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I. INTRODUCTION

In 1964, 3. V. V. Kasper, then a graduate student in G. C. Pi.mentel’e
laboratory, discovered the first photochemical laser. This laser operated
on the spin-orbit transition of the iodine atom at 1. 315 tim. The photo~
chemical I-atom laser has been extensively developed by researchers outside

2 . . 3of the U. S. and can presently deliver pulse energies of .-~ 10 3 and pulse
12 3powers > 10 W. Si nce the I atom has a relatively small coefficient of

stimulated emission (3 X IO~~~ cm
2 at 

~Ar = ~ atm)3, large amounts of
energy can be stored in a single laser device, making the I-atom laser
attractive as a laser fusion device. 

-

For different applications, a cw I-atom laser would be attractive if it
could be produced by chemical reaction or by an efficient energy-transfer
scheme. The unsuccessful attempts to produce a population inversion ir~
iodine with chemical reactions (e .g. ,  0 + HI) are not discussed i~ this report.
Instead, the dis9ission concerns the most promising energy-transfer system
presently known, i.e.,  the transfer of electronic energy from 0

~ (~~~) to
I(2P312).

In 1966, Arnold, Finlayson, and Ogryzlo4 observed that when I was
added to a gas stream containing 02(a 

~ ) and 0 (b ~+), a bright yellow
flame appeared. This radiation was easily shown to be L ,B Ib+ - X ~ g
emission. In addition, a strong line appeared at I . 315 ~m, which could only
be the I-atom transition, 2P 

~~~ 
2P . These authors postulated a

• mechanism for the dissociation of I , the behavior of 0 ( ~~, and the excitation
of I , which later work has verified. First , the 12 must be dissociated:

• 1 1 k15 112( Z) + O~( ~ ~~ 
O~( ~~ + 21 + ~E (AE = 680 cm ) (1)

tThe numbering of rate coefficients corresponds to the complete model in
- 

- Appendix A.

H 0
-9-
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‘1 ii Second , I atoms must be excited to 1*:

F 
~ + ~~~~~~~~~~~~~~~ + 1* + ~~ ~~E = 279 cm~~) (2) . 

-

Third, the Q2( 1
~~ must increase rather than decrease, as one would expect

from Process (1). This increase inO2( 1Z)occurs through Process (3):

1Oz( A) + I ~~ Oz( E) + I + AE (AE = 2364 cmn ) (3)

Fourth, the yellow emission must be explained. Arnold et al.4 favored the
three-body recombination of I and 1*;

I*+I+M- .12(B3fl0+)+M (4)

Derwent, Kearns, and Thrush5 studied this system in much more detail,
• 

— 

however , and established a more complicated mechanism f or~ producing 12(B)
(Figure 1):

k 6I 02( ’E ) + I2( 1Z) ~~ ~~~ ~~ + I 2(3U1 ) + ~~E (AE 1318 cm 1) (5)

k 15
—~~ 2I+O2(~

3
E) (1)

12( 111 ) + oz ( 1
~~) 12(~ no+) + O2(~j )  + ~ E (~~E = 3960 cm 1) (6)

In a series of papers, Derwent and Thrush6 9  evaluated the rate coefficients
for most of the critical chemical processes in this system ( AppendixA) . . -

‘

:
1 1  

•

L 

.
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They also made the first formal p ropos al7 that energy transfe r between
02( 1A) and I atoms, Process (2), could bc used to maintain a cw inversion in
the iodine atom. Since that time, several detailed systems studies have been
made in order to evaluate the potential of such a transfer laser. 10, 11 The
conditions that an 02( 1A ) pump must satisfy can be determined easily. The
equilibrium constant for Process (2) is given by

k [o2(x~~
-
~[I1 

Q~0~(~~ )g~~ g 
*

K EQ = ____ _____________ = 
I exp(-AE/k T) (7)k5 [02 a ~ g~][IJ 0rot~ 

A)g 1 g1

where Q is the rotational partition function and g is the electronic degeneracy.
The electronic degeneracies involved are 0 (~ ,~):O ( 3

t~):I*:I = 2:3:2:4 . The
rotational partition functions are nearly identical so that K EO = 2 . 88 at
T = 295 K. The inversion condition (equal population per degeneracy) for the
I-atom laser is

(8)

Therefore, the steady-state O2( ’,~) IO2( 3
r) ratio necessary to maintain this

inversion can be calculated:.

[O2( 1A)J f[ ~*] \
• 

2~~~~~~t 

= . Kj~~ = 0. 174 (9)

The conditions necessary to produce a cw energy transfer iodine laser based

~~ 0 (~ L~) can be summarized as follows:2 
1 3I. An 

~~~ 
A)/ 0 2( 2~ ratio greater than 0. 174 must be obtained.

tDerwent and Thrush uniformly quote the value 2.94, although In one paper
it Is for T = 295 K and in another T ~ 298 K.

-12-
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2. The equilibrium given by Process (2) must be rapidly attained,
and side reactions must be relatively unimportant.

3. The (0,( hL~] must be sufficient to dissociate the I
~ 

that-is
injected as an I-atom source.

4. A sufficient inversion density on the iodine atom transition
must be obtained to overcome cavity losses.

Although most of the data in this report were àbtait*~ed during FY 76,
under contract to AFWL, preliminary studie s performed under DARPA
sponsorship are included to provide a more complete picture of this tranafer
system.

s 5~
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S II. SUMMARY

The kinetic model described in the Introduction, and more completely
in Appendix A,: strongly indicates that a cw I-atom laser , based on energy
transfer from 0 ( A), can be constructed. Since the kinetic studies cited

earlier - did not employ large Oz( A) /02(~E~ ratios, no one had demon-
strated that 1*/I ratios > 0. 5 could be observed in the laboratory. The pre~
sent study has shown that, within limits, the relationship given in Eq. (9)is

- * .p obeyed and that I I I  ratios > 0.5 can be achieved in a continuous flow system.
Thus, there appears to be no fundamental barrier to the construction of a

— cw I-atom laser. 
-

I The following, obtained under the present contract with AFWL,

• are significant factors in the attempt to scale the inversion density in the
• S iodine system:

1. Characterization of the absolute densities of 02(
1k) and 02(

h
7~)

produced by a single iOO-W microwave discharge in Oz.
- 

~• 2. The development of low-temp era tuije ozone photoly sis (LTOP)
-
~ as a method of producing large Oz( ~ )/0z( 3

~ ) ratios.
3. The determination of the ab solute densities of I~ and I in the

O~ _I~ system.
-

‘ 4. The effect of wall coatings on the deactivation of electronically
e-:cited 0 and on I-atom recombination.

5. The role of 02( T~ and possibly 0( P) in the dissociation of 12 and
identification of scaling problems.

The highest I
s

/I ratio measured in the LTOP + 1a experiments was
0. 79 with an Inversion density ([1*] - 112 [I]) of 3. 8 x 10 11 /cm3. The inver-
sion density required for 10% gainlm is .~ 1.65 x 10 13(cm3. 12, 13

~~~~. ~
-

L 
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11!. EXPERIMENTAL

- ;  A. FLOW SYSTEM

The flow system was constructed almost entirely of quartz and pyrex
with greaseless glass stopcock s used for valving. Vacuum connections were
made with either 0-ring seals (pyrex pipe) or deKhotineky cement (ground _

- _ - glass joints) . Even in high-pressure gas lines, material such as tygon and
polyflo tubing was avoided In favor of stainless steel and glass. A large
liquid N2-cooled glass trap separated the flow system from the core pumping
system (a 900-cfrn Stokes pump and Roots blower combination). The flow

-‘ system has an untrapped static leak rate of ‘~ 2 mTorr/hr.

In general, an attempt was made to use extremely high purity gases.
Most of the quenching rates in the 0 -I system are small; however, the
flow velocities used were also very small (�400 cm/sec). The [Oz( Z)] i~5
demonstrably senstlve to gas purity under these experimental conditions.
For 

~~ 
(Matheson, 99.995%) and 02 (Matheson, 99.99%), high purity two-

stage regulators Were used. The gases were fu rther purified by pas sing them
at 1 atm through molecular sieves traps (Linde 5A) , wMch were periodically
baked-out under vacuum at elevated temperatures. Originally, these traps
were cooled lo -195 K; however, this procedure was found to have little
effect on gas purity. SF (Matheson, 99.99%) was used without further
purification, although its addition decreased the [O~ ( E)] to a greater extent
than the published rate coefficient s had. indicated.14 Helium (Air Products,

5 99.99%) was furthe r purified by passing the gas at I atm through molecular
sieves, which had been baked-out under vacuum and then cooled to 77 K.
Molecular 12 was distilled in vacuo into a glass-bead packed vessel. This
vessel was then filled with He at 17 psia (880 Torr), forming a mixture with
an 

~2 mole fraction of 3. 1 X 10~~ at T = 295 ~~~~ 
15 HI (Matheson, m c , 98%)

was found to be highly contaminated with H2. Samples were distilled into
a 5-liter flask with a cold finger held at 77 K, subjected to several

.5
.
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freeze-pump-thaw cycles, and diluted with high purity Ar to a total pressure *

of 900 Torr. Ozone was generated by passing purified 02 at 18 psia
through a high-voltage ac discharge. Originally, a homemade generator
was employed. Much highe r production rates were later obtained by u.ing a
commercial 03 generator (Ozone Research Corp. • Model 03V9-0). The
03 + 02 products of the ozonizer flowed at 1-atm pressure through a Si gel
trap held at 195 to 200 K. At this temperature, 03 is adsorbed preferentially
on the gel well above its boiling point, thus avoiding the detonation problems -

often encountered during 03 liquifaction. 16 After a substantial amount of
03 was collected (several grams in later experiments), the trap was pumped
for several minutes to remove 0~ . Nonindicating Si gel must be used, since
the 03 itself is a deep purple color. If care is exercised, the 03 removed
from the Si gel is> 90% pure, the residual being 02. The 03 is carried into
the system by flawing N2 through the trap. The concentration of 03 15
measured in situ by attenuation of 2537 A radiation. A 10-cm cell provides
good sensitivity over the 0.01 to 1.0 Torr pressure range (~2537 

=

0. 35 cm 1 Torr 1). 17

The molar flow rates of N2, 02, SF6, H2, and He were measured with
rotating ball flowmetere (Mathesbn) held at constant pressure’ by low-pressure
regulators (Matheson). These flowineters were calibrated by pressure rise

measurements in a standard volume. The molar flow rates of He + HI and
He + I

~ 
mixtures in the atomic resonance fluorescence measurements were

measured by timing the pressure drop in calibrated 5-liter storage bulbs.

During these experiments, the following species were directly observed:
02( 1A), °2~~~~’ 

I(2P 112 ), I(2I~3,z), 12(~ no+), and 03. The following species
concentrations we re calculated from their molar flow rates: 02, N2, SF6,
and 12(+ He). Measuring the absolute concentration of the upper and lower
levels of a laser transition is clearly less satisfactory than a gain measure-
ment; therefore, the experimental methods and the assumptions made will be
dealt with In some detail.

1I~
4 t Kindly made available by Dr. Curt Wittig, Depar~ nent of Electrical Engineer-

ing , University of Southern California.

-~~~~ -_ 
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The apparatus has evolved during experimentation; however , two
distinct sections can be identified. Section 1 includes the ozone photolysts
reactor , a small-diameter section compatible with a I00..W Evenson-type
microwave cavity, a HgO-coated section for recombining 0 atoms, and a
movable isothermal calorimeter probe t9’2° for measuring O2( 1A). Figure 2

is a schematic of this section, and Figure 3 is a photograph. Section 2 includes
a kinetic flow tube and the associated spectroscoplc diagnostics used to mea-

sure the species. Figure 4 Is a schematic of all the diagnostics.

B. ISOTHERMAL CALORIMETRY

1. THEORY

This technique was originally used by Elias, Ogryslo, and Schiff for

O ( 1o) . 19 It has been refined for othe r studies by Kaufman and coworkers.2°

Bott and Heidner used the technique for recent measurements of H-atom
quenching of vibrationally excited hydrogen halides.

Briefly, the method works as follows: a coil of 0. 010-In. Ni wire forms
one arm of a Kelvin bridge circuit. This coil of wire is inserted into the gas
stream and heated by an external power supply to an elevated temperature.
At a temperature T (“150°C), the coil resistance Is such tl~at the bridge is
balanced (Figure 5). The circuit design for the self-balancing bridge was
taken from the work of Ham et al. 2° Thus, with no active species In the gas
stream, the power dissipation of the coil is

W
~0t1

(1) = i
~~~~~i

( 1)  . R~~~~~1 
= i

~~.i (I) . R 5 (10)

When an active species in the gas stream can impart energy to the coil, the
external circuit supplies only a fraction of the power necessary to heat the
coil to the temperature T. The external circuit now supplies

W~ 0i1(2) = i~oii(2) Rcoil = I~~ti(2) . R 5 (11)

-19-
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(a) .~

I ~
Figure 3. Low-Temperature Conti nuous-Photolysis Flow Tube and

0 * Diagnostics. (a) Isothermal Calorimeter Probe.
(b~ Monochromato r on Movable Platform. (c) Cooled
GaAs Photomultiplie r , Pulse Height Amplifier-
Discriminator and Photon Counter. (d) Low-Temperature
CW Photolysis Apparatus. (e) In Situ 03 Diagnostic
(2537 - A Lamp, 10-cm Absorption Cell , Photomultiplier) .
(f) Microwave Discharge Region and HgO Surface for
0-Atom Recombination.
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Thus, the power supplied by the active species is the difference between
these two power readings

AW = W
~oii(l) — W~~~ (Z) = i2011(1) — I2

oil(2) . R~ (12)

When the active species is 0 (1A), AH = 9.5 X 1043/mol. (22.7 kcal/mole) is
imparted for each mole of 02( A) deactivated on th. coil surface. Since the -

coil measures power (S/eec), the probe measures the molar flow rate of
02( 1A) (moles/sec) rather than the concentration. The latter is easily
determined by the relationship

AW
(13)

P1 ~~~A). !totai ( 14)
A j i

2 . LIMITATIONS

The application of isothermal calorimetry to measuring Oz( 1A) is not
quite as simple as outlined. The following questions must be addressed:

1. Does the probe remove 100% of the 02(1A)? 
- 

-

2. Are there othe r energetic species in the gas stream that will
be recorded by the probe ? 

-

3. When 02( 1A) is deactivated on the probe, does some of the
energy escape to the gas phase?

Although the probe is not 100% efficient in deactivating 02(1A), the
fraction of 1A removed by the probe can be determined by noting the decrease
in the 1. 27-~.&m fundamental emission (or the 6340-A “dimol” emission) when
the probe is inserted in the gas stream. The technique I. illustrated in Ftg~
ure 6. For example, if the signal at 1.27 rim, 5, is monitored, the signals
downstream and upstream of the probe can be ratioed to give

4 —

-24-
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Figure 6. Isothermal Calorimetric Probe Efficiency Mea surement
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S2 C(02(
1
A)]f ( 15)

I C(02( A)]1

The probe efficiency, E,- then is given by 
-

1 [02(~ A)]f] / 
~~~~~~

- E = .~1 - ) =  ~~1 -
~~~ -— J (16) -

~°2~ 
A)].] \ 1/

Therefore, Eq. (13) must be modified to read

AWm 1 = E A f l  (17)

We are fortunate in this experiment ip being quite certain that the energy
content of minority constituents such as 0 atoms and 0 ( SE) is small compared
with the energy content of 02( A). Thus, the measured probe signal is due

• entirely to the deactivation of 0 ( 1A). It is not known positively that all of the
energy appears as probe signal when an Oz( A) molecule is deactivated. Whe n
H atoms recombine on a probe , it is known that the H formed is not vibra-
tionally excited. ‘ Expressed in different language, all the recombination
energy appears on the probe or the “accomodation coefficient” for the energy
is unity. If the accomodation coefficient should turn out to be < 1, the

- [Oz( A)] in this study will have been underestimated, which is the preferable -

5 direction of error .

C. SPECTROSCOPY

The relevant spectroscopy of the 02 and 12 systems is summarized in
Table I. Methods previously ~ised to absolutely calibrate emission intensities

- 

include blackbody calibration, absolute radiance of the NO + 0 chernilumine-
scence,

23 ESR measurements on the excited state,24 and measurement of

-26-
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— the excited-state density with isothermal calorimetry. 19, 25 The present
work has utilized isothermal calorimetry to measure the 02( 1A); both the
1. 27_nm fundame ntal emission and the 6340-A “dimol” emission have been
calibrated against the calorimetric probe.

I. 02(
1A) EMISSION FEATURES

Ogryzlo and coworkers25’26 identified the broad emission band at
6340 A as a cooperative emission of a single photon by two 02( 1A)  molecules

02 ( 1A) + 02( 1A) ~~~ O2(~ E) + 02(~ E) + ~~ (18)

Derwent and Thrush6 measured the radiative collision rate coefficient, kr~ 2to be 16 ± 4 cm /mol..sec. The emission intensity should depend on [0 (IA)],
whe reas the fundamental emission at 1.27 pin obviously depends on [02( A)]. . -

Figure 7 is a plot of I versus (th )
2
• The detection system for 6340 A

was highly stable over long periods of~ ime , so that the absolute concentration
of O ( 1A) was determined on a day~to-day basis by this emission intensity.

1 3The Ge detector used to measure the A-’ 2~ emission at 1. 27 pm and the
1* I emission at 1. 315 pin does not have good long-te rm stability. For this
reason, I~ 27 was calibrated against 16 340 for each run.

2. O2(
1
E) EMISSION

The -~ emission at 7619 A “dimol” emission. The concentrations
of Oz( 

1A) and 
~~~ 

1~) can be seen to be interrelated by the following equation:

0z(
~~~)] 

- 
kr f’~634O\f’7619

[02 ( 1A) 12 — 
Xr \R7619)\16340 

( 9)

The values for A j~ and k r are given in Table I. In the absence of 12’ the
02( E) is fo rmed by ene rgy pooling of 

~~~ 
A)

iJ -
.

-28-
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02( 1O) + 02(1A) ..-2 02( 1Z) + 02( 3r )  
- 

(20)

Figure 7 is a plot of I versus confi rming that this relationship
holds in the present system.

3. I(2P 1~,2) EMISSION

The absolute calibration of 1* unfortunately is dependent upon knowing
the radiative lifetime ratio of I(2P )/O ( 1A). The situation is therefore -

similar to that just described for 02( 
~~). 

In the present case, the ~I ] is
determined as follows: -

[I( 2P1/2 )] A 1 I~~ 3~ 5 ~‘R 1 2 7  ~ 
(21)

- EOz ( A)] A1* L i z ?  \ 1.315/

The indicated calibration is made with the Ge detector. The relative response
correction is quite small between these two wavelengths. Neither the 0 ( 1A)
nor the I( P ) radiative lifetimes is known with a high degree of accuracy,

— although reasonably good evidence supports 3660 sec for 
~~~ 

A) and
- 

1 0. 13 sec for 1*. 
30 Throughout this study, the assumed value of A1 /A1* =

3. 3 x i0~~ was scrutinized for internal consistency with the experit~ ental
data.

4. I(2
P~~,2

) RESONANCE FLUORESCENCE

The reaction of HI with excess H atoms was used to generate a known
concentration of ground-state iodine atoms:

H + HI -. H2 + I(2P312) (22) 
-

-5 
- Even if some of the I atoms recombine to I~ , the reaction

C)
-29- 
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2H + 12 -. H I + I ( P312) (23)

followed by Reaction (22), regenerates them. This titration reaction was used

• to calibrate atomic resonance fluorescence on the 1830-A line terminating
on I(2P ) (Table I). Figu re 8 Is a plot of the resonance fluorescence In-
tensity versus [I( P312)] = 1

~~
1added and 11830A versus [IC 

~~3/2~ 
=

2 . [I2ladded• Since I~ must be carried in with a diluerit gas from a satur ato r
at a known temperature, this plot demonstrates that a well-designed 12
saturator does allow one to accurately add 12 to a flow system.

5. I~ EMISSION

A relative measurement of the [Iz] in the Oz_12 system is the intensity
of I2(B -. X) emission, which has a spectral maximum at 5800 A. 8 This
emission provides the yellow flame observed around the I injector. Since
the B X emission is also proportional to [O~( E)]. ~~~~ 

IA)], only qualita~
tive conclusions can be drawn about the [Ia] in the system.

1-~ 
-

i u
-31- 
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IV. THEORY OF LOW-TEMPERATURE 03 PHOTOLYSIS AS
-; SOURCE OF 02( 1A) AND 02( 1Z )

— The photolysis of 03 was reviewed recently by Lissi and Heicklen. 31

For the case of weak photolysis at low 03/N2 ratios, the foUowtng mechanism

gives a limiting quantum yield of 4 (03 molecules destroyed per quantum

absorbed): . -

o3 +hv
.O(1D ) + 02(

1A) (24)

- 02( 1A) + O3~ 202 + O(
3P) (25)

O( 1D) + N2 O(3P) + N2 (26)

VJ  
O(3P ) + 0 3 -. 202 (27)

V 

This phenomenon might be termed a kinetics-dominated regime, because

of the low intensity of photolysis radiation. Large initial concentrations of

02( 1A) and O( 1D) can be made from the flash photolysis of 03.
32 During the

flash, photolysis dominates the kinetics to a large extent. If the intens Ity
I of the flash is such that all the 03 is removed before kinetics occur, Reactions

(25) and (27) a~e not important. The same criteria also apply to a high-intensity V

- 
continuous photolysi s source. Whe n these criteria are met, the O(3P) atoms

1 . formed in Process (26) are forced to recombine, presumably to ground-state

molecular oxygen

O( 3P ) +  O( 3P ) +  N2 -. O~(¼ + N2 (28)

* o(~1’) + WALL ~~oz(
~~~

) + WALL (29)

~
,; 4

i Q
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The quantum yield of 03 photolysis is then 1.0 , and the [02( 1A)]/ [O2(~Z)J =

2. 0.

Continuous photolysis sources are not generally able to dominate the
0 system kinetics. The O( 3P) and 0 ( IA) compete for the 0 against the

photolysis process. Kurylo et al. measured Ic = 4. 5 X 10 exp
(~ 5620/RT), whereas Davis et al. measured k27 = 2 .0 ±0. 2 x 10 exp

(-4522 ± 2 10/RT) . These two rate coefficient s were used to calculate the
temperatu re..dependent first- order destruction rate of 0 by I Torr of O( P) -

atoms and I Torr of 0 ( A) (Table II). These numbers qualitatively indicate

the magnitude of the photolysis rate (sec ) necessary to produce 1 Torr of

I O2( 1A) in a cw system without producing excessive 02(3Z). The advantage

of photolyzing 03 at low temperatures is immediately clear. Whether low-
temperature operation is or is not a necessity depends upon the photolysis
rate.

03 is especially advantageous as a photolytic precursor for Oz( A)
because it has a large photon absorption cioss section in the ultraviolet

(0 1 x IO~~~
7 cm2 at 2500 A)17 and a large quantum efficiency (>0.95)~~ for

the production of 
~~~ 

1~~)• Our initial photolysis reactor had two Hanovia

LL 189A lamps positioned parallel to the photolysis vessel within a MgO-

coated elliptical reflector. Approximately 500 W of ultraviolet radiation is

emitted by these lamps in sixteen lines falling within the Hartley band of

03 (200 nm to 320 om). The fi nal photolysis reactor , which permitted V

photolysis down to ‘~~ 200 K, had four of the Hanovia LL 189A lamps positioned

around a quadruply concentric quartz reaction vessel. The latter apparatus
is shown in Figure 9. 

-
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Table II. 03 Reaction Rates with 0(3P) and 0 ( 1A) as a
Function of Temperature 2

-

~ V 

. T ,K k25, k27, K25, K27,

cm3/sec crn 3/sec sec 1/Torr sec 1/Torr

— 
340 1. 1X j o_ 14 2 . SX  IO~~~ 385 875

320 6 . 5x  io 15 i. 6 x  10~~~ 228 560

300 3 . 6X  1O~~~ l O X  10~~~ 126 350

280 1. 8X  j O~~~ 5 9 X  io 15 63 207

260 8 .5X  io 16 3 2 X  1o~~~ 29.8 112
V 240 3. 4X  io 16 I .5x  io~~~ 11.9 52. 5

- 220 i .2~X io~~
6 6.4- x ~~~~ 4.2 22 .4 —

- . 200 3 . 2X  2 . 3X  1o 16 1.1 8.1

V I - - - 
-

V

~ 1 
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The photolysis rate, R(sec~~), can be expressed in terms of the
intensity in each line, J.(pbotons/cm2-sec), and the 0 absorption cross
section at that line , a1(cm ). Thus, ~

R = ~~~R 1~~~r31c~ (30)
-5 1 i -

In thi s system, R was not measured, although it is perfectly feasible to do
36 WIth the Hanovia specification, the known for 03. and a jud icious

guess for the coupling efficiency of radiation into the photolysis reactor,
R = 10 sec 1. At 300 K, this photolysis rate will not be competitive with
kinetics when [O( 3P)] and [02 ( 1A)]> 0.02 Torr (Table II). For the experiments
performed to date , optimum conditions we re 

~°3~I~~tial 
�0. 015 Torr and

(02( 1A)] 0. 01 To rr .

For a fixed transit time through the photolysis reactor, the rate of
photolysis must be sufficient to decompose virtually all of the 03. since the

~~~Vi remaining 03 will react with the O2( 1A). The photolytic removal of 03 can be
written:

-d( O )  
V

dt = 
~ (~~

.) {i - e~~ (_a 1(O 3)L]}.~ ~ J~a1(O3) = R(03) (31)

(03)
ln (0~~~ = R t  (32) 

-

where t is the transit time of the gas through the photolysis region.

In Eq. 30 and in the following analysis , weak absorption of the photolysis
radiation is assumed for the sake of clarity. This assumption means

• replacing Beer ’s law by 1/10 1 - ~ 4~~3)L, where L Is the absorption path
length. This approximation Is valId~ for all the 03 densities used In this
study.

U

~~
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If 95% of the 03 has to be photolyzed, Eq. (32 ) gives t = 3/R. With
R = 10 sec~~ substitu ed, t = 300 msec. Thus, the residence time in the
photolysis vessel must be> 300 maec for complete photolysis, implying . 

-

a linear flow velocity In the 30-cm-long lamp section of 30 cm/0 . 3 sec =

I rn /sec. Experime ntall y, the optimum flow velocity was I rn/sec.

Although these preliminary calculations fit the data to be presented in
Sc~ction V quite well, further modelling studies were performed using the
The Aerospac e Corporation NEST computer program. In this way, it is
possible to obtain a more quantitative understanding of the variation of
02( 1A) with the photolysis rate, R, the [03], and with photolysis
temperature, T.

The photolysis system was constrained to be isothermal by the artifical
addition of a large amount of nondeactivating diluent. Later experimentation . -

showed that for typical conditions ([0 ]/[N ] 0.02), a temperature rise
occurs. Thus, the [O~ ( A)J/[02( 3Z)] ratio does not increase as rapidly with
temperature decrease as the calculations predict. In addition, the [02( 1A)J 

Vproduced by photolysis is increased by adding SF6, presumably because of
— the large heat capacity of the latter molecule .

V Figures 10 and 11 are two NEST runs for reasonable experimental
conditions. The first case (P03 = 0. I Torr and T = 300 K) shows that in the
absence of other loss processes for 02( 1A) (such as wall deactivation on
these very slow time scales), an Oz( ‘A)/02(3Z) ratio of ~~. 0.24 would be
produced. Photolysis of the same gas mixture at 150 K is predicted to yield -

02( 1A)/O2( 3~~ = 1.75.

-38-
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V. RESU LTS AND DISCUSSION

A. QUANTITATIVE MEASUREMENTS 0F0 2( 1A) AND 0z( ’)
~~

1. MICROWAVE DISCHARGE EXPERIMENTS

A rather brief parameter study in the 0. 5 to 2. 0 Torr 0 pressure
rang e indicated that earlier results obtained with a single i00-W Evenson-
type discharge were substantially correct. Figure 12 demonstrates that
O2( A)/O2(~~~) 0.07 is typical of most experimental conditions; Figure 13
indicates a power saturation occur ing when the microwave discharge power
is raised above 50 W; Figure 14 indicates the variation of O2(~A )/O2( 3Z)
with molar flow rate of 02 at constant pressure. Unfortunately, data were
not taken at very low 0 pressures. Figure 15 shows the very slow decay of
02( A) on a phosphoric acid (H3P04) coated surface. This latter measure-
ment was made because Ogryzlo had indicated that H3P04 was the only surface
tested that inhibited [-atom wall recornbination. Late; it was learned that
Halocarbon wax was far superior to H3P04 in suppressing I-atom recornbina-
tion. The upstream portion of the flow system is still coated with H3P04 

V

since it is somewhat less efficient than pyrex in deactivating 02( 1A) .  The
- . 1best surface coe~ing is one that will not deactivat e 0~ ( £) or recombine

I atoms .

2. 03 PHOTOLYSIS EXPERIMENTS

By means of the photolysis apparatus shown in Figure 2 , 03 was photo -
lyzed in N buffer gas . The initial results (Figure 16) showed that if the NISO4
solution filter was allowed to heat up, a substantial decrease in the 02( A )
production was observed between 25 and 40 °C. This NiSO4 solution is in
contact with the outer wall of the 19-mni-o . d. photolysis vessel . Some cool -
ing of the photolysis vessel was then achieved by recirculating the NiSO4
solution through an ice bath . These data are presented as plots of L

~
which is proportional to (Oz( A)] , versus time after the lamps were turned

— - : on ( Figure 17). The temperature of the photolysis vessel was cycled, and the
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data fall roughly along isotherms. Once again, an Improved 02(~A) yield at
lower temperatures is observed.

The data in Figure 17 Indicate that one problem with the present lamp
system is that the ultraviolet output var ies markedly with time after turn-on.
Later experiments showed these lamps to be quite sensitive to their operating
temperature ~~ 150°C).

3. LOW-TEMPERATURE 03 PHOTOLYSIS EXPERIMENTS

Experiments were then continued in the quadruply concentric photolysis
reactor shown in Figure 9. A survey was made of the Oz( 1A) production
effic iency as a func tion of pressure, temperature, and the mole fraction s of
03. N2, and SF6 (the last was added for increased heat capacity) . The
results are summarized in Table III. These data were taken in early 197 5,
and the results for Oz( 

1
A) production are somewhat superior to those obtained

in 1976 durIng the 12 mIxing experiments. The reason for this difference is
unknown, but it may be a result of lamp fatigue over time. 

V

B. 02( 1A)-I2 SYSTEM 
- 

‘.1)

1. MODIFIED FLOW SYSTEM

The concentrations of the specie s are monitored transverse to the flow
aids of a 2- by 2-cm quartz flow tube. This tube was Internally coated
with Halocarbon wax. Iodine in an He carrier was injected axially. Figure 18
is a scale drawing of the flow tube . • 

V

- V - For a given set of experimental conditions, all the following data were
obtained: the total system pressure, P; the appropriate molar flow r ates,
zji, ~ead from the calibrated rotamer fl owmeters; the 0 concentration with
ultraviolet absorption at 2537 A (for the photolysis experiments); the 0 ( A )

- - “dimol” emission (only In the absence of I ), the 0 ( Z) emission; and a
spectral scan of the 1.27-p&m 02( A) and 1.3 15-pm I peaks . A typical near-
infr ared spectrum is shown in FIgure 19.
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A small data reduction program was written for the Chemical Kinetics
V — Department of the Aerophysic. Laboratory PDP- 11 computer to reduce these
V 

data to absolute concentrations of the relevant system species.
- •V 

2. DATA ACQUISITION AND ANALYSIS

The iodine mixing experiments were performed both for discharge -
generated and photolysis -generated 0 ( ‘A). This close comparison of the
two 02( A) generation methods is particularly valuable. First, the 03 -

photolysis yields the same final products as the discharge; in the present
apparatus , 03 photolysis yields a higher 1A/ 32~ ratio, however. Thus, if the

V 
03 photolysis method can produce a population inversion in the I atom, the
discharge method can also, if the criterion ~A/~Z>  0. 17 can be met. Second,
there is the possibility of a systematic error in determIning 1*. By perform-
ing the discharge and the photolysis experiments In the same flow system
with I~ added in identical fashion, the relative ratios produced by the two
methods can be predicted confidently.

The systematic error involves the ratio of the radiative lifetimes of -

0 (1A) and I~. The [0 (‘A)] is measured by isothermal calorimetry and the
tOz( E) ]° by a mass flow meter.

= - (discharge) (33)
- ; A

in3 = 

~ 
- (photolysis) (34) 

-

E 3 A V

The amount of 12 added is known (Section III. B .4) and, therefore, with
V 

- complete dissociation assumed, [1*] + [I] = 2 [I2]added is known. In order to
obtain a complete solution to the problem, either [j *J or (I~ must be measured

V 

absolutely. Absolute calibration of [I”] is extremely difficult. In this study, -
(xl was calibr ate d absolutely by means of atomic resonance fluorescence in

C) 
-51-
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an O2 -free system, but the technique is awkward to use with 02 and I
~ 

present
V because of the rapidly changing optical transmission of the cell at 1830 A. V

V 
- Therefore, there are two choices. The first is to assume the radiative

lifetimes of Oz( ~A) and 1* are in the correct ratio:

A 
*

(I*] R 1 315
(35)

14 A 1 (02( A)) R 1 2 7

where ~ is the measured intensity , and R is the black-body calibrated system
response (lens, monochroma tor , and detector) at the indicated wavelengthl. All
the quan tities are measured in the present experiment except (Is] and (A ~/A j ).

I A
- Therefore,

(
~~*

] = 

~~~~~~~~~~~~ 

)[02 8~ 
(36) 1

can be calculated, where (R 1 z711~1. 3 ~5) = 0.854 in this system , and the
accepted value of A 1 /A  

* 
= 3.35 X 10~~ (Appendix C). [I) is then determined

by mass balance assum1~ig complete dissociation of I~:

F: ~ [i] 2 
~2

1added - ~j*~ (37) -

A second e ’~1uation of (1*] can be obtained by analyzing Eq.(B-3).

(1
k
] k 1(0~( 1A) ]

— 3_ (B-3) V

V 

- (‘I (j~ + k6)[02( 
~~~~

)]
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If the Derwent-Thrush analysis is correct as the present work also indicates,

k6 <<k5, and the following expression results,

* 
[a (

1
A1)]

— (x I = KEQ(I] 2 (38)

~
°z~ 

Z )]

- 

2. 88(2(I2I d d d  - [1*]) (0(14)] -

— 

(o2(3E)] 
(391

By the rearrangement of Eq. (39), the following result is obtained:

V 

* 
5.76(12] ~~~~~~~~ 

(
1
4)1

[I I ~~~~~ (40)

I 
- (i + 2.88[Oz( A!1/b02( ~~1) (°z( 

~~~~~~

- These two methods of analysis are indeed independent, although each of

them has assumptions that should be carefully scrutinized. In fact, Derwent 
V

- and Tb.rush7 calculated A 
* 

= 6 sec ’ by comparison of these two methods.

The present experiment 5~iggests that A 
* 
is somewhat larger than the

accepted value of 7.8 sec 1q 30 Clearlyf it is difficult to control all of the
important variables in this system.

As will be shown by the data presented in the following sections, both

V 
the discharged 02 and 03 photolysis systems behave in a well-understood I

V V; fashion when small amounts of 
~2 

are added. When larger amounts of 12 are
added , a catastrophic decrease in ~ is observed. In this regime, 02(

1E) and

no longer increase linearly with 12 addition. The explanation would appear to

be that the 12 is no longer completely 
dissociated. Since in this data analysis

V 

it is assumed that [1*] + (I] = 2 (I2]added~ 
the results cannot be valid after this

LV
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- 
- assumption breaks down. The presence of substantial amounts of ‘2 will also

be detr imental to the system since

- -  
I* +I I+12 (41)

V 
— proceeds with a near-gaskinetic rate coefficient. The onset of the catas -

trophe appears to be variable but occurs at [14]/ [12]added ratios of -~ 50
to 250 and 

~2
1added of 0.2 to 0. 5 mTorr. In these multiple-diagnostic experi-

ments, the spectroscopic measurements were not made as a function of mixing
time of the 12 with the 02(8) stream. Therefore, how rapidly (and in what
direction) the 02( 

1E) and (1*] vary with time is not known. This catastrophe

is semiquantitatively analyzed in the following sections. -

3.  DISCHARGED 0
~~
: BEHAVIOR OF 1* AND O2

( 1E) 
- 

-

The interrelationship between the extent of I dissociation and the

absolute [02( E)] must be evaluated. The results of present study confirm

the major conclusions of Derwent and Thrush that O2(
1E) is responsible for

maintaining the dissociation of 12 (the initial breakup of 12 in the LTOP experi-
ments is a separate question)..

The 
~2 

dissociation cycle presented in Figure 20 is an example of a
positive feedback loop. Any change in the system brings about an accentuation
of that change. For example, if the (I

t
] decreases, the formation of 02(

1Z)

by k2 decreases and the dissociation rate of 12 by k15 decreases, thus
decreasing the equilibrium amount of (1*] and [I] still further. If even a small
fraction of the (IZIadded remains undissociated, the effect of its gaskinetic
quenching efficiency on 1* is a seriov s problem.

— The data to be discussed in thi s section are shown in Figures 21 through
23. The principal difference in these plots is the (Oz( ’8)] and [02(

’Z)Io.

- 1 Each figure is a plot of Eqs. (B-3) and (B- i 3) .

- ‘ (1*] k 1 (I] 
- 

-

(oz(’4)] 
= 

~~~~~~~~ (O2(3E)] 
(B-3) 

-
. 

—

-

V V V _ ~ ~__~~_ _~_~~
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Figure 20. 12 Dissociation Cycle in 02 (~A)-I Atom Transfer System
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[oz( ~~)1 - [O z
( ~2~))° 

= 
k2k 1 (~~] (B -13)

(02(
’Z)lO k9

(k5 + k6) (o2(3E)]

From Eq. (B-.3), a value for the equilibrium constant KEQ = k1/k5 ~
k 1/(k 5 + k6) can be derived. If it is assumed that the [I 2~ 

is known and that it
is completely dissociated, a result is obtained for KEQ that is systematically
in error by 28%. Subsequent runs gave KEQ values that were somewhat
smaller; however, they are uniformly high. This observation can be explained
by any combination of the following possibilities:

1. More 12 is being added than the calibration experiments indicate .
2. A too small, Eq. (36).
3. A~ is too large, Eq. (36).

At high 12 additions, there is an Indication of scaling problems. This
is particularly clear for the plot of (Oz

(.
~~

)] - (02( 12 ) 0]/(02( ’Z) ]O . At low
[02( 14)], the scaling also seems to fail for (I*]/[O2( 14) ]• Some of these
deviations may reflect difficulties resulting from our addition of large amounts
of He carrier with the Iz. Helium has a large effect on the system gasdynamics
(Figure 24). A correction was applied for this effect in the data reduction

-

- 

- - ! program; however, in future experiments, Ar instead of He and a heated 12
V saturator should be used to minimize the diluent added with the 12. Neverthe- V

less, most of the scaling problems result from a more serious source.

Not only does this system exhibit positive feedback, it also can manifest
strong spatial inhomogeneities. Such Inhornogeneities make kinetic analysis

V extremely difficult; however, it Is easily shown that the centerline of a flow
tube will always have the highest ratio of 1~ /I. Thus, a laser device is

• possible in a system where the volume -averaged I~/I ratio is not inverted. V
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In Appendix B, the full steady-state expression for the [02( 1E1 is
derived. This equation forcefully demonstrates the effect of inhomogeneous

species concentrations

[o ( 1~~)] I f -k  k 1[I]/k (k + k 6)( O (3~~)]

[Oz( 1
~~)]0 

- 
1 + 
[~
l 15 + k16)/k10](12] 

-

The second term in the denominator does not appear in the expression
derived by Derwent and Thrush, Eq. (B-13), which is a special case for
large (02( 1E)] and small ‘12’added In steady-state, 12 is only formed at the

walls by heterogeneous recombination. As 12 molecules diffuse away from
the walls, collisions with 02( 1L) dissociate them. Conditions can be found
for which 12 is confined very close to the walls, where Oz( 1L) will be deacti- 

V

vated in any case (in other words, the boundar y conditions for the differential
equations are the same). In this case; the flow-tube -averaged emission by
02( ~L) obeys the relation given by Derwent and Thrush, and k2, the 0 ( 14) 1*

energy pooling r ate, can be extracted from the plots of Eq. (B-13). What
conditions are necessary for this plot to be valid? Primarily, one needs to
make [02( 

1E)]>> [Iz
] in a large fraction of flow-tube volume. The following

conditions help achieve this inequality:
I

- - 1. Large values of the [Oz( 8)].

2. Small values of Yj o and ‘1j8’ the wall deactivation
and recombination coefficients of 02( i2~) and I atoms,
respectively.

3. High system pressures to cut down I-atom and O,(1Z)
diffusion to the wall and ‘2 diffusion away from tfl~e wall.

The breakdown of system scaling occurs when the rate of production of V

02( L )  molecules in the gas phase can no longer dominate the rate of produc-
tion of I~ molecules at the walls. The 12 molecules then penetrate further

_-  
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-
~~~~~~~~~— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _- ~~~~~~~-- - -- -~~~~



- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • V V•V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
________

I

I -s
-
~~ into the gas phase before being dissociated . The conditions for which 

V

-~ Eq. (B-13) must be replaced by Eq. (B-12) can be predicted:

k k  V

9 5  6

_ _ _ _ _ _  

12 3
k = I x IO L cm /mol (43)

10

Therefore, write the following expression:

(oz(
~2 ) ]  I + 3 . 8 x  1O3 

(‘1/10 (3Z))
1 0 = 2 (44)

[02(E)) I+ I x i O  
“2~

If the term I X 1012[Ial appr oaches I , deviations from Eq. (B-13) will be $
observed. For (‘21 ~~ 3 X 10~~~ mole/cm

3 
(~‘ 10~~~ Torr), a 30% deviation is

- predicted. In Figures 21 through 23, deviations occur for (I2]ad~~d ~ ~~s X

V i0~~~ mole/cm~ . Thus, if the I~ were uniformly distr ibuted In the tube,
only 2% of the added I

~ 
would have to remain undissociated to explain the

fall -off observed in the present experiments. In addition, the k2 values
V determined in our work decrease systematically as [0z( ’2~ 

)]0 increases.
Therefore, even in the “linear regions” of Figures 21 through 23, the term
i x 10 12(1 j is important. Our value of k = 1.3 x 1010 czn3/mole-sec,
obtained at the highest value of (0 ( L)]0, agrees well with Derwent and
Thrush’s value of k2 1.6 x 10 cm /mole-sec.

t k 10 is calculated for a 2 -cm-diameter tub., P ~ 2.5 Torr , and = 0.01.

-62-



-

~

U

If it were possible to start with a large value of (02(~Z)J
0, it would be

possible to reach a condition where

(0 ( 1E)] 3.8 X io~(i]

(o2( 1
~~)]0 

- 
1 x 1o12(12](o2(

3L)]

- 
- This expression indicates that the fraction of I~ dissociated remains constant

if the ( 1L) remains constant . Thus, ( ‘L)/ (~~~)0 could exhibit an extensive
plateau rogion . This plateau will persist until a new 1* quenching mechanism
causes a deviation from the equilibrium (k 1, k5).

After completing this semiquantitative analysis of the behavior of
V 02( 1Z), the fr action of the 

~ 21added that will be dissociated as a function of
radial position in the flow tube must be determined. If it is assumed that
is formed only by wall recombination and that it is dissociated only by

Oz( I~~) V steady-state analysis (Appendix B) for the flow-tube averaged (Is]
yields

[I] 12 
= -1 (B-IS)

[12
10 1+ ((k15 + k 16)1k18] (02( ~~~~ ]

As noted earlier , the amount of undissociated 12 is inversely proportional to

[02( ~2 )]. The amount of 1a is also minimized by a small recombination

coefficient, k 18, for I atoms:

/ 2  
_ _

i8 k8D0 ‘YI8~i’-

where R is the tube radius, D0 is the diffusion coefficient of I atoms in I atm

of 0 ( # #0. 2 cni2/sec), P ii the pressure In atm ospheres , and is the radial
velocity of (I](”l. 5 X 10 cm/sec) FIgures 25 and 26 are representative
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Figure 25. AnalyttF Prediction of Fractional Dissociation of I~
V by O~ (LZ). Part 1. Variation with Tube Radius (R)
-: and I-Atom Wall Recombination Efficiency (yja) fur

[O~ (1E)] Typical of Microwave Discharge Conditions
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FIgure 26. Analytic ~ rediction of Fractional Dissociation of
I, by O~ ( t). Part II. Variation with Tube-
radius ~R) and I-Atom Wall Recombination
Efficiency for [O,(1Z)] Typical of Low-Tempera-
ture 03 Photolysrs
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I .
plots of [121/(121

0 versus for various values of R and (02(1L)J. A linear
- :  region of the plots develops when the loss of I atoms is no longer diffusion

controlled (i.e. ,  when is small):

[121 
_____________

(1210 2k 15R(02( 1Z)J

Although to the author ’s knowledge, no one has actually measured
Halocarbon wax, Glass and coworkers have measured y � 10~~ for Br atoms
on this surface. They also found that pretreatment of the wax with F2
lowered ‘y substantially. It would appear that y on Halocarbon wax is

~ 10 . This would mean that

_ 4 1
- 5 x 10 [o ( E)]~~0 2

in a 2 -cm-diameter tube. Ther efore , for = 5 x 10 ’I mole/cni3
(..~ 1 m Tory), only 0. 1% of the 12 would remain uridissociated. The highly
deleterious effect of an efficiently recombinant surface for I atoms is shown
in Figure 27. These are very realistic conditions for discharged °2 if it is
assumed that = I (which is likely for an uncoated surface). Even though V

25% of the I remains undissociated, only 1% of the I is undissociated along
the tube center, if the [02( Z)] remains at 4 x 10 /cm

4. LOW-TEMPERATURE 03 PHOTOLYSIS: 1* AND 02( 1r) BEHAVIOR

An attempt was made to survey the following experimental conditions:

1. oz ( 8)/oz(
~~ ) ratios of “0.2 and low concentrations of added I~ .

V 2. 0 (~ 8)/O (~L) ratios of ~..‘0. 2 and high concentrations of added I
3. Maximized 02( 8) /Oz(

~~ ) ratio and low concentration of added 1
~
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TUBE RADIUS, cm

V 
- Figure 27. Radial Distribution of ~~ 

in 2 -cm i.d. Flow Tube . 
V 

-

Analytic Prediction of the ‘a Fractional Dissociation
- For a Flow Tube with Efficient (yjg = 1) Wall Re-

combination of I Atoms. Experimeq~tal Conditions:
= 2.5 Torr, [Oz( ’Z)j = 4 x iO1~ cm 3,

((121/D21°)Ar = 0.25
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The results for the first case are shown in Figure 28. The [I*]/[IJ 
V

ratios are ‘.0. 5, i. e ,, inversion on the I. 315 ~m transition. The line (a) is - - -

V not a fit to the data , but rather has a slope of 3.2 , which is typical of the
values obtained for K with the present apparatus. The slope of plot (b)
gives a value of k2 = 3. 7 X 10 cm /mol-sec. As with the discharged 0
data , k2 becomes larger as [Oz ( ~~)J 0 becomes smaller, the result of incom-
plete dissociation of I , which would produce an error In ke In the observed
direction. The value of [02 ( E)]° for Figure 28 is 1.0 x 10 moles/cm
Since the process

k
V 02 (~~~~ + I 2 —~~02( r ) + 2 I  (I)

14 3 .has a rate coefficient of I x 10 cm /mol-sec (Appendix C), the initial
dissociation rate for I , R°, is 1.0 sec ~~, and the maximum rate is Rmax =
20 to 30 sec ~R = k [0 ( ~~~~ These rates are obviously very slow, as
is the energy-pooling rate between 02( A) and 1

*, which replenishes 02(Z),
k2[02(

1A)] ~7.5 sec
1 for a n 02(~ A) pressure of 10- mTorr. Since the ‘2mixing-to-observation time is 70 msec, it Is unlikely that k 15 provides the

only mechanism for dissociating I~ in this system. For an I~ dissociation
rate equal to R°, less than 7% of the 12 will be dissociated. For an 12 dis-
sociation rate equal to Rm

~~c, approximately 17% of the I remains undi s-
sociated at t = 70 msec. Unfortunately, the time evolution of I and O~~ E)

V was not measured . Nevertheless, since [02(
’E)]° “Z x 10~~ Torr , [0(ip)]

of 10~~ Torr would probably be more effective in producing the initial dis-
sociation of I than is 0 ( 1E). Since those O( 3P) atoms will be consumed,
however, for I pressures of 10 to 10 Torr , the bulk of the dissociation

- : must be done by 
~~~ 

E). The oxygen atoms only serve to initiate the
process. -

V 

Figure 29 presents data for the second case, where relatively large
- 

- 
amounts of 12 are added. It resembles Figure 28 for small I

~ 
additions and

C)
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Figure 28. Behavior of 1* and O2(~~ ) In P2 Produced 

V

- 

V by 02. Photolysis. P~art I. ~Pô.~° ~ 40 mTorr ,
V ~~~ 

(1~~) ~ 9 mTorr, ~N 
= 2. 2 Torr ,

[O~~( 1Z)]0 = 1 x ~~~~~ mo~es/cm3. From line
(a), KEQ = 3. 2; whereas from line. (b), 

~~ 
=

3. 7 x 1010 cm3/mole-sec. [1*1/Eli 0.
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then rapidly e~~ iblts the 02( 1E) catastrophe for I*/O2( 1
~~) ratios ~ 1.2 x 10

_a
.

Below that ratio, K~~~ = 3.2 Is obeyed, indicating that the I~ must be nearly
dissociated. As in the discharged 02 case, the gasdynamic corrections are
large as a result of the addition of He; thus, the data in region of large 12addition are subject to sizable systematic errors. The use of a heated 12saturator with Ar as a carrier gas would solve this problem.

For the third case, the optimized production of 02( A) /02( 3
E) is pre-

sented in Appendix E as a sample calculation. If sufficiently small 03 con-
centrations are used , [I~J /[I] ratios substantially greater than 0. 5 can be
achieved for very low [12] added. Figures 28 and 29 demonstrate that inver-
sion in 1* is possible In the present apparatus only for [Oz(

’1
~)] �lOm Torr.
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VI. CONCLUSIONS

- 

- The low-temperature 03 photo lysis system has permitted us to verify
that 1*/I ratios> 0.5 can be produced by energy transfer from 0z(~~~). Thus ,
a cw energy-transfer iodine laser should be possible to construct. Two
results that affect system scaling must be addressed in the future. The first
result is fr om the LTOP experiments, where the initial rate of dissociation
of injected I

~ is much too rapid to be explained by the 0~ ( 1E) mechanism
(k 15). In the absence of 12P [Oz(~~~

)] = l0~ - 1010/cm3. Even the large
- dissociation rate of k15 = 2 X ~~~~~ cm3 /mole-sec gives an extremely slow

dissociation time 2 X io
_10 x 10 10 

= 2 sec 1 or 1Diss 0.5 sec. Given the

chemical simplicity of this system, the only other species that could be
-

- responsible for dissociating I~ are 03 and 0(3P). This point really needs
to be further clarified since the kinetic modelling cannot reproduce the
observed behavior at present.

V 
The second scaling problem that any method of 0 (~A) production will

V 

encounter is the problem of wall deactivation of Oz( E) and wall recombina-
tion of I atoms . Basically, the production rate of 02( Z )  needs to be large
enough to overcome the production rate of I at the walls. This problem can2 Iprobably be solved with Halocarbon wax coatings. Furthermore, the 02( £)

- - in the presence of I must be large enough so that the 12 dissociation time

{k 15 [oz(~~
)] TDis is much shorter than the diffu sion time of 12 from the

walls to the tube center. For small diameter systems (~2 cm), (0 (~Z)] ~ -

V 10 /cm will be needed.

The low~temperaturephotolysis method suffers from the low intensity

- - 
- of the present system. Two methods exist for scaling this method to 

V

larger cw production rates of O2(
~~

). The first is to use larger and more

efficient cw lamps, which are, In fact, available . A less expensive test of

r ~ the scaling of this method would be to attempt to run quasi-cw by flash photo-
lyzing a sizable volume of 03 + N2 + SF6 and flowing the products through

V.

I )
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the I mixing region. Given our present knowledge of the ability of the 0
photolysis system to produce high Oz( 6~)/O z( 

~~~) ratios , this would seem to
be a reasonabl e near -term atte mpt to reach threshold densities of (1*1 - 1/2(1]
while awaiting the development of a “clean” chemical generato r of O~( ~~~

$

~
- I —V

_ _ _  -- — - 4 
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V APPENDIX A V

CHEMICAL }CINE TICS OF THE O2( 1
~~)..I ATOM SYSTEM 1

I +02(
1A ) 

k1 
1* +O

~
(
~~
) (A-I)

1* +02(1A) I+O2(
1
~ ) (A-2)

1* I+hv (A-3)

k4 3Oz(
~~~

) oz( 2~) +hv  (A-4)

1* + Oa(2) 
k5 

~ + (A-5)

I + 02(E) 
k6 I + O2(Z) (A-6)

I 
k7 3

~ + °2~ 
A~) I + O~( Z) (A 7)

k8
I* +M I+M (A-8)

0z(~~
) + Oz(~~

) 

V 

k9 02( 1L ) + o2(3L) 
- 

(A 9)

O2(
1E) + wall 

k10 oz(
~~~

) + ~~1l (A 10)

V 

I* + wall I+wall  - ( A - I l )

Oz(~~
) +wall O2(~Z) +wall (A-la)

Oz(
~~) + M 02(

3L) + M (A.13) -

* 

V 

O2(
1V) + M 

k14 
~ ~~~~~ + M (A-14)

In so far as possible , the above rsact lons are numbered as they appear
in Ref. 9

79.
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V 

I2(
1L) +02(

1Z) 
k15 

— 0(3E) +21 (A-15)

I2(
1L)+O2(

1Z) 
k16 Oz(~~

)+Iz(
3fl j~

) 
-. 

(A- 16)

-

~~ 
I2( f l j~

) +02( 1A) :17 *~ I~
(
~ II~~+) + O 2(

~~~
) (A- Il)

Io r I* + wall 18 1/2 12 + wall (A-l8)
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APPENDIX B . 
- - 

-

ANALYTIC SOLUTIONS TO THE O2(~~~).I ATOM
- KINETIC EQUATIONS

A. STEADY -STATE CONCENTRATION OF 1*

~d[I
*] 

-

= k3(I*] + k2(I
*)(02( ~~i~~~)] + (k5 + k6)(I

*1(O2( 
1k)] + k1 ~[I

*~ - k1(I](02( 
1k)]

* 
(B-i)

with d(I ]/dt 0,

*
] 

k1tI]( 02( A)]

+ k2[02( A) ] + (k 5 + k6)[02( E)] + k 11

)
With the rate coefficients given in Appendix C, it can be shown that

(k5 + k6)[02( 3E)] outweighs ali other possible terms in the denominator.

Thus, 
V

(
~~*

] 
- 

k (0 ( I
~~)1

= (k 5 f k 6) (0z(~~~
)] 

-

The rate coeffic ients k 1 and k5 are related by an equilibrium constant

defined by statistical mechanics. If k6 <<k5, a very simple expression

results, i.e.,

(
~~*

] 
(~~2(1A )]

= KEQ (02(3E)] 
(B-4) 

—

The term KEQ 2.88 at T 295 K (see text) . -
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V B. TIME DEPENDENC E OF 02( 14k)

-d[O ( 1o)] 
* 

V •

= (k1 +k.7)[IJ[02(
1A )] +k 2[I 1(O2( 1.A )] +k 9[02( 1a)J 2

- - k5(I*](02(3E)] - k 10[02( 1E)] (B-5)

Derwent and Thrush8 found that -d(O ( 1A)]/dt is first order in both 
V

[I] and [O
~
( A)]. This eliminates the second, third, and last terms, 511 of -

which depend upon (O2( 1o)]2. With those terms dropped and Eq. (B-3)
substituted into (B-5)

-d[O (1A )] [(k 1 + k.~,) - k 1k5] k
11c6

dt = (k5 + k6) 
(I lEOz( 

~ = + k7~ (I][O~( A)]

V (VB~6)

- 
Thus, a plot of In[02(

1A) ] versus t at constant (II yields a value for
k 1k6/(k 5 + k6) + ic.7. Derwent and Thrush found this quantity to be

~~ 
(8 ± 1) x 10 10 cm3/mol-sec. Using independently determined values for k5

V and k 1. they were able to demonstrate the following inequalities:

-~~~~~~ k k 7 V
k6 = 4.4 X i0~k3 - � 3.4 X 1010 crn3/rnol-sec

Ic7 � 8 X 1010 cm3/mol-sec (B-7)

The branching ratio for 1* removal by electronic energy transfer (k5) ver sus
quenching (Ic6) is

‘- 4
~V

V
~ icr

~~ � 470 - (B-8)

H 
6
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C. STEADY STATE DENSITY OF O2j )~~~
In the absence of added I

~
, 02( 1E) is formed by Pro cess (A-9)

V 
[O2(

1
~t) energy pooling] and is deactivated at the flow tube walls (A- 1O) .

Under certain conditions, gas phase quenching (A -14) may become comparable
to wall deactivation, but it will be ignored in this analysis .

The (02( 1E)] can be solved for in the absence of I
~ .

[14]2
k

(B-9)
- z

~I0

V 
When 

~2 ~ 
present

d(1L] 1 2  * 1  1 1- 

dt = k9( A] + k2
(I ]( A] - (k 15 + 1(16)1 ~~1[I2] - 

~~~~~~~ 
Z] = 0

( B — t O )
V (1~ )2(k ~ 

[I*]/(1A]~) 

V

-

[1E] 
= 
(~i +k 2k 1/k9(k5 +k 6)I1(I]/ (O2(3Z)])

~ (B-12)

I 

- [1~~]0 I ÷ 1(k 15 ÷ k 16)[I2]~~/k 10 
V

Under special circumstances discussed by Derwent and Thrush and in

V 

Section V. B. 3 of this r eport , the above expressio3 may be approximated as

k k
-: L — 

2 1 L’J (B— 13)_ _ _ _ _  - - k9(k 5 + k 6) [o~
(
~~

)]

0
- - -H -83-
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D. STEADY -STATE DENSITY OF 1a

-d(12] 
= (k 15 + k16)(12J[02(

1Z)J - -4! ([ii + [1*]) = 0  (B-14)

Since (1210 - (12] = 1/2(11*1 + (I]), by suitable arrangement,

- 

(Ia] I
____ 

= (B-15)
1 +~k15 +k 16)/k 181(O2(

1
~~)]

is obtained. 
V

.
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APPENDIX C

V RATE COEFFICIENTS FOR THE KINETIC MODEL OF APPENDIX A

Process k 
V 

Ref.

(4.6 ± 1.5) X 1013cm3/mol-sec 9

Ic2 (1 .6 ± 0.2) )< 1010cm3/mol.sec 9

7.8 aec 1 30

1(4 0. 077 sec 1 28

1(
5 (1.6 ± 05) x 1013cm3/mol-sec 9

3.4x 1010crn3/mol-sec 8 V

k7 8 x 10 cm /mol-sec 8

• See Appendix D

1. 2 x 107cm3/znol-sec - 
6

k 10 i~ x io~~ * 
6

k 11 y 11 ’d I  -

k 12 y12 c.~2 X 10 5 6

k13 See AppendlxD

k14 See Appendix D 
V

k15 I )( 1014cm3/mol-sec 8

k16 4 x 10 cm /mol-sec 8

k 17
k18 y18(pyrex) 1;

~ lO~~ This work
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- APPENDIX D

RATE COEFFICIENTS FOR QUENCHING OF O2( 14o~). O2( 1Z), AND 1*

O2(
1o~), O2(

1Z), 1*,
Quencher k(cm%1ol-sec) Ref. k(cm3bnol-sec) Ref. k(cm3bnol-sec) Ref.

Ar - 6 x tO 3 14 9 x io6 14 < 1.2 x 106 43

5.4x103 32 -

He 6 x tO
3 14 6 x 106 14 <3 x to6 43

4.8X 10~ 32

V V SF6 1O~ 14 9x  io8 14 1.9x 1O~ 43

V 
- 1 .4x i 0 7 43

N2 6 x 1O 3 14 1.3 ~ 1O9 14 1.3 x 43

8.4 x tO4 32 38 3.9 x 106 43

02 i .ox  106 •~ 
14 9 x iO~ 14 1.6 x io 13 43

H20 2.4 x 106 14 3.0 x 1012 5.7 x 1011 43

03 2.2 x 10~ 33 4.2 x 10 12 14 -- --
2.6~~~1O~ 32

I -- -— Zx IO~~ 8 2 .5x  1012 41

2.2~~ 1O13 42

)
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- APPENDIX E

SAMPLE CALCULATION FOR PRODUCTION OF POPULATION
INVERSION IN I ATOM

A. DISCHARGED °2 CALIBRATION

- I. Dimol sensitivity constant = 1.8 x io 6 Hz-Torr 2

2. Experimental conditions: P
~ 

= 2.472 Torr;

V 4. 75 L-Torr/sec; - 16340 = 5~x ~~~ Hz; P 1 = 0. 167 Torr;

P3 = 2. 305 Torr .
3. o2l~14) /o2(~E)  = 0.0725; thus, 1k/I (predicted) =

2.9(0.0725) = 0.21.
‘ 4. Calibration of Ge detector for 02( 14) at 1.27 pm =

55 mTorr/mV.

(3 B. ADDITION TO DISCHARGED 02
1. th = 0. 122 L-Torr/secHe V+ I..
~ ~He + ~~~ 

0. 0625 Torr

3. Mole fr~ction of I in He -It T = 298 K = 3 . IX  j o 4

4. P1 = 1/2 (P *) = 1.95 x 10 Torr
5~ I 7 /I 

~ 
=0.836 with Eq. (2 1)used ; I / 4 3 .36X 10

6. P
1
*=  5 . 5 , <  10 Torr ; P1 3.35x 10 Torr

7. 1*/I (measured) 0. 17 
V

C. ADDITION TO PHOTOLYZED 03
V 1. Experimental conditions : photolysis temperature = -28 C;

rnNZ = 1.375 L-Torr/sec; rhH + 12 
= 0. 122 L-Torr/sec; ~~~~~ =

2.000 Torr; 
~He + 12 

0.163 Torr; P1 + 1* = 1.02 x l0 Torr;
= 1 804 Torr; P0 ( 3/2 P0 ) 0 ,O33 Torr.

2 2 3

LI
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1
V 2. 16340 = lZ5 Hz -•8.3mTorr O2( A)

1j37
_ 120 pV -’6.6mTorr O2(

18) -

3. 
~ o ( 8) 7. 5 mTorr

V P,~
2
(~L) ~ 25.5 mTorr

02( I A)/02( 3E) = 0.29

I’ll (predicted) = (2. 9)(O. 29) = 0.86
II. 27’~l. 315 

= ~~~ X 10~~

Using Eq. (21), 1*102(
18) = 6.0 X 1O~~

P1* = 4 . 5 Xj O 5 Torr
p
1 = 5.7X 10~~ Torr

1*/I (measured) = 0. 79

S

I,V

-V 
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THE IVAN A GETTiNG LABORATORIES
The Laboratory Operations of The Aerospace Corporation is conducting

experimental and theoretical Investigations necessary- for th. evaluation and
application of Icientific advances to new military concepts and systems. Vsr-
satility and flexibility hive been developed to a high deg~-’. by the laborato ry
personnel in dealing with the many problems encountered in the nation’. rapidly
developing space and missile systems. Expertise in the latest scientific devel-
opments is vital to the accomplishment of task, related to these problems. The
laboratories that contribute to this research ar es

Aeroph~sic. Laboratory: Launch and reent ry aerodynamics, heat trans-fer . reent ry physic., chemical kinetics , structural mechanics, flight dynamics
atmospheric pollution, and high-power gas Laser.. 

V

Chem istry and Phy sic. Labor atory: Atmospheric reacti on. and atmos-• pher ic optics , chemical reactions in polluted atmosp heres , chemical reactionsof excited species in rocket plume. , chemical thermodynamic., plasma andlaser-induced reactions , laser chemistry, propulsion chemistry, space vacu um Vand rad iation effects on mater ials , lubr icat ion sod surf ace phenomena , photo-sen.lt lve mater ials and sensor. , high precision laser ranging, and the sppli -cation of physics and chemistry to problems of law enforcement ..nd biomedicine.
Electronics Research Laboratory Electromagne ti c thtory, devices and

propagation phenomena including plisma electromagnetics quantum electronics
lasers and electro-optic. communic ati on sciences app lied elect ron ic, semi -conducti ng supercondu cting and crystal device physics optical and acoust ical
Imaging atmospheri c pollut ion millimeter wave and far -infrared technology

Mat eri als Sciences Laborator y Development of new mat erials metal
matrix composites and new forms of carbon test and evaluation of graphite
and ceramics in reent ry .pac ecra ~t mater ials and electr onic components in
nuclear weapons environ ment application of fracture mechanics to str *ss car-
ros ion and fatlgue-lnd.~ced fractures in structural metal.

Space Science. Laboratory Atmospheric and ionospher ic physics rad ia-
V tion from the atmosphe re, density and composition of the atmosp here, auroras

and airg iow magnetosphe ri c phy.ics cosmic rays generati on and propagationV V V V 
of plasma waves in the magnetosphere; solar physic., studie, of solar magnetic

V fields; space astronomy, x-ray astronomy; the effects of nuclear explosion.,V V 
- magne tic storms , and solar activi ty on the eart h ’s atmosphere , Ionosph. ru, -— J V

magnetosphere; the effects of optical, electromagnetic, and particulate radis-_ ~~~~~ tions in space on space systems .

THE AEROSPACE CORPORATION
- El Segundo. California


