Fy are too small to measure under

our experimental conditions. The quenching of * by HI is observable; however

K
™*+H 31 +H (12)

the kinetic traces can be complex because of the following side reactions:

k %*
H+Hl 138 Hy + I (13a)
k
13b Hy(v) + 1 (13b)
k
*+n Y 1+w (14)
kys *
I+ Hy(v) #% I +H(v-2) (15)
K ys 2

where Hy(v) indicates the possibility of vibrational excitation (v < 3). The
total rate for Reaction (13) has been measured to be 2 to 3 x 1011 cm3/
nolecule-sec.39’“0 There is good qualitative evidence that the branching
ratio to form I* (k13a/k13) is small,37 although the productfon of 1* from
secondary processes (i.e., kig) is significant. Donohue and wiesenfeld*? vere
successful in fitting their I and ™ profiles from HI photolysis using Proces-
ses (12) through (15) with k;5 = 1.5 x 10-13 and kygy = 5 x 1011 cm3/molecule-

sec, respectively. In other e:q;etimet‘ats,l'1

qualitatively similar fast initial
decays of * (and fast formation of 1) are followed by a slower decay at long
times. Our data at high degrees of photolysis are qualitatively similar, but
appear to differ quantitatively from those of Ref. 40. We do not discuss our
non-single-exponential data in this study. By reducing the laser photolysis

flux and increasing the signal averaging period, we were able to observe

26
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single exponential decays over a wide range of [HI],. These data, plotted in
Fig. 5, yield a rate coefficient k5 = (5.7 $1.0) x 10-14 cm3/nolecu1e-sec.
Previous results cluster around the values 5 x 10~1% and 1.5 x 10713 cm3/
molecule-sec (Table 1IV). The smaller value appears to be strongly favored by
three recent studies including the present one. Thus, the analysis of the

complex 1* traces in Ref. 40 must be seriously re-evaluated.

*
C. CO-PHOTOLYSIS OF O, AND HI AT A = 249 nm

In principle, the results presented in previous sections can be combined
with other fundamental kinetic data on the oxygen—-iodine laser to predict the
performance of a8 laser based on photoinitiated OE/HI mixtures. Recent work by
Young and Houstonaa on laser dissocilation of iodides to produce * in the
presence of ground state ) has demonstrated that many of the iodine donors
have complicated side reactions that affect the decay of the equilibrium in
Eq. (3). Interestingly, HI and CH,I were the only well-behaved I atom pre-
cursors studied. In a system containing only HI and O, (in its three lowest

electronic states), many deleterious side reactions are possible; these are

considered in this section.
21 There

02(32) has an extremely weak absorption coefficient at 249 nm.
45,46

are no known transitions originating from 02(1A) in this spectral region.
Experimentally, we have observed a minute amount of 02(12) when 02 is irrad-
iated at 249 nm. No change in that signal is observed when 5 to 10X of the 0,

) *
is excited to OZ(IA) by the microwave discharge. In the mixed OZ/HI system,

0*
2
account for Reaction (13) relative to other H atom sinks in determining the

is capable of pumping I(2P3/2) to 1%, Therefore, we must explicitly

total density of I atoms in the system while recognizing that Process (3) con- .
trols the 1*/1 distribution.

. o

Y %
] .l ’
FEOMYN

The H atoms formed by the photolysis of HI can also interact with the 02
47

N _
. .
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A fon
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molecules in the system. The reaction

k
H+ 02(3!:) 16 on + o(3p) (16)

kyg = 3.7 x 10710 exp(-16800/RT)

27
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Table 1V. Summary of Rate Coefficient Measurements

Process Rate Coefficient Reference

(cm3/molecu1e-sec)

OZ(IA) + HI -=> 02(32) + HI <2 x 10t7 This Work®

10”14 This Work®
10”14 This Work?

AR 0 e e
AN
x

oz(‘z) + HI --> 02(1A,3z) +H  (2.5:1.0)
(2.910.5)

X

- - ]
5 T 4+ HI -=> T + HI (5.7£1.0) x 10714 This WorkP S
(1.5$0.2) x 10713 40 S

—

10°13 41 _
10-14 42 1

10-14 43

(1.310.2)
(5.240.4)
(s+1)

x

x

X

8Measured by kinetic flow tube experiment.
Measured by excimer laser photolysis experiment.
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is endothermic by 17 kcal/mol and is, therefore, extremely slow at room tem-
perature. As noted previously, however, the H atoms from the HI photolysis
contain substantial translation energy,22’23 having roughly 22 and 44 kcal/mol
from Processes (9a) and (9b), respectively. Classical trajectory calculations
for Process (16) have been performed on the lowest HO, potential energy sur-
face st collision energies of 28, 60, and 90 kc:al/mol.l'8 An experimental
total collision cross section of 0.42 Az has been reported in a companion
ltudy‘9 at 60 kcal/mol collision energy. Thermalization of the H atoms by

T + T transfer with 02 is rather inefficient; however, a recent study has
indicated substantfal vibratfonal (T + V) and rotational (T + R) excitation

50

occurs in het H atom collisions with diatomic partners. Electronic

excitation of 0y by H is energetically feasible as well. Thus, translational
cooling of H atoms is quite complex, yet it is vital to the suppression of
both Reaction (16) and (17) relative to Reaction (13).

k
o+ oz(‘A) 2 4, 02(32) (17a)

k
12% on + 0(3p) (17b)

- Glass and coworkersSl have made a careful study of the temperature dependence

.I of this process. Their rate coefficient of ki = (1.46 £0.49) x 10711
exp(-4000 200 cal-mol~1/RT) em3/molecule-sec indicates that .this process

3 could be significant in a system where the H atoms are not thermalized. 1In

addition, these authors favor Process (17b) over (17a) to explain their data,

thus creating the possibility that OH and Hy0 could be i:troduced into the

present system, which has no diluent other than 0, and 02.

Figure 6 shows ™ decay traces for HI photolysis in Ar and HI photolysis
in 02/0;. The onlz change in experimental conditions is the direct replace-
ment of Ar by 02/02 (Table V). Curve (a) has a t = 0 amplitude determined by
the HI quantum yield [I*/(I + I*) = 0.65]. Curve (b) has a t = 0 amplitude
fized by Process (3) {IT*1/[1] = (ky/k_3) x [0,(!01/10,(*)]}. Calculated
and measured ratios are pregsented in Table V. We find that the measured I*/I

30
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Fig. 6. * decay profiles from HI photolysis.
Curve (a): [Ar] = 1.0 x 1017, [HI]; = 2.8 x 1019/cu. ._
curve (b): [0,°D)] = 9.1 x 1016, [0, )] = 7.9 x 1015,
(BI]g = 2.5 x 1015 /cu3.
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b Table V. Photolysis of HI in Ar and in 0, at A= 248.5 nm
3 1
- Run [Ar) [0,(°D)] [0,("8)] HI
- (x1017) (x10'7) (x10'%) (x10'%) Rl" sz R3°
1.0 0 0 0.81 0.65 - -
2 0 0.90 7.9 0.65 - 0.20 0.20
1.0 0 0 2.8 0.65 - -
0 0.91 7.9 2.5 - 0.20 0.12
1.0 0 0 4.8 0.65 - - o
0 0.91 7.9 4.4 - 0.20 0.10 -4
L -‘q
'Rl-ll*]/([I*]+[I]) based on photolysis quantum yield data. '?;
—
* *
bRZ'[I J/({1 ]+[1]) is calculated (see text) from the measured 7
1 3 -:,:.
' 02( A)/oz( L) ratio prior to HI injection. ROt
LLs

cR3-[I*]/([I*]+[I])*is based on comparing the t = 0 I* signal from i
HI photolysis in 0, to that from HI photolyzed in Ar. . =
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ratios are somewhat smaller than the calculated ratios, implying that the
added HI added I, {mpurity, or the photolysis process causes some quenching
of 02( 4)., 1t is obvious that the time scale of the I decay 1is significantly
lengthened in the presence of o ( A) (Fig. 6b). In fact, the effect is even
more pronounced than Fig. 6éb 1ndicates. We must analyze this long time decay
in detail in order to establish the amount of Hzo that has been generated by
the photolysis of HI in O /02.

We have found that the main limitation on the I*/0; decay at long times
is often not gas-phase quenching, but rather the time required to pump the
lager-excited cylinder of gas (Fig. 1) past the observation window. Figure 7a
shows a simulation of this process achieved by terminating the microwave dis-
charge and measuring the time response of 0 ( 2), which is in steady state
with 0 ( 4). The axial diffusion problem which is superimposed on this cell
pumpout time can be solved analytica11y52 to give the following expression:

1 1
loz( )] = 1/2[02( z)loll + £(2)] (18)

where f is the Gaussian error integral, z = x/ [Z(Dt)llzl. D is the diffusion

*
.coefficient of 0, in 0,, and x is distance along the flow tube axis. It is

2
then convenient to define the quantity L 2(Dt’.)”2 which represents the

distance between 0.25 and 0.75 [02(12)]0. In this experiment, distance is
converted to time by dividing by the plug flow velocity in orﬁer to calculate
the time response at a fixed downstream observation point. The data in

Fig. 7a [curve (a)] can be fit precisely by Eq. (18), which describes the

*
effect of axial diffusion on the bulk transport of the O2

If the laser photolysis zone does not fill the cell volume, one must

out of the cell.

account for radial diffusion as well. Ordinarily, the boundary condition for
an excited state at a wall would be lc*] = 0. In the present experiment,

O ( A) causes the [I ] to attain an average value as I atoms become uniformly
distribnted in the cell volume. As discussed previouoly,8'9 0 ( 4) is capabdble
of dissociating any I, formed by I atom recombination om the valls, thus hold-
ing the total 1 atom concentration constant.
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Diffusion and flow limits on kinetic time scales.
(a) —— experimental pumpout/axial diffusion curve for

02(12) [ecurve (a)]. =.-.- postulated 1* radial diffusion curve
for HI photolysis in 02* from photolysis volume to cell volume
[curve (b)].

(b) Experimental 1* decay in O,* at low [HI).
(0, ) = 9.0 x 1016, (0,8 = 7.9 x 10'5, [mx]q = -
6.4 x 1014/cm3. Calculated percentage photolysis: 2.2%. ~ —
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In addition to the measured axial diffusion curve, Fig. 7a [curve (b)) ;;:
shows a calculated decay of [I*] for an inverse radial diffusion time of e
t! = 30 sec™). This value was calculated from the radial diffusion equation é}i‘
in a long cylinder, where ! . {Dlzl(nz/Lz) + (5.81/R2)]}.53 Dy, is taken to Eiﬁ
be the diffusion coefficient of Xe in Ar (0.10 cm?/sec). The change in ampli- ;;:
tude of this curve reflects the degree to which the detector collection optics f:i
favors collection of radiation from the laser photolysis volume as opposed to _';
the total cell volume. In reality, the 02(1A)/1* system would decay slowly }ij
from the plateau in Fig. 7a [curve (b)] even in the absence of axial diffusion e
effects due to slow gas phase and wall quenching. This behavior was ignored =

in these semi-quantitative arguments, but will be considered in Section 1V, F{
The convolution of these diffusion effects can be expected to produce 'i
rather unusual decay curves at low HI densities where gas phase quenching pro- :;{
cegsses are small. Figure 7b shows such a trace for 1*. Although we are :Tj
* ?

monitoring I*, the axial diffusion of 02 is an important parameter, because ?fi
OZ(IA) determines the [I*] in steady state as soon as radial diffusion homo- =
geneously fills the cell with I atoms. Quantitatively similar results were
obtained for 02(12), which is in steady state with I* because of Process
(4a). Figure 8 shows that the initial decay time of 1* is hardly altered by
the photolysis of increasingly large amounts of HI. The detailed discussion
of this behavior is presented in Section IV.

As we observed in time-resolved flow tube measurements .on the O;-Iz e
aystem,lz the behavior of Oz(lt) is perturbed by the creation of I* as a ifq
consequence of the large rate coefficient for the pooling process, k,a+ The pij
density of 12 approaches steady state with a rate determined by the 12 quench- <l
ing process and decays with a rate determined by the quenching rate of 02(1A)

[see Eq. (7)). Under a wide range of conditions, the behavior of 02(12)

PR
TR
g ga e

o+ »
eee Taate h
>

mimics the time-behavior of 1*. Figure 9 demonstrates that such 02(l£)

Ol

behavior can be achieved in the excimer laser photolysis experiments. The

1

complex long-time behavior is again in evidence. Contributions to 02(12)

O a
el s dod A oo f2e.

quenching were discussed in the context of Eqs. (6) through (8). The quench-

ing rate can be defined!? as

.
o
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Fig. 8. Normalized I* decay curves in O; at low [HI]q.

!. [02(32)] =9.0 x 1016, [OZ(IA)] =7.9 x lolslcm3. Percentage .
o photolysis: 2.2%. (a) [HI]y = 6.4 1014, (b), 2.5 x 1013, i
o (c) 4.4 x 1015/.cn3. :::tlgf'.

36




ARV AR IERT IR LT O a2 DM AR N A ————————" AR ICEACE AT SR ki st s Sva S e —r————

1201717 - T T

100+ _
80 i
60 _
40 ]

20 -

0

02(123 EMISSION INTENSITY, N = 762 nm (arbitrary units)

| 1 !
6 50 150 250 350 450

TIME (msec)

L1
024

Fig. 9. Production and decay of 02(12) following HI pi\otolysis in 02*.

)

! .
- o
. AT
g N
" :_".:.‘-
. _.}‘.‘1

R
N

[

37
e
; -




-

|

!

B BRRRAREY ) ST,

e T IR IR ]
sty

e o i o e o L e o o e e e e

0

= kg + k[HI] (19)

The inverse risetimes, Tr-l, are plotted in Fig. 10 versus [HI]O for constant
fractional HI dissociation, f. From the photolysis fraction (f = 0.017) and
the slope of the line in Fig. 10, we calculate kg = 2.9 x 10-14 cm3/
molecule-sec in excellent agreement with the flow-tube study of Section 1II.A.
Table IV summarizes the kinetic rate coefficients determined by the present

investigation.
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IV. DISCUSSION

Young and Houston*4 found that only two of the tested ™ atom precursors,
HI and CH3I, gave slow decays of the 0;-1* equilibrium [Process (3)] at long
decay times. Although CH3I was not tested in the present study, it is appar-
ently stable in discharged 0,. O0'Brien and Hyersl9 quote a rate coefficient
for 02(12) quenching by CH3I similar to the present measurement for Process
(6). Based on the limited available d:ta, I, and the perfluoroalkyl iodides
appear to be unstable or reactive in 02, whereas HI and at least gome of the
alkyl iodides are stable.

Given the small rate coefficients for Processes (1) (< 2 x 10717 em3/
molecule-sec) and (5) [(2 #1) x 10-17 cm3/molecu1e-sec]9'54'55, the decay of
stored energy in OZ(IA) is catalyzed by the presence of I atoms. The follow-
ing processes were considered in addition to those previously specified:

0,('8) + 1 “20 0,’r) + 1 (20)
0,('8) + wall ‘o 0,(’t) + wall (21)
1" + 0,0) 2y, 0,¢°1) (22)
T+ 0, k33 I+0Q N (23)
PRTR TR (24)

where Qg are the gas phase quenchers of . An analytic expression can be
derived leading to a predicted combined first- and second-order decay of

Oz(lA).18 This expression is an extension of publighed work by Derwent and
Thrush. 16

1 1 A A
- + 4| ey - (3) (25)
[o,(' ) { o, 1, '} >
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where
A= ks + k[ 1')/10,(' 8))

and

k,k *
22%3 1
» '{'(1:2—1—37 * k20} [T+ %y + %z]l {“231“’1] * “za}

('
1

= kege[I] + ko +
[0,¢

a1 }"231“’1] * “24{

The second-order quenching terms for 02(1A), Processes (4) and (5), are
intrinsic to any oxygen-iodine laser. The first-order oz(lA) quenching terms,
keff[I] + ky;, are relatively small, 18,54 Quenching of I* is the main factor
that degrades laser performance in any particular COIL device. That degrada-
tion becomes more severe as I*/OZ(IA) increases. This analysis was demon-

gstrated on an 02*-12-H20 system in a previous report.13

The study by Pirkle et a1,l3 employed densities of OZ(IA), 0 (32), and HI

§

were not removed from the discharged 02, and 1 atoms were generated by Reac-

similar to those presented in Fig. 2. In that study, however, O(°P) atoms
tion (2). Unfortunately, the initial 0(3P) density was not measured explic-
itly. If we assume that all of the O atoms were titrated by added HI and that
Reaction (2) is followed by

K
OH + HI 30 H)0 + I (26)
or
ka9
OH + OH & Hy0 + 0 (27)
we obtain the stoichiometry
ko8
o3p) + 2T % H)0 + 2 1 (28)
42
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which will be used in the calculation below. Using the equilibrium constant
for Process (3) (Keq = 2.9 at T = 295 K), we are able to derive the
0,(18)/0,(>1) ratio (0.06-0.11) from the reported I*/(I* + I) ratios of 0.15-
0.25. From the data in Ref. 15 (Fig. 4) we are able to calculate I*/OZ(IA) -
0.25 and to calculate a quenching coefficient for ™ by HyO from those data

k
*+ 50 ¥ 1480 (29)

T -1

* 1
obs = Koo [H;0] [I1/[0,("8)] (30)

A value of k29 = 2,7 x 10712 cm3/molecu1e-sec is obtained from this analysis
of the data in Ref. 15 in excellent agreement with values obtained by more
direct methods.56'57 Although data such as these are understandable in the
context of the current model, it is clear that Hy0 is an undesirable quencher

in an oxygen-iodine laser.

Figure 8 shows that the initial decay (radial diffusion) time is hardly
altered by the photolysis of [HI]j = 4.4 x 1013/cn3 producing ([I] + [I*])0 -
1.9 x 1014/cmd.  1f we analyze curves (a), (b), and (¢) in Fig. 8 at
t > 0.15 sec, we estimate an enhancement of the I*/OZ(IA) removal rate of
~ 10 sec”!. This is consistent with an enhancement due to Process (4) which
is a second order process with an inverse half~life of 8.0 sec”! for curve

(c), and Process (12), which is a first-order process with an inverse lifetime
defined by [I*]/IOZ(IA)] x kg[HI] = 1.0 sec™le ‘

If we ignore this calculation and assume that all the H atoms from Pro-
cess (9) react by means of the reaction sequence (16), (26), and (2), we would
observe the stoichiometry

H+0y+3H +2H0+ 31 {(31)

This analysis creates several problems. First, the quantum yield of I atoms

from such a sequence would be 4 instead of 2. This would cause the observed
I*/(I* + 1) ratios reported in column Ry of Table IV to exceed the ce®..lation
in column R). The opposite behavior is observed. Secondly, the concentration
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of H,0 that would account for the entire 10 tec'l rate acceleration 1is

1.4 x 1014/ca3 or roughly 502 of the maximum amount allowed by Eq. (31). We
*

re-emphas{ze that the observed acceleration of the 02/1* decay can be

accounted for by known rate processes other than H,0 quenching of 1.

A more stringent test for H,0 production is the effect of H,0 on 02(12)

k
1 2 1
02( ) + H,0 3 02( a) + H,0 (32)

2

k32 = (5 £2) x 10'12 cm3/molecu1e-sec58’59

The data in Fig. 10 show that for 2% photolysis of [HI]O =] x 1016/cm
([HZO]max =4 x 1014/cm3) that the 0 ( I) removal rate increases by

< 300 sec™l, Of that increase > 200 sec”! 1g accounted for by Process (6).
This sets an upper limit on the amount of H20 formed of 2 x 1013/cm e In
other words, < 5% of the H atoms [see Eq. (31)] produced by HI photolysis
appear as H,0 and participate in 02(12) deactivation.

This discussion completes the assessment of HI as a premixed I-atom pre-~

cursor for a pulsed COIL device. The main advantages of HI may be summarized

- as follows:

1. HI is an extremely inefficient quencher of 0 (IA). This permits
these two species to be uniformly mixed priog to photoinitiation.

2. The photolysis of HI in 02 0 has been found to create low densities

of I quenchers, thus permitging high excited state densities to be
consistent with long inversion times.
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V. CONCLUSIONS o
S

The molecule HI has been shown to be a suitable precursor for I atoms in f

* :
a premixed 0,-1 atom transfer laser that uses photolytic initiation. Other .
initiation methods or 1 atom precursors may be feasible. Although the quantum ;;L
yield of * 1s quite high (652) for monochromatic HI photolysis at A = 249 nm, -
. the 1* behavior is dominated by energy transfer from oz(lA). At the HI den- o
’ sities (< 1 x 1016/cm3) and photolysis fraction (< 2%) studied, the behavior y
. of the system closely resembled the predictions of a simple kinetic model that ;11
!:I incorporated the known kinetics of the chemical oxygen-iodine laser (COIL) and -+
* -
- the kinetics of HI with 02 and 1" as reported in these experiments. Thus, the :{;
* o
kinetics of H atoms with 02/02 and subsequent reactions involving 0(3p) and on S
appear to play a minor role in this proposed pulsed chemical laser device. ;i:
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting exper-
faental and theoreticsl investigations necessary for the evaluation and applica-
tion of scienciffc advances to new military space systems. Versatility and
flexibility have been developed to a high degree by the laboratory personnel in
dealing with the many problems encountered (n the natifon's rapidly developing
space systems. Expertise in the latest scientific developaents is vital to the
accomplishment of tasks related to these problems. The laboratories that con-
tribute to this research are:

Aerophysics Laboratory: Launch vehicle and reentry serodynamics and heat
transter, propulsion chemistry and fluid mechanics, etructural amechanics, flight
dynamics; high-tempersture thermomechanics, gas kinetics and radiation; research
in envirommental chemistry and contasination; cv and pulsed chemical laser

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

Chenistry and Physics Laboratory: Atmospheric chemtcal reactions, atmo-
spheric optics, light scatterfng, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistey,
battery electrochemistry, space vacuum and radiation effects on aaterials, lu-
brication and surface phenomena, thermionic emission, photosensitive materials
and detectors, atoaic frequency standards, and bloenvitonmental resesrch and
monitoring.

Electronics Research Laboratory: Microelectronics, GaAs low-noise aand
pover devices, semiconductor lseere, electromagnetic and optical propagation
phenomena, quantus electronics, laser communications, lidar, sand electro-optics;
communicetion sciences, spplied electronica, semiconductor crystal and device
physics, radiometric imsging; aillimeter-vave and microwave technology.

Inforwation Sciences Research Office: Program verification, program trans-
lation, performance-sensitive system design, distributed architectures for
spaceborne computers, fault-tolerant computer systems, artif{cial {ntelligence,
and microelectronics applications.

Materiasls Sciences Laboratory: Development of nev materials: metsl matrix
composites, polymers, and new foras of carbon; component failure analysts and
reliability; fracture mechanics and stress corrosion; evaluation of materials in
space environment; materials performance in space transportation systess; anal-
yuis of eystews vulnersbility and survivability in enesy-induced environments.

Space Sciences Laboratory: At pheric and spheric physics, radiation
fros the atmosphere, density and composition of the upper atmosphete, asurorae
snd airglow; magnetospheric physics, cosalc rays, generation and propagation of
plassa wvaves in the magnetosphere; solar physics, Infrared astronomy; the
effects of nuclear explosions, magnetic storms, and solar activity on the
earth's atmosphere, fonosphere, and magnetosphere; the effects of optical,
electromagnetic, and patrticulate radiations {n space on space systems.
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