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Preface

This research was part of the continuing study to characterize the energy trans-
fer between singlet oxygen and interhalogen molecules in determining potential can-
didates for a visible chemical laser system. The primary goal of this research was to
use chemiluminescence experiments to determine the mechanism by which O,(*Y)
pumps BrF(B). Supplementary goals of deter-nining rate constants, efficiency, and

the vibrational distribution of the BrF(B) state were also completed. .

I found the research to be an extremely rewarding :.nd challenging experience.
The knowledge and experience I gained in this devsiled experimental research was an
integral part of my AFIT studies. I am profoundly grateful to my advisor, Capt. Glen
P. Perram, for his guidance, instruction, advice, and encouragement in the conduct of
this research. His generous expenditure of time and effort is also acknowledged. I am
equally indebted to Capt. David W. Melton, a doctoral candidate, for his assistance
and comradeship in all phases of this project. I think the three of us made a great
research team. I would also like to thank Mr. Greg Smith and Mr. Bill Evans for
their support with the test equipment, and keeping the project supplied with the
reactant gases needed for the experiments. I am also appreciative of Mr. Jimmy Ray
for making the many glass elements used in the experiments, as well as repairing

them on short notice.

I also wish to thank my classmates of Section GEP-90D for their friendship

throughout the program and in helping me maintain my sense of humor.

Finally, I wish to sincerely thank my wife, Betsy, for her support through the
18 months of the program. Without her love, understanding, and patience in taking
care of the home front, I could not have devoted the time necessary to complete this

project.

Barrett I, Lowe
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Abstract

he interhalogen molecule, bromine monofluoride (BrF), is currently under

study as a potential candidate for a visible chemical laser medium. Previous studies

have shown a strong emission from BrF(B3H(O‘D) in the presence of singlet oxygeng

mwm& singlet oxygen will pump BrF(X) to BrF(B), the exact

mechaxzi?)'s-.not-nknown-.--Ghemilumines.cgnce obseWB) excited ,by oxlw
0,(*Z)Mn

objective of this rescarch was fourfold. First, the pumping process was identified as

a gas flowtube was used to study the energy transfer mechanism. The

a 3-Body Mechansim. Second, the observed vibrational distribution clearly showed
the population of the BrF(B) state to be non-Maxweliian. Third, the quenching
rates for CO, and CF4 on O2('Z) were experimentally verified with the literaturc

values, and the quenching rates for Br and Br; on O;('Z) gre reported for the first

time. And fourth, the efficiency of the system is shown tp be low, on the order of

1074,

vii
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ENERGY TRANSFER IN
SINGLET OXYGEN AND
BROMINE MONOFLUORIDE

I. Introduction

1.1 Motivation

The Air Force and the Strategic Defense Initiative Organization (SDIO) are
interested in developing a new class of laser operating in the visible region under
chemical excitation for directed energy weapons-as well as for imaging and diagnos-
tics applications. Chemically pumped, electronic transition lasers are particularly
suited for these missions because they require no massive external power supply (the
chemical reaction is a self-contained energy source), and laser output in the the vis-
ible region reduces the beam divergence, provides better atmospheric transmission.
and inherently more power delivered to the target(1). While no visible chemical
lasers have been produced yet, one potentially viable excitation scheme is to use the
energy transferred from a metastable excited molecule to a suitable laser species.
The diatomic interhalogens are a promising class of molecules that have the poten-
tial for lasing at short wavelengths (from 0.2um to 1.3um) after excitation by singlet
oxygen(2). Many spectroscopic and kinetic studies of iodine monofluoride (IF) have
been conducted and an optically pumped IF(B-X) laser has been demonstrated(3).
However, studies of bromine monofluoride (BrF) have only recently been started in

an attempt to assess its potential as a visible chemical laser(4).

Aspart of the overall project to characterize the collisional dynamics of excited

BrF at AFIT(4), this research will focus on the study of the energy transfer {rom




metastable excited O, (singlet oxygen) to BrF; somewhat in analogy with using
singlet oxygen in the Chemical Oxygen-lodine Laser (COIL)(1). Previous studies
have uncovered a strong visible emission from BrF in the presence of singlet O2(5),
but the excitation mechanism(s), reaction rate(s), and efficiency of the excitiation
process(es) have not been characterized. This research will use a standard kinetic
flow tube study(6) in an attempt to characterize the excitation of BrF(B3IT) by
0,(b'Z,alA).

1.2 Problem Statement

The exact mechanism with which singlet O, excites BrFF(X — B) has not been
completely defined. BrF(X) requires at least 18272 cm™! of energy to be pumped
to BrF(B)(v” = 0 — to v’ = 0) (4, 12). A single molecule of singlet O, does not
have sufficient energy to excite BrF(X) directly to BrF(B). The encrgics of the two
singlet O states are 7882 cm™' for O,(*A) and 13121 cm™! for O2('E), for (v
= 0 to v’ = 0) transitions respectively (18). Clearly then, some multiple collision
excitation process is indicated. Clyne, Coxon, and Townsend (5) postulate a three-

body excitation mechanism:

Br+F+M — BrF*+M
BrF* + 0,('5,'A) — BrF(B)+ 0.(°%)

where BrF* is some excited intermediate state, and M is a third-body. This reaction

will be designated the 3-Body Reaction. Another possibility is:

F+ Br, — BrF(X)+ Br
BrF(X)+ 02l A) — BrF" + 05(°%)




'I

BrF* + 0,('A'S) — BrF(B)+ 0,(°%)

where BrF* is some excited intermediate state. This reaction will be designated the

2-Step Reaction.

This research will begin with the production of BrF molecules in the flow
tube apparatus designed by Melton(4), and then creating BrF(B) molecules through
collisional energy transfer with singlet O,. The first part of the experiment will be
to record the chemiluminescence spectra of the BrF in the presence of singlet Oo.
The second part of the experiment will be to determine the excitation mechanism
for BrF(B). These measurements are necessary in order to continue examining the
collisional dynamics of excited state BrF. The next part of the research will tocus
on analyzing the resulting data to determine the reaction rate(s), and efficiency of
this chemical process, as well as gain some insight into the vibrational populations of
BrF(B) as excited by singlet O,. The last part of this resarch will be a compariso
of the BrF results with other interhalogens to determine BrF’s relative suitability as

a potential candidate for a visible chemical laser.




II. Background Theory

2.1 Important Laser Characteristics

This section will highlight the important characteristics-the BrF molecule dis-
plays for laser operation that have been determined in spectroscopic and kinetic stud-
ies. Specifically, the ease in obtaining a population inversion in the BrF molecule, its

relatively long radiative lifetime, and quenching rate information will be discussed.

Davis reports in his review on the potential for halogen molecules in visible
chemical laser systems that -the primary reason these:molecules-have a high potential
for use in laser applications is the large shift of the equilibriuminternuclear separation
of the B3I(0*) state with respect to-the X' T state(7). This situation is graphically
portrayed.in Figure 1. Therefore, according to the Franck-Condon principle, the most
probable-downward B — X transitions will terminate on high vibrational levels of
the ground state(7). Furthermore, in a thermal distribution at room temperature
these upper vibrational levels will essentially be empty; and in BrF with a fractional
population of the lower laser level of v = 8 of 2:2210-!? (most probable v’ - v"
transition from 0 - 8 using Franck-Condon factors)(7). This is characteristic of a
Boltzmann population distribution @ 300 K. This means it should be easy to-obtain
a population inversion between a B-state v’ level and an Xestate. v” level because
with the v” level initially unpopulated, the total B-state population will not have to
exceed the X-state population (7).

The-collision-free lifetimes (radiative and pre-dissociative combined) of some
of the B-state v’ levels showing metastable characteristics, i. e. lifetimes on the
order of tens of usec, are shown in Table 1 (7, A8)’. A relatively long radiative
lifetime is important in maintaining a population inversion in a continuous wave
(cw) laser. However, Davis also indicates a repulsive state near the upper v’ levels

of the B-state that introduces a phenomenon called predissociation, that essentially
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BxF Classical Potential Energy Curves and Singlet Oxygen Energy Levels
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Figure 1. Potential Energy Curves for BrF(X) and BrF(B)

makes the B-state unstable(7). In BrF, Melton shows that predissociation is where
the ov-rlap of the B3[I(0%) state with the Y-state can allow a transition from an
excited molecular state to separate atoms(4). This causes a problem by shortening
the collisionless lifetime of the B-state and depletes the excited population by a
nonradiative process(7). Davis emphasizes that the important characteristic to be
noted is that the v’ levels from 0 to 6 are metastable and the onset of predissociation
is sharp at v’ = 7, j’ = 29(7). A higher intensity of emission due to the v’ = 0 to 6
will be noted than for v’ = 7 and 8. This effect can also be seen in Table 1 from

Steinfeld which shows the lifetiries decrease as the v’ level increases(4, 12).

2.2 Current BrF Spectroscopic Data

The current information about the BrF molecule obtained from spectroscopic

studies is quite complete, especially in the areas of absorption(?) and emission(5, 10).




Table 1. B:F (B — X) Collision Free Lifetimes (12)

\'%A J 7.(psec) | Est. Error
0 16-26 43.0 1-2%
1 5-31 44.0 1-2%
2 7-39 46.0 1-2%
3 - 9-42 43.9 1-2%
4 3-45 44.7 1-2%
5 3-38 44.2 1-2%
6 3-44 46.3 1-2%
6 45 62.1 <5%
6 46 58.8 <5%
6 47 50.3 <5%
6 48 10.4 <5%
7 3-26 48.1 1-2%
7 27 60.1 | <5%
7 28 59.4 - <5%
7 29 - 1.6 10%
7 -30 1.16 10%
7 31 074 | 10%
8 2-27 0.3-1.7 1-2%
8 28 - 0.24 10%
8 29 014 | 10%
8 30 9217 | 10%
8 31 0.11 10%

where £ = 1 + %d

T = collision free lifetime

7, = radiative lifetime

Tpd = pre-dissociative liletime




Melton has tabulated this(4) and the spectroscopic constants for BrF are included
as Table 2(12). The potential curves for BrF have previously been illustrated at
Figure 1. Melton also records the Franck-Condon factors for BrF(4, 11) and these
are listed in Table 3. The radiative lifetimes of the B-state v’ levels are shown in

Table 1(4, 12).

Table 2. Molecular Constants for BrF (in cm™?) (1

Constant BrF(X) BrF(B)
T. 0 18272
D. 20953 6366
We 670.75 372.2
Wee 4.054 3.49
Wele -8.7x1073 -0.22
B. 0.35584 0.264
Q. 0.00261 0.00498
Ye 1.06x10~° | unknown
D, 0.4x10~° 1.0x10°¢

The dotted line depicting the location of the potential minimum for Brl“(A)
on the potential energy curve (Figure 1,-etc. ) was taken from Brodersen and Sicre’s
work (21). Thus far, this work is the only case where a BrI'(A—X) cuergy system
is reported. Coxon disagrees with Brodersen and Sicre claiming that the absorption
data they report supporting the existence of BrF(A) is compatible only with a dis-
sociation energy much larger than derived in their work (22). The plots in this work
showing potential energy curves for BrF will use this reported location for BrF(A) as
a place to illustrate the unknown excited intermediate state of BrF. This state could

in fact be BrF(A), or possibly, BrF(X)(v>> 0) at a location lower than depicted.

2.3 Current Singlet Oxygen Data

The term singlet oxygen refers to the first two electronic states of diatomic

molecular oxygen. A summary of pertinent information is given in Table 4.




Table 3. Franck-Condon Factors for BrF (11)

\ARN 1 2 3 4 5 6 7 8

V”

0 |{.0000 | .0002 | .0006 | .0016 | .0033 | .0060 | .0096 ; .0140 | .0179
1 | .0004 | .0021 | .0060 | .0126 | .0214 | .0315 | .0410 | .0483 | .0499
2 | .0026 | .0109 | .0250 | .0418 | .0556 | .0623 | .0600 | .0501 | .0347
3 |.0103.0345 | .0600 | .0738 | .0682 | .0489 | .0256 | .0079 | .0004
4 |.0296 | .0726 | .0875 | .0671 | .0310 | .0056 | .0005 | .0101 | .0211
5 1.0635|.1044 | .0723 | .0205 | .0000 | .0126 | .0313 | .0360 | .0251
6 |.1073[.1012 | .0235 | .0014 | .0288 | .0453 | .0319 | .0099 | .0001
7 |.1480 | .0589 | .0004 | .0392 | .0526 | .0222 | .0006 | .0075 | .0213
8 |.1657(.0113 | .0334 | .0625 | .0180 | .0011 | .0234 | .0347 | .0207
9 |.1541 [ .0030 | .0737 | .0274 | .0026 | .0355 | .0368 | .0101 | .0002
10 | .1263 | .0418 | .0661 | .0000 | .0410 | .0389 | .0036 | .0074 | .0250
11 | .0899 | .0966 | .0216 | .0311 | .0512 | .0030 | .0163 | .03G6 | .0182
12 |.0526 | .1244 | .0003 | .0678 | .0117 | .0166 | .0427 | .012Y | .0010
13 | .0271 | .1196 | .0304 | .0518 | .0051 | .0488 | .0137 | .0046 | .0274

Table 4. Singlet Oxygen Data

Species Energy (cm™!) | Energy (eV) | Lifetime-(7,)
0,(5'%)(v'=0) | 13121 1.627 12 sec
0(a'A)(v'=1) | 9367 1.1614

Oq(a’A)(v’=0) | 7882 0.977 65 min

As discussed previously, energy transfer from one of either of the uwo singlet
oxygen molecules will not provide sufficient energy to pump BrF(X) to BrF(B).
However, energy transfer from multiple collisions could provide enough energy ior

this excitation.

Extensive work done by Mack at AFIT (20) indicates singlet oxygen production
in a microwave discharge at 2.45 Ghz will produce ~ 5—15% O2(*A) and ~ 0.5—1.5%
0,(1%). An average value of 10% and 1% respectively will be used in the following
rate equations. With a stable flow pressure of ground state-O; (abbreviated Oz(x)) of

~ 3 torr, then the concentration of of O(x) entering the microwave cavity is [02(x)]




~ 1.0z10"molecules cm=3. This then results in a concentration of Oz(a) of [O2(a))
~ 1.0210®molecules cm™=3. The small amount of Oz(b) produced in the microwave
will be neglected due to its short radiative lifetime, a reasonable assumption that it
will be quenched by wall effects and Oz(x) by the time it reaches the flow tube, and
that the O;(a) pooling reaction will dominate the production of Oy(b) in the flow

tube. Given these conditions, the rate equations for the production of Oz(b) ave:

[Oa(a)] +[02(a)] 23 [0a(b)] + [02(w)] (1)
[02(5)] % [05(2)] (2)
(0200)] L5 [0a(a)] + kv (3)

where:

7, = 12sec (18)

Epoot = 2.0210~Y em3molecule™sec™! (18)

Eyen & 50sec™! includes effects of the walls, Oz(x), and impurities in the gas (deter-
mined experimentally); in effect the pseudo-first order rate coefficient.

Then in steady-state, where d[0;(b)]/dt = 0, the concentration of Oa(b) will
be:

 [04()Phya |
[02(b)] - (kwall + l/Tr) )
[02(0)] ~ 4.0 x 10¥¥molecules cm™ (5)

And this steady-state distribution shows the ratios of the concentration of the oxygen
species to be {-g—;-(%% is on the order of 10~ and {gf%} is on the order of 10~3, which

is in agreement with Mack’s work (20).




Characterization work conducted by Melton prior to beginning the chemilumi-
nescence experiments on BrF verified the quenching rate of CO; and CF,; on O,(b)
(26). Melton recorded a quenching rate constant for CO; as
kyco, = 3.0 £ 0.32107!3 ¢cm3/sec and a quenching rate constant for CF, as
kycr, = 2.68 £0.321071% cm3/sec. These results were comparable to those recorded
in previous work by Ranby and Ranek (16) and Davidson and Ogryzlo (17). A
summary of these previously determined quenching rate constants is listed in Table

5.

Table 5. Recorded Quenching Rate Constants on O,('E)

Name Quenching Species | Constant | Value (cm®/scc)
Davidson and Ogryzlo (17) | CO, ky(1E) 3.32x10-19

Co, k(PA) | 1.66x1071

CF4 k,(*E) 2.66x1071%
Ranby and Ranek (16) CO; k(') |3.3x1071°

CO,. k,(1A) 0.5x10~1%
Melton CO, k(%) 3.0 £0.3x107%

CF, k,('S) | 2.68 £ 0.3x10713

2.4 Reaction Mechanisms

Two primary mechanisms are hypothesized to be responsible for the excitation
of BrF(B)(5, 13). The first mechanism will be called the 3-Body Mechanism. and
there are two variants that will examined. Mechanism 1A will include an excited
intermediate state of BrF, and Mechanism 1B will include electronically excited
Br atoms as an energy carrier. The second mechanism will be called the 2-Step
Mechanism and labelled as Mechanism 2. The reaction equations for these processes

will be illustrated below.

First, the 3-Body Mechanism, Mechanism 1A:

O+ Br, — BrO+ Br (6)

10
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O+ BrO — Br+40, (7)
Br+F+M — BrF*+ M (8)
BrF* + 02(12,1 A) — BrF(B)+ 02(32) (9)

{where M is a third body and BrF* is an excited intermediate state, either BrJ'()
or a high vibrational level of BrF(X))

Second, the 3-Body Mechanism, Mechanism 1B:

O+ Br, — BrO+ Br (10)

O+ Br0 — Br+4+0, (11)

Br+ 0,(*£A) — Br"+0,('A) (12)
Br'+F+4+M — BrF(B)+M (13)

(where M is a third body and Br* is the first electronic excited state, Br?Py ;)

And third, the 2-Step Mechanism, Mechanism 2:

F4 Br, — BrF+ Br (1)
BrF(X)+0;('8,'A) — BrF=+ 0,(%%) (15)
BrF* 4+ 0;(A'L) — BrF(B)+ 0,(°%) (16)

(where BrF* is an excited intermediate state, perhaps BrF(A) or a high vibrational
level of BrF(X))

NOTE: For a detailed development of these rate equations, see Appendix A, Rate
Equations in the Presence of Atomic Oxygen, and Appendix B, Rate Equations with

CO, as a Quenching Species.

11




The potential energy curves on the following pages more clearly illustrate the
possible mechanisms described in this section. As an additional note, to add proba-
bility to the process described in Mechanism 1B, the energy difference between the
downward transition from O,(*Z)(v' = 0) to Oz(*A)(v' = 1) of 3754 cm™! (16, 18)
and the upward transition from Br?Ps; to Br?Py; of 3685 cm™! (23) is only 69

cm™l,

12




Mechanism 1A: 3-Body Mechanism

s BrF Classical Potential Energy Curves and Singlet Oxygen Energy Levels

Ll | L L] | L]

Br2P1/2 + F2P3/2
ir BrF(B) PO ]
// BT‘2P3/2 + F2P3/2

O:(!T)(v' = 0)

Energy (eV)

O:(*A)(v' = 1)
0a(*A)(v' = 0) — ]

Turning points taken from

, Coxon and Wickramaaratchi, 1981

3 4 5
Internuclear Separation, r (in Angstroms)

Figure 2. Mechanism 1A with Excited Intermediate State of BrI’

Rate Equations:

Br; +0 — BrO+ B1'2P3/2
BrO + 0O — B7‘2P3/2 + 02
BT2P3/2 + F2P3/2 + M — Brr* + M
BrF* 4+ 0,('S!A) — BrF(B)+0,(%)
(M is mostly O,(3%))
13
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Mechanism 1B: 3-Body Mechanism

BrF Classical Potentlal Energy Curves and Singlet Oxygen Energy Levels

/ BT2P1/2+ F2P3/2
3f BrF(B) P 1
/s T Br2Pyjy + F2Pyy,
2.5 F ?5/ sl J
20 .

Energy {eV)

02(12)(0' =0)"

Oa('A) (o' = 1)
0:(*A)(' = 0) ——— 1

Turning points taken from
, Coxon and Wickramaaratchi, 1981

3 ]
Internucliear Separation, r (in Angstroms)

Figure 3. Mechanism 1B with Electronically Excited State of Br

Rate Equations:

Bry+0 — BrO+ B7‘2P3/2
BrO + 0O — B7‘2P3/2 -+ 02
BT2P3/2 + 02(12) — B1‘2P1/2 + OQ(IA)
Br®Pyjy+ F*Pyp+ M — BrF(B)+ M
(M is mostly 0;(3Z))
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Mechanism 2: 2-Step Mechanism

s BrF Classical Potential Energy Curves and Singlet Oxygen Energy lLevels

Br2P1 2+ F2P3 2
A lBrrey - ! ! ]
,’, 31‘2P3/2 + F2P3/2
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e
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——7-10
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Turning points taken from
0 A J&:xon andlwlckramaarftchl, 1981l A
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4 5
Internuclear Separation, r (in Angstroms)

Figure 4. Mechanism 2 with Sequential Excitation

Rate Equations:

F+ Br, — BrF(X)+ Br
BrF(X)+0,('S}A) — BrF~ +0,(°%)
BrF* + Oz(lA,l 2) — BT‘F(B) + 02(32)




III. Description of Experiment

8.1 Production of BrF(B)

The chemiluminescence studies were conducted with the syster. shown in Fig-
ure 5. This apparatus was a slow-flow system with a gas velocity in the actual flow
tube on the order of 1 m/sec. Three primary side-arms were used, two of which were
fitted with Opthos microwave discharge cavities operating at 2.45 GHz (the O, inlet
and the CF, inlet). The Br; inlet was inserted down the center of the flow tube to
allow mixing with the Og(b) before encountering the flow from the C! . inlet. The
constituent gases were mixed directly in front of the observation windows at a total
pressure of 3.4 — 3.6 torr. The gas products were then exhausted tihrough a cold

trap at 77 K and the Br; and other reagents collected for disposal.

With the flow tube apparatus as configured in Figure 5, BrI'(B) was consis-
tently produced and the yellowish glow as reported by Clyne, et al. , was clearly
seen(5). However, considerable difficulty was encountered in acheiving BrF(13) pro-
duction at first. In the previous work, scant details on constituent gas concentrations
were given. After much trial and error, the following mix produced the maximum

BrF(B) signal with the described experimental set-up:

Table 6. Relative Gas Mixes for Optimum BrF(B) Production

Constituent Gas Partial Pressure | Flow Rate | Purity (%)
O, (Airco) 2.9-3.0 torr 850 scem 99.9
CF4 (Matheson) 0.5-0.6 torr 190 sccm 99.7
Br, (Spectrum Chemical) | ~ 0.0006 torr 0.19 sccm 99.5

The O, flow was controlled using a Sierra Instruments mass flow controller. At
850 sccm, the O, concentration was determined to be approximately
1.0 x 1017 meleeules The microwave discharge on the O, inlet produced both

metastable Oz(2) and O(b) (*A, and '5¥) as well as O atoms. A TEFLON insert

was used in the flow tube itself to reduce the quenching rate due to the walls.
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While BrF(B) was being produced, a measurement of the strength of the O,(b)
emission as the O, flow was varied was conducted. The relative intensity of the emis-
sion of Oy(b) at 7620 A (the center of the Oz(b)(v’ =0 — v” = J) emission band)
decreased as the flow was decreased or increased from 850 sccm according to the

following:

O, Flow (sccm) 600 | 650 | 700 | 750 | 800 | 850 | 900 | 950
Relative Intensity(%) [ 56 |66 |74 |84 |92 |100|100{ 92

The Brp and CF, flows were controlled using Nupro metering valves that had
been reset to reflect no flow at the 0" setting on the dial. The Br, pressure was
extremely small in relation to the CF4 and O, pressures used. At O°C, Br, has
a vapor pressure of approximately 65 torr, and hence moves very slowly through
the % inch diameter metal tubing to the flow tube (the Br, reservoir was placed in
an ice water bath to maintain a constant temperature and vapor pressure). The
Br; concentration based on the valve calibration (Appendix C) is on the order of
2.0 x 1013 melecwles  {pon mixing with the microwaved Oy flow. Br atoms were

cm

produced according to the fast reaction:

O+ Br, — BrO+ Br (17)
O+BrO — 0O;+Br (18)

The CF4 was dissociated in the second microwave cavity to produce ground state
F atoms. CF; was used as the source of Fluorine atoms due to its availability, low
cost, and low toxicity. Kolb and Kaufman report producing F atoms by flowing
CF, throngh a microwave cavity under similar conditions w :h concentrations of
2.4 — 6.0 x 101 moleeles 54 efficiencies ranging from 1.9 — 4.7 % (27). Their

studies showed only undissociated CF,, C,Fs, and atomic and molecular Fluorine
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Figure 5. Experimental Flow Tube Set Up
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30 cm downstream from the microwave cavity. Their studies also indicate the atomic
Fluorine concentration to be 3 to 10 times greater than tk= concentration of molecular
Fluorine. The CF4 concentration based on the valve calibration (Appendix C) is on
the order of 2.0 x 101® %’;‘—"—‘ Therefore, the F atom concentration in this set-up

was then estimated to be on the order of 4.2 x 104 Mi’ﬁ}"’—’

A sumtmary of these calculations leading to the calculated number densities of

the reagents is listed in Table 7.

Table 7. Tabular Results of Reagent Number Densities
Reagent Species O2(b) F Bro
Number Density (cm™3) | 3-4x10'® | 5-6x10™* | 2x10"°

3.2 Chemiluminescence Spectra of BrF in the presence of Singlet Oxygen

Once production of BrF(B) was successfully maximized, experiments were con-
ducted to examine the effect of varying the inputs on the BrF(B) emission, as well as
the Oz(b) emission. A continuous flow of reactants in the flow tube will be required
to both generate the unstable species (the BrF(B) and singlet O2) as well as produce
the collisional excitation. The resulting emission will be spectrally resolved with a
McPherson (0.3 m) grating monochromator and recorded with a RCA C31034A-02
photomultiplier tube and a Princeton Applied Research Model 1112 photon counting
system(13). A lens focusing arrangement was placed between the output window of
the flowtube to maximize the light being collected by the monochromator (see I'ig-
ure 5). The first lens (f = 75mm) takes the diverging light rays coming out of
the window and focuses them into parallel rays, while the second lens (f = 150mm)
collects the parallel rays and focuses the rays to converge at the entrance slit of the
monochromator. A small spherical mirror (diameter = 50mm) was placed next to
the output window facing away from the monochromator to improve the recorded
signal. A 30% increase in signal was recorded using this mirror, as opposed to not

using the mirror. The first part of the experiment after successfully producing a
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strong BrF(B) emission was to record the resulting emission spectrum in detail to
ensure BrF(B) is the primary product in the flow producing an emission (other than
the emission of 0,(*X)), and to examine the spectrum to determine the relative

vibrational populations of the B-state of BrF.

Six experiments were conducted to determine the dominant process in the

excitation of BrF(B).

1. Observe the dependence of the BrF(B) emission on O2('Z) using CO; as a

selective quencher of 0,(1Z).

2. Observe the emission of both BrF(B) and O,('Z) as a function of changing

Br, flow.
3. Observe the peak emission of BrF(B) as a function of changing CFy flow.

4. Observe the emission of O2('E) as a function of changing Br, flow (while not

producing BrF). (Br; quenching of 0,(*X)).

5. Observe the peak emission of both BrF(B) and O,(!E) as a function of changing

Br, flow with a reduction in the amount of O atoms in the system.

6. Observe the emission of O2(*Z) as a function of changing Br, flow with a

reduction in the amount of O atoms in the system (while not producing Brl).

(Brp quenching of O,(1X)).

Quenching experiments with CO, as a quenching species were used to determine the

wall rate coefficients for experiments 2, 4, and 6.

First, the dependence of the BrF(B) emission was examined as a function of
0,(b). CO, was used as a selective quencher of O»(b) since its quenching rate
constant was known (3.0 x 10~3¢m?®/sec as shown from Section 2.3). The resulting
plot of the Oz(b) emission versus the BrF(B) emission as the amount of O,(b) in the

system was reduced will show how the BrF(B) emission is dependent on O2(h).
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Second, the production of BrF was conducted with a varying input flow of
Br; molecules. This experiment was conducted starting with no Br, and gradually
increasing the Br; flow, as well as with a high Br; flow gradually decreasing to no
Br;. The resulting plot of emission intensity versus Br, number density (and hence
Br atom concentration) will show a relation between the BrF(B) emission and the

O,(b) emission as the excess Bry quenches the O,(b).

Third, the production of BrF was repeated with a varying input flow of CI,
(and therefore varying F atom concentration) to determine if the peak emission inten-
sity changed with a different input of Br, flow. This procedure was used to determine
the possibility of Bro number density (and hence Br atom concentration) changing
as a result of changing F atom concentration. The resulting peak emission of BrIF(13)
as a function of changing CF, flow (and hence F atom concentration) compared to

Br, number density will show a relation between Br and F atom concentration.

Fourth, the experiment was repeated simply by turning off the microwave
discharge-on the CF, inlet to remove production of F atoms and therefore determine
the quenching of O,(Z) by both Br atoms and Br; molecules. The resulting plot of
emission intensity of O2(1Z) versus Bry number density will show the effect of the

fast reactions of O atoms with Br; and BrO as outlined above.

Fifth, the experiment was conducted with the amount of O atoms in the systcm
reduced and the resulting emission data plotted to determine the behavior of the
emission as the population of O atoms is changed. The side branch of the O, inlet
line had a quantity of Mercury (Hg) placed in a reservoir so that when the branch was
opened, a coating of HgO will be applied downstreamn of the microwave cavity and
hence reduce the amount of O atoms reaching the flow tube. Preliminary studies by
Melton show that an HgO coating significantly reduces the amount of O atoms in the
systern (4). After this coating was applied for a set period of time, this branch was
closed and the amount of O atoms then increased over time. (and as the HgO coating

decays with time, the O atom population will increase). The emission of BrTF'(B) and
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0,(b) was recorded both as the HgO coating was being applied as well as it decayed.
The emission was recorded for sufficient time to show a significant change. The
resulting behavior of the plot will show the relation between the recorded emission

and the changing O atom population. (See Appendix A).

Sixth, the third experiment was repeated with the HgO coating applied to
determine if a change in Br atom and Br, molecule quenching of O,(*T) could be
observed, and some insight into the amount of O atoms reduced by the HgO coating

could be calculated.

Since the reaction mechanisms considered above include both singlet states of
excited oxygen, quenching experiments were conducted to determine which of these
two species (or both) is the primary contributor to pumping the BrF(B) by collisional
energy transfer. Carbon dioxide (CO,) will be used as a selective quencher of O,('X).
Ranby and Rabek found that CO; has a significantly greater quenching rate constant
for 05(1%), k, = 3.3x107!3 cm®/molecule sec (16), versus Singh with that of Ox(*A).
k, = 0.5 x 10718 cm3/molecule sec(18). Melton recorded comparable rate constants
in his preliminary studies(26). During these experiments, the emission intensities of
0,(*L) and BrF were recorded as the CO; pressure is increased. The resulting plot
of emission intensity versus CO, number density allows the background wall tates
to be determined as well as the effect on BrF(B) emission as the amount of O,('Y)

is decreased.

3.3 Experimental Calculations

Melton initially proposed determining the rate constant for the electronic
quenching of singlet O, by BrF by examining the emission when the BrI is formed
at the output of a variable position injector(4). From the flow tube set-up, the re-
action time () can be calculated by dividing the distance from the injector to the

observation port (D) by the bulk gas velocity (9):

22




t = D[5 (19)

Melton used Davis’ study of the excitiation of IF(B) by singlet O3 to calculate
a similar quenching rate in the non-steady state (time dependent) regime(4, 24).
When the quenching species is in large excess relative to the other species, conditions
approximating first order conditions are pres.nt and the resulting quenching rate is

given by(4):

(AlnI(03))

= BB

where:
I(03) represents the intensity of the excited oxygen emission.
[BrF) represents the quenching species concentration.

t is the reaction time calculated above.

Characterization work carried out by Melton indicated that in this experimen-
tal arrangement, the time dependent regime cannot be accurately accessed due to
the slow flow speeds (on the order of 1 to 2 m/sec) and the non-uniform spatial
distribution caused by the shape of the rake(26). Therefore, a steady state analy-
sis (time independent) appeared to be the best way to resolve the quenching rate.
Though this required taking the ratio of the quenching rate to the wall rate, Melton
consistently recorded a wall rate (quenching) of singlet oxygen on the order of 50

sec™1(26). This results in a linear relation:

I, _ (k)([BrF)) .
7 = oo +1 (21)
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or more explicitly,

_ ({IO/I} - 1)(kw) 99
b = [BrF] (22)

where:

I, represents the intensity of emission of excited oxygen with no quencher.

I represents the intensity of emission of excited oxygen in the presence of quencher.
[BrF] represents the quenching species concentration.

k, represents the quenching rate for BrF.

k,, represents the wall quenching rate during the production of BrF.

A similar analysis using CO, as the selective quencher of O,(!T), because of
its known quenching rate (k, = 3.0 X 10~ cm?/molecule sec), will allow the wall
rate, ky, to be determined, and then used in the development above to calculate the

kq for the particular quenching species under investigation.

3.4 Excitation Analysis Procedure

Based on the data compiled during the experimental phase of this rescarch. a
detailed analysis of the excitation mechanism(s), reaction rate(s), and efficicncy of

this chemical process was possible. This analysis was accomplished in three steps.

1. The first step was to qualitatively determine which excitation path is respon-

sible for the BrF emission based on a global view of the results.

2. The second step was to analytically determine the various pumping rates for

the excitation and quenching rates for the involved gas species.

3. The third step was to analyze the efficiency of the ¢ystem by looking at the

ratios of the pumping rate to the quenching rate of the singlet oxygen.
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IV. Results and Discussion

4.1 Vibrational Population Analysis

An examination of the relative vibrational level populations of the excited
B-state of BrF was conducted by first taking a detailed spectrum of the BrI'(B)
emission in the flow tube. Figure 7 shows a typical spectrum from 5000 to 8000
Angstroms. The emission spectra showed good resolution for transitions in the range
5800 < A < 7800 Angstroms. Transitions at A < 5800 Angstroms were not as clearly
resolved due to overlap and the 0.7 nm resolution of the monochromator with 3001
slits (see Appendix C). The transitions observed matched those reported by Clyne.
et al. (5) in their 1972 work. More detailed spectra are included in Appendix D. The
relative vibrational populations were calculated from a comparison of the relative
intensities for a particular transition (photons detected at each wavelength) which
is proportional to the number density of the excited state (N,). From an equation
on relating the fluorescence intensity of a given rotational transition to the number

density of the excited state (28):

1z = C e ) ) RPN 23
where:
Itmm = the emission intensity from state v to state w
Vyw = transition frequency from state v to state w
guw = Franck-Condon Factor for transition from state v to state w
|R.] = rotational dipole moment

Sy = rotational linestrength factor
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a conversion to examine the vibrational transitions using photon counting (the »*
term becomes 1®); as well as wavelength can be made (terms remaining relatively

constant will be omitted):

Lw™ o« (”vw)3(‘va)(Nv) (24)
o 0 -

The fraction of the photon intensity observed will depend on the spectral re-
sponse of the PMT (See Appendix C.1). If the relative spectral response as a function

of frequency (D(v)) is used, the actual observed emission intensity is then:

I = (I™)(D(v)) (26)

With the use of the analysis described in this section, the relative populations
for each of the vibrational levels of BrF(B) can be calculated and then plotted. The
resultant plot clearly shows that the population distribution is non-Maxwellian, sce
Figure 6. This directly leads to the conclusion that the production of BrFF(B) in
this system results in vibrationally hot BrF(B), with a considerable population not
in the lowest vibrational energy level. A summary of these calculations are listed at

Table 8.

Another way to examine the vibrational population distribution, this time
obtaining an actual value for the population of each of the vibrational states ol
BrF(B) rather than the relative population distribution, was to take ihe ratios of
the emission intensities for the clearly resolved transitions and compare them to the

estimated population of O;(b); previously determined as &~ 4 x 101 e¢m ™3,
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IETF"“(B)”(Tr)

PopBri(B)) = Do )

)Pop(02(b)) (27)
where: 7.0,(5) = 12secs

7, is the radiative lifetime for a particular v-state of BrF(B)

Iemm = Jos /D where D is the spectral response

and the sum is over all clearly resolvable transitions at A > 58004

Then, taking the intensities observed on the recorded emission spectrum, the
results obtained for the populations of the various v-levels of BrF(B) are shown
in Table 9. The total calculated population for BrF(B) was determined to be

1.483 x 10'® cm~3, The vibrational populations listed in Table 9 are determined by

dividing the calculated population by the percent of the transitions whose Franck-




Table 8. Relative Vibrational Population Distribution for Br['(B)

v’ Level | Maxwellian Relative N,, | Calculated Relative N, | Error
0 0.8191 . 0.07263-0.0087 12%
1 0.1475 0.137240.0165 12%
2 0.0269 0.2158+0.0259 12%
3 0.0051 0.18364-0.1102 60%
4 0.0011 0.1636:0.0262 16%
5 0.0002 0.22714-0.1359 61%

Condon Factors are summed. (The values of all the Franck-Condon Factors for a

transition originating at a particular v’ sum to 1).

Table 9. Calculated Population of BrF(B)

BrF(B) | # resolvable | Calculated N, | % FCF included | Vibrational N,
v-state | transitions (cm™3) (cm™3)
v'=0 5 4.83x10° 5141 9.395x10°
vi= 6 8.62x108 3829 22.512x10°
‘=2 5 12.32x10° 2767 44.525x10°
vi=3 6 11.28x108 .2905 38.830x10°
v'i=4 5 6.57x108 .2080 31.587x108
v'=5 1 3.43x107 0222 15.450x10°
Total 1.483x10"

Then, the ratio of the total population of BrF(B) to O,(b) can be obtained

from:

Saut vPop(BrF(B))
Pop(0,(b))

3.71 x 10~4 (28)

This result is somewhat higher than would be predicted by Mechanism 1B (with the

ratio of the estimated Br* pumping rate over the Br* quenching rate by Oa(b)):
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[02(2)){F)(k3-Boay) = (1.0 x 10'7)(6.0 x 10')(~10"%) = ~60  (29)
[Ca(2))(k,) = (1.0 x10')(2.8 x 107M) = ~ 2.8 x 10° (30)

then 60/2.8210° ~ 2.1 x107° ‘ (31)
(32)

where k, is the Br atom quenching rate constant on O2(b)

This quenching rate constant is determined in Section 4.2. No predictions abont
the behavior of Mechanism 1A or 2 were possible since the pumping rate to che

intermediate state (BrF*) was not determined.

4.2 Analysis of Chemiluminescence Experiments

The first experiment examined the BrF(B) emission dependence »* Oy(D).
Numerous repetitions showed that the BrF(B) emission signal varied almost linearly
with the amount of Oz(b); as determined by comparing Io/I for both the BrI'(13)
and O,(b) emission signals. The conclusion drawn from this data is that the BrF(13)
pumping mechanism requires a single interaction with Oz(b). This behavior is shown
in Figure 8. The slight curvature observed in this plot might be due to some

quenching of the excited intermediate state of BrF.

The second experiment recorded the emission of both BrF(B) and O,(b) as
a function of changing Br, flow. The peak BrF(B) signal was ouserved at a Br,
number density of 2.00 & 0.05 x 103 ¢m™3. This behavior is shown in Figure 9.
The implications of this observation with respect to the 3-Body Mechanism are as

follows:

o The peak BrF(B) signal would occur at the point where the Br, number density

equaled two times the O atom number density.
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BrF(B) DEPENDENCE ON 02(b) USING CO2 AS A SELECTIVE QUENCHER

2 ! ; ' ; !
: : z P, o
2.2 bererenniinanns Jeseeseratereanne Perascininininaad fererasmsnsnssaeriaosnniianainsans Serssessisienan -
P
v . . d
2 bescrssnninnnndennaiiin.e. R AN S LR L A -
s s s e
H H H 7
- : : : -~
B 1,8 Jrocescrscancias .: ................ fasesnscncncansad fersacscscsnne Pdfetetncnaonnnnes resesasesnsenan -
M H H H ’
'] a rd
~ i ; Y
@ H H :.’,’
‘:: 1.6 -n-...-.....u-i.-.--u........-a --------------- ;ﬂ .............. 4ases vnenscarssshassamasrarnien -4
@ H . P
: : s
: : -~
H S
: P
1.4 ""'"'"'""":""""""",'?:"0 ............................................................ -
P
H ,/’ K
:/’
1,2 beverorcnnnaes et ST Prassssennsencvasionnnnnns 2zassns frovevmranmnas salenunanress o es -
P
e :
,/
ld
1 z 1 1 1 [ 1
1 1.2 1.4 1.8 2 2,2

Figure 8. BrF(B) Dependence on O,(b)

o Additional Br; added to the system beyond the peak would remove I atoins
thus decreasing the BrF(B) signal.

o The increased Br atoms produced as a result of the F + Brjy reaction would

quench the Oq(b) signal, also contributing to the decrease in BrI'(B) signal.

The implications of this observation with respect to the 2-Step Mechanism are as

follows:

o The peak of the BrF(B) signal would occur at the point where the Br; number

density equaled the F atom number density.

o Additional Br, added to the system beyond the peak would quench the O(h)
thus reducing both the BrF(B) and O2(b) signals.

Since in the earlier discussion on BrF production it was determined that the
number density of F atoms was an order of magnitude larger than the number density

of Bry at the point of producing an optimum signal, these results would seemn to
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indicate that the 2-Step Mechanism is incorrect. A second part to this experiment
was to examine the behavior of the decay of the BrF(B) and Oy(b) signal beyond the
peak emission point. It was observed that the BrF(B) signal drops at a significantly
greater rate than the Og(b) signal. This behavior is illustrated in Figure 10. An
O,(b) decay constant of k; = 3.2 x 10™1! e¢m3/sec was calculated from the slope of
the line fit to the decay curve for O,(b). If the 2-Step Mechanism were correct, the
expected behavior would be for the BrF(B) and O4(b) signals to drop off together.
The 3-Body Mechanism would cause the BrF(B) signal to totally disappear when

the Bry number density equaled the F atom number density because no I' atoms

would be left to contribute to the 3-body collisional process. At the right side of

the plot, the Br; number density of ~ 2.0 x 10! em™2 is approaching the F atom
number density of ~ 4.0—6.0x 10* em™3. Since the 3-Body Mechanism explains this
divergence of the BrF(B) signal with respect to the O2(b) signal, this obscrvation
would tend to support that mechanism.

Signal vs, Bromine Number Density (Representative Plot)
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Figure 9. Signal vs. Br, Number Density
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Io/I for Signal Decay vs. Bromine Number Density (after pexk)
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Figure 10. Io/I Plot: Signal Decay (after peak) vs. Br, Number Density

The third experiment observed the peak emission of BrF(B) as a function of
changing the CFy flow. While the actual strength of the BrF(B) signal changed
when the flow rate of CF, was altered, the input number density of Br, remained
unchanged. The CF; flow rates in this experiment were varied from 100 to 300
sccm, with the maximum BrF(B) signal being obtained at 190 scem, just as in the
I;rvious experiments. Since the Br; number density remained stable throughout these
experiments, the 3-Body Mechanism would indicate that the Br, number density is
then dependent on the number of O atoms present in the flow tube system. In the
2-Step Mechanism, changing the number of F atoms in the system should show a
definite change in the amount of Br; needed to produce a maximum signal of BrF(B).
Although the exact efficiency of the microwave cavity as a function of changing CT,
flow was not calculated, it is clear that changing the CF, flow rate will change the IF
atom concentration. The results of this experiment are consistent with the 3-Body

Mechanism, but really cannot support any conclusion about the 2-Step Mechanism.
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The fourth experiment was to observe the emission of O,(b) as a function of
changing Br, flow. In this case, all conditions remained the same except the CI%;
microwave discharge was turned off. Therefore, there was no F atom production.
Also, since the CF4 flow was not changed, the CF4 quenching rate constant of
kcr, = 2.68 x 10715 em®/sec (as experimentally verified by Melton (4)) was included
as part of the background wall rate when the Br and Br, quenching rate constants
were calculated. The behavior of the Oy(b) signal as the Bry number density was
changed is illustrated in Figure 11. Two critical observations from this experiment
were the quenching rate changed abruptly at a Br; number density of 2.0 x 1013 ¢m ™3
and this was the same number density where the peak emission signal for Br[F(13)
in the first experimen”. An importance inference drawn from this behavior was that

since no F atoms were present in the system, this behavior must be attributed 10 O

atoms. Only the 3-Body Mechanism can support these observations.

35000 Bromine Quenching of Singlet Sigma (Representative Plot)
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Figure 11. Br; Quenching of O,(1%)

Two questions can be answered regarding the decay of the Oy(b) signal by an

examination of the behavior of the plot. The results from the previous plot were
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changed to I,/I for the Oy(b) signal vs. Br, number density so the quenching rate

constants could be calculated. This is illustrated in Figure 12.

Bromine Quenching of Singlet Sigma (Representative Plot)
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Figure 12. Io/I Plot: Br, Quenching of O,(1T)

First, what caused the behavior in the second decay region? The second decay
region must have been caused due to Br, quenching of Oy(b). Since the O; flow
mixed upstream with the Br, flow before it reached the output window, the Br,
reacted at a gas kinetic rate with the O atoms present in the O, flow to produce one
Br atom for every O atom (as previously developed in the rate equations). Therefore.
the draniatic change in slope was caused when the number of Br, molecules equaled
twice the number of O atoms. Until this point was reached, there were no surviving
Bry molecules in the flow. A Br, quenching rate constant of kp,, = 9.7 £ 0.5 x
1018 e¢m3/sec was calculated, which is ~ 1/30 of the rate, k;, derived in the first
experiment. If the 2-Step Mechanism were correct, no BrF(B) signal would be seen
until there were Br, molecules in the flow at the previously recorded number density
of 2.0 X 10'® ¢m™3, Only the 3-Body Mechanism is consistent with the observed

BrF(B) emission increasing with increasing Br; up to 2.0 x 102 ¢m™>.
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Second, what caused the behavior in the first decay region? The first decay re-
gion must have been caused by Br atom quenching of O2(b). In this region, where the
amount of Br; is less than two times the amount «* O atoms, the increasing specics
must be Br atoms. The gas kinetic reactions of Br, with O atoms resulting in two
Br atoms and an O, molecule again dominated, allowing no free Br; molecules until
Br, > 2(0). A Br atom quenching rate constant of kg, = 2.840.3x10~!! cm?®/sec was
calculated. Since the Br atoms quench Oy(b) (perhaps deexciting down to Os(a)), a
possibility exists for energy transfer to take place. The energy gap between Br(?F ;)
and Br(?Py/;) differs from that of Oy(b)(v’=0) and O2(a)(v’=1) by 69 cm™!. a very
small difference. This observation may indicate that some electronically excited B
atoms are produced, suggesting the possibility of the variant to the 3-Body Mecha-
nism. (The same behavior as discussed above was observed in the sixth experiment,
where the amount of O atoms were reduced in the system, and comparable Br and

Br; quenching rate constants were determined).

The fifth experiment recorded the peak emission of both BrF(B) and Oy(b)
while the O atom population in the system was changed. The O atom population was
reduced while the HgO coating was applied, and then increased as the HgO coating
decayed away. The O4(b) signal changed significantly more than the BrF(B) signal.
On average, with a 30 minute application of HgO coating, the Oa(b) signal would
increase by a factor of 4, while the BrF(B) signal increased by about 50 peicent.
The behavior observed was that the BrF(B) signal tended to increase linearly with
the O2(b) signal as O atoms were reduced, and likewise decrease as the O atoms

increased.

The rate equation development in Appendix A was used to analyze these re-
sults. The slopes recorded were on average slightly greater than zero. This behavior

is illustrated in Figure 13.
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The final forms of the rate equations for the 3-Body and 2-Step Mechanisms

will be repeated here for ease of understanding.

B B

1 1 -
-3; B ;7(1— B7’maz)+B7'ma:c (33)
1 1 28 28

7 = 2NN EFOS) T BrR (34)

For the 3-Body Mechanism with the excited intermediate state of Brl', it is
assumed the production of BrF(B) and BrF* are in steady-state, Oz(x) is quenching
BrF", and whatever Br atoms in the system are quenching Oz(b). For the 3-Body
Mechanism with the electronically excited Br atoms, the same assumptions hold
except it is assumed that O,(x) is quenching Br". The first rate equation listed
above would predict that a slope of less than 1 would be observed, and that is in fact
the observed behavior in this experiment. This information supports the 3-Body

Mechanism, but cannot differentiate between either of the variants suggested. For
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the 2-Step Mechanism, the same assumptions hold as in the first example above. The
second rate equation listed above would predict that a slope greater than 1 would
be observed. Since this was not the observed behavior, this information would tend

to discount the 2-Step Mechanism.

4.8 Comparison to Iodine Monofluoride

This section will highlight some of the previously conducted work on IF by
S. Davis, et al. Davis and his colleagues conclusively achieved excitation of 1F(B)
by O2(1Z,' A) in a fast flow reactor (24). Their initial work with vibrationally cold
IF(X) showed that the IF(B) produced had a linear relationship to the amount of
O2(*E). If they had vibrationally excited IF(X)(v>> 0), the IF(B) emission was
enhanced by two orders of magnitude and changes in the amount of Oy('T) had
little, if any, effect on this emission (24). This led them to believe that a 2-Step
Mechanism to an intermediate excited state of IF, here called 1F~, with sequential
collisions of O,(*E) and O2(*A) was the primary pumping channel, even if

inefficient. This is illustrated below:

IF(X)+0,('S) — IF"+0, (35)
IF‘+02(1A) —_— IF(B)+02 (36)

Their continued work looking at multiple collisions with O,(*A) showed that
this 2-Step Mechanism dominates any 3-Body Mechanism, but that vibrationally
excited IF(X)(v>> 0) was required (25). They used a number of techniques to
produce vibrationally excited IF, here called IFt{. Then, sequential collisions with
02(*A) gave a very strong IF(B) emission. Their evidence reveals some intermediate

excited state of IF, called IF* is needed as a reservoir state. This is illustrated as:

IX+F — IPt+F (37)
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IFt+0,)A) — IF* 40, (38)

While Davis and his colleagues have not reported any rate constants as yet,
their work continues in this aspect. They did conclude that IF(X,v> 9) is an impor-
tant factor in the excitation of IF(B) by 0,(*A) (25).

39




V. Conclusions and Recommendations

5.1 Conclusions

The chemiluminescence spectra obtained in this research proved conclusively
that BrF(B) can be produced by O,('T) pumping. The resulting vibrational dis-
tribution for BrF(B) was shown to be non-Maxwellian (non-thermal). The BrF(B)
chemiluminescence spectral analysis clearly identified transitions from BrF(B)(v'=
0,1,2,3,4,5) with some possible transitions from BrF(B)(v’= 6) although these
could not be clearly resolved. The transitions from v'= 6 are less likely duc to

predissociation at the higher rotational levels.

The analyzed data suggests strongly that some type of 3-Body Mechanisin
produces BrF(B), although the exact pumping process could not be distinguished.
Although Davis postulates a 2-Step Mechanism for IF (another interhalogen) pup-
ing by 0,(1Z) (2, 24), this rrocess was not observed with BrF. The determined
pumping efficiency of 3.7x10~* leads to the conclusion that O»('T) pumping is rela-
tively inefficient and therefore perhaps a poor choice of excitation energy for a Bl
laser. However, since the 3-Body recombination rate was not determined in this
research, a conclusive statement cannot be made regarding the potential of O,(Dh)

pumping for a BrF laser.

The quenching rates for 0,(*Z) by CO,, CFy, Br, and Br, were also deter-
mined. The CO; and CF4 quenching rates were comparable to previously recorded

work. The Br and Br; quenching rates have not been previously recorded.

5.2 Recommendations

The work started with this research to determine the raie constants for Brl

should be continued. Some recommendations are made for further work in this arca.
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Readjusting the flow tube set-up for a linear geometry would allow the 3-Body
reaction rate to be more accurately determined. This would entail injecting the IF
atoms down the center of the flow tube (through the rake) after the O, and Br,
flows had been mixed upstream. A better value for the 3-Body recombination rate
constant (other than the estimate used in the analysis of this research) would allow
an improved determination of the efficiency of the system. Once this constant were
known, then a look at the ratio of the pumping rate from the intermediate state vs.
the quenching rate of the intermediate state would better indicate the efliciency of

the system.

More accurate flow meters are required for precise control of the reagent gases
used in the rate determination experiments. The Sierra Instruments Mass Flow

Controllers are not sensitive enough for the low number density of the Br, flow.

Using F2 in a bath gas of He could be used to increase the number of I atoms
available for reaction as well as to determine a more accurate nuniber density of IP
mixing in the system. This gas was not available during the course of this rescarch.

which necessitated the use of dissociated C¥4 as the source of F atoms.

Incorporating more TEFLON tubing in the system after the microwave cavities
would decrease the wall quenching effects. Although a TEFLON inscrt was used in
the flow tube itself to reduce wall quenching effects, a greater use of TEFLON tubing

could reduce this effect more.

If further studies show O2(b) to be unsuitable as an energy source for produc-
tion of BrF(B), then an examination of another metastable molecule as an energy

carrier may prove profitable.
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Appendix A. Rate Equations in the Presence of Atomic
Oxygen

The basic reaction in producing BrF as well as the reaction of Bry with O

atoms are the fast reactions:

F4+Br, — BrF+ Br (40)
Bro4+ 0 — BrO+ Br (41)
BrO+0 — Br+0; (42)

These reactions occur at a gas kinetic rate. In the flow tube apparatus of this
experiment, these reactions essentially take place instantaneously. The combined
effect of the O atom reactions show that for every two O atoms, two Br atoms are

produced.

The production of singlet oxygen is determined by the following rate equations.
which include the pooling reaction of O(a), the quenching of O,(b) due to the walls

(and other reagents), and the quenching of O,(b) due to O atoms and Br atoms:

02(a) + Os(a) 23 0y(b) + Os(s) (43)
02(b) + Wall 22 0, + Wall (44)
Ox(b)+0 =25 0,+0 (45)
O5(b) + Br <2 0, + Br (16)
Where:
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——dO(;t(b) = kpool(02(a))2 - kaQ(b) - koOQ(b)(O) - kBrOQ(b)(B'I) (47)

And since experimental results indicate that k, << kg,, the O atom quenching of
O,(b) will be considered small with respect to the Br atom quenching, and neglected
in the following development. Then, in steady state analysis where dO2(b),/dt = 0
is the case for initial conditions prior to removing O atoms (where the number of
Br atoms is a maximum: Brp,:), and in the case after some O atom removal where

dO,(b)/dt = 0 (where the number of Br atoms is a minimum: Bry,e. — ABr):

kpaol(02(a))2 2
= 48
O = o ke (Brmes) ()
kpool (O2())?
49
02(b) ky + kBr(Brma:c - AB7) (49)
02(b)o _ kw + kBr(B"'mazt - ABT) (30)
02(b) B kw + kBrBrma:c .
0:b)s . kp(ABr) )
o) T T b o
= (1= Qo Eu 2
(ABT) - (1 Og(b) )(kBr) (5-')

Where k. has been used as the combined effect of the walls and baseline Br concen-
tration. These results will be used later. NOTE: The explicit forms for concentra-
tions of species have been omitted for clarity in this and the following developments.
For example: the concentrations of [O] and [O,], will simply be written as O and

O..

More explicitly, the following table will illustrate the effect on the differing
reagents as the O atom population is changed due to the HgO coating (the HgO

coating removes some amount of O atoms):
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Case with No HgO Coating Applied

Case with HgO Coating Applied

Greatest # of O atoms
Therefore greatest # of Br atoms
Therefore least # of Br,

Results in least BrF(X)

Least # of O atoms
Therefore least # of Br atoms
Therefore greatest # of Br;
Results in most BrEF(X)

In terms of A’s

In terms of A’s

Omax
Brma:c
Br2min

BrF(X)min

Opez — AO

Brye.: — ABr

Bromin + ABr2
BrF(X)min + ABrF(X)

Then, in terms of the relationship between all of the changes in species, the following

equality holds: |ABrF| = |ABr,| = |A20] =

|A2Br|.

A 3-body mechanism (two variants) and a 2-step mechanism are considered to

be potentially responsible for the excitation of BrF(B). These two mechanisms will be

explicitly developed in this section. The first mechanism is the 3-body mechanism:

Br+ F +0,(z) 2
BrF* +0,(b) %
BrF* + Oy(z) =%

BrF(B)+ Oy(z) =%
BrF(B) Y&

(where O2(z) is a third body and BrF™ is an excited intermediate state)

Then,
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dB(;F' = FBrOz(m)kl _B"“F'(kgoz(b)-l- ]\‘902(.1:)) (58)
dBr_dIZ(B‘) = kBrF=0s(b) — BrF(B)(ksOx(2) + (/7)) (59)

And in steady state, where dBrF*/dt = 0 and dBrF(B)/dt = 0:

FBrO(a)ky ]

BrF* = 60

’ 520200 + k,02() (60)
k2B7'F.02(b) .
__. (

BrF(B) %0:() + (1/7) (G1)

Resulting in a combined form, for both a greater amount of O atoms (Br[F(B),) and

a lesser amount of O atoms (BrF(B)), of:

 F(Brmes ~ AB)Oy(2)0y(b)ki )
BrE(B) = T5,0(0) + k0u(®) (002(a) + (1/7) (62)

F.B’I‘ma302 (a:)Og(b)okl l\’-z

BrEBle = (5050, + b 0x(e)) (keOs(a) + (1) (63)
BrF(B)y _ O30y, Brms ., kaOa(b) + kOn(z)

5B - C0,0) B a5 00,00 1 0:R) Y
BT‘F(B)O _ Oz(b)o Brmu kzOz(b)-i—k,,Og('L) (65)

BTF(B) - 02(1)) Brmw — ABr k20‘2(b)o + quQ(.’l')

Simplifying this expression by using y = BrF(B),/BrF(B), x = 0;(0),/0,(b), and

using a substitution for (ABr) = (1 — z)(kyw/ks,) from above, gives:

Brimas (1/2)(F2) +1
vy = x(B "(1— )(k [k ) On(b):l:a : ) (66)
Tmaz T)\Rw! /KBy (m) +1
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This expression can be simplified further by setting:

« = G )
B = f: (68)
v = ""(Br,,,aft';a-m))((l/;v)f;r ) (69)
y = a 1 (et (70)

Now, assuming that « is small (on the order

14 ﬂ(l/B"'mam‘)(m - 1)

a+l

of 10~2) because the concentration ol

O2(b), is much less than the concentration of O,(x), as well as ky < ki and then

inverting the equation:

1

= Q 5 Tl
v ’L(1+($—1)B,~,,m,) ¥ )
L T PN -
g - m(l * (a’ 1)B7'171u3:) ('~)
1 1 p B ;
Z = =] - 3
/) a'(l B"'mu:c) + B7'111aa: ( )

The last equation showing clearly that the slope of the line of the ratios of 1/y to

1/z will be less than or equal to 1, with an intercept greater than or equal to 0.

A variant of the 3-Body Mechanism illustrated above postulates the formation

of excited Br atoms by resonant collisional energy transfer with OQy(b), and then

formation of BrF(B) through third body collision. An abbreviated developnient of

the rate equations in the same form follows:
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Br+0,(b) 22 Br* + 0y(a) (74)
Br* + F+0y(z) = BrF(B)+ 0y(2) (75)
Br' 4+ 0y(z) % Br+0, (76)
BrF(B)+ Oy(z) =% BrF(X)+ 0, (77)
BrF(B) X5 BrF(X)+ hv (78)

Then, repeating the steady-analysis for dBrF(B)/dt = 0 and dBr*/dt = 0:

FBR0,(2)k,

— 7
BrF(B) RO+ 1/ (79)
BrO(b)ks,
Brx = NI
™ ka02(&) + FOo(2) ()

Giving in combined form, for both cases of greater or lesser amounts of O atoms:

FBrmmOZ( )02(1))]\'1 'Z"Br

Bri(B) = (kqo2( ) + I/Tr)(lvzoz( ) + FOq(a)ley) (1)
. FBTmaacoz( 2)02(0) k1 kB 5
BrE(Ble = (5,00@) + 1/7)(2202() + FOAz)F) (82)
BrF(B), _ O2(b), Btz )

BrF(B) ~ Osb) Brom— ABY

Again, the substitutions for y, x, ABr, and B will be used as above, resulting

in the following form:

Brmax

V= - aB
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1 -
i v = @B B (85)
1 o
l y = (=) (86)
1= kprBrmas
1 -
1 1, (=18 s
-= - 83
l [} w(l * Broes ) ( )
1 1 B J¢]
2 = (1=~ 89
y x(l -Brmaz:) + Brmaz ( )
Which returns to the same form as the first variant of the 3-Body Mechanism.
l The second mechanism is the 2-step excitation mechanism:
F+Br, 25 BrF(X)+ Br (90)
BrF(X)+05(a) 2% BrF=+ 0y(2) (91)
BrF” 4 0,(b) 2 BrF(B)+ Oaz) (92)
BrF* + Oy(z) % BrF(X)+ 0, (93)
BrF(B)+ Oy(z) <% BrF(X)+0, (94)
BrF(B) X5 BrR(X)+ hv (95)

Then,

dBC;F = k2BrF(X)O2(a) -— kpBr.F‘.OQ(b) _ qurF"Oz(x) (96)
dBrF(B . —
rdt( ) = kpBrF'OQ(D) - k3BT'F(B)02($) — (I/Tr)BTF(B) (9‘)

Therefore, in steady state, dBrF*/dt = 0 and dBrF(B)/dt = 0:
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szTF(X)OQ(a) 5
BrFx = 98
A Y XOFTXD (98)

k, BrF*0y(b)
( = 1 2 9
BrE(B) = LomT/m) (99)

Resulting in a combined form, for both a greater amount of O atoms (BrI'(B),) and

a lesser amount of O atoms (BrF(B)), of:

kpkzOg(CL)OQ(b)BTF(-X)ma.r
(k302(z) + (1/7:))(kpO2(b) + £y Oa(x))

kpkzOz(a)OQ(b)oB'l’F(-X-)min
(ksOa(z) + (1/7:))(k,02(b)o + kqOa(2))

BrF(B) =

(100)

BrF(B), (101)

Upstream of the mixing of the Br, and F, the Br; 1eacts with O atoms according

to the following, 2(0) + Bry — 2(Br) + O (as shown before). The O atoms are

removing Br, molecules from the flow. Resulting in an actual change in BrI(X)
concentration equivalent to JABrF(X)| = |A2Br|, and this expression will be used
to substitute into the combined form of BrF(B) production, both with a greater and

lesser amount of O atoms, giving:

_ kyka02(a)Oq(b)[Br F(X )min + ABrF(X)] .
Bri(B) = ~:01@) + (1/7))(ky0ult) + K,0s(z)) (102)
kpk202(a)Oz(b)o[B'I‘F(X)min]
Bri(Be = (5:0a(=) + (/7)) (k,02(8)s + £ 02(@))
BTF(B)O — (Og(b)o)( BT‘F(X)m,'n )( prQ(b) -+ quQ('L)
BrF(B) 02(8) "\ BrF(X)min + ABrE(X)’ " kyO2(b)y + k,Oa(x)

(103)

)(104)

Simplifying this expression using the same substitutions for y = BrF(B),/BrF(B),
z = 0,(b)o/02(b), and (ABr) = (1 — z)(ky/kp,) from above, gives:
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= z( BrEF(X)min (1/m)(%’2(2;:q)+1) (103)
YT B (Xmin — 21— o) horlber) (k) 41

This expression can be simplified further, putting it in the same form as the final

equation for the 3 body mechanism by setting:

“ = %22((12;1]:: (106)
b= 1]:; (107)
YT w(BrF(Xiif(-i-ngn[;;(l—a:))((l/c::)-!‘-yl-*- %) (108)
YT x(l+2(ﬂ)(1/37‘1}’(X)m;n)(1—x))((l/;:f;rl) (109)
Again assuming « is small, and inverting the equation:
1
y = x(1+(1—w)3ﬁ{%;) (110)
5 = £(1+m%m(l—x)) (111)
5 } %(1+BTF%§{)min)—BrF‘ii’)min (112)

The last equation showing clearly that the slope of the line of 1/y vs. 1/a will be

greater than or equal to 1, and the intercept less than or equal to 0.

To examine which of these two processes is the primary mechanism for the
pumping of BrF(B) by singlet Oxygen, an experiment will be conducted to affect the

amount of O atoms in the flow tube system and the resulting emission data plotted as
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described above to illustrate the behavior of the system as the amount of O atoms is
changed. A branch of the O, inlet line will have a quantity of Mercury (Hg) placed in
it so that when that branch is opened, a coating of HgO will be applied downstream
of the microwave cavity and hence reduce the amount of O atoms reaching the flow
tube. After this coating is applied for a set period of time, this branch will be closed
and the amount of O atoms will then increase over time. Then, the linc allowing only
O, to flow will be reopened (and the O atom population will increase as the HgO
coating decays). The emission of BrF(B) and O,(b) will be recorded during both
phases of the process. The emission will be recorded for sufficient time to show a
significant change in the emission due to the initially decreasing and then increasing
O atom population. The behavior of the plot of -I!;BrF (B) vs. -I’—oOz(b) will then show
the mechanism for O,(b) excitation of BrF(B). Due to the resultant rate equations
developed in this section, this technique will provide some insight in whether the
3-Body or 2-Step Mechanisms are correct, but cannot differentiate between the two
variants of the 3-Body Mechanism. See the following plot illustrating the predicted

behavior.
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Figure 14. Plot of I—IoBrF (B) vs. IioOg(b) Illustrating Relative Slopes (Theoretical)

for the 3-Body and 2-Step Mechanisms
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Appendix B. Rate Equations with CO; as a Quenching

Species

The basic reaction in producing BrF is:

F+4+Br, — BrF+ Br

(113)

This reaction is gas kinetic. In the flow tube apparatus of this experiment. this

reaction essentially takes place instantaneously.

The production of singlet oxygen is determined by the following rate equations.

which include the pooling reaction of 0,(a), the quenching of O,(b) due to the walls

(and other reagents), and the quenching of O,(b) due to CO,:

Os(a) + Oz(a) 225 0,(b) + Oy(2)
O,(b) + Wall 2% 0, + Wall
0,(b) +COy 22 0, +CO,

Where:

dO,(b
(;t( ) = kpool(02(a))2 - kwo'l(b) - k"oz(b)co2

(114)
(115)
(116)

(117)

Then, in steady state where dOy(b)/dt = 0, and in the case of no CO; where

dOy(b),/dt = 0:
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Koot (On(a)*

0:b) = 3 F.c0;s (118)
2
02(b)o = _Ifl‘f."_l(kwﬂ. (119)
Oy(b) k,COq ‘
o = (120)
02(b), ku
CO; = (—52;(@)7—1)(170) (121)

These results for CO, and O, will be used later.

Two primary mechanisms are considered to be responsible for the excitation of
BrF(B). The first mechanism is the three body mechanism, including the eflect

of CO, within the system:

Br+ F + Oy(z) 25 BrF*+ Oy(z) (122)
Br+F+C0O, 2% BrF +CO, (123)
BrF= +0,(b) <2 BrF(B)+ Oy(z) (124)
BrF*+ 0y(z) =% BrF(X)+0, (125)
BrF*+C0;, X BrF(X)+CO, (126)
BrF(B)+ Oy(z) - BrF(X)+ 0, (127)
BrF(B)+CO;, =% BrF(X)+CO, (128)
BrF(B) X5 BrF(X)+ hv (129)

(wbere O,(z) is a third body, BrF* is an excited intermediate state, and CO; a

quenching species). Then,
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dBrF*
dt

= FBT(Og((L‘)kl + COzkll) - B7‘F‘(k202(b) + quQ(’L) <+ ]-‘(IICOQ) (13())

dBrF(B)

= = kBrF"0y(b) - BrF(B)(kOa(s) + kxCO; +1/7)  (131)

And in steady state, where dBrF™* [dt = 0 and dBrF(B)/dt = 0:

FB?'(OQ(.’E)IJI + 002]\‘,11)

BrF* = 132
r 7205(8) + F,02() + by C O (132)
koBrF*0,(b) o
= 133
Brf(5) k30q(z) + k3:C O + 1/7, (133)
Resulting in a combined form, both with and without CO, present. of:
FBTOQ(b)kQ(OQ('L)kl + 0021\‘1/) .
BrF(B) = 134
" ( ) (k202(b) + qug(:v) + quCOQ)(k302(fL') + k3'COQ -+ 1/7’,‘) ( )
FBT002($)02(b)ok1k2 .
BrF(B), = 135
"FB)e = 50,0), k02 @) (00(2) F 1) (13%)
BTF(B)o — (Oz(b)o ( kloz(:ll)
BrF(B) 02(b) " k102(z) + k1 C O,
((kgoz(b) + quQ((L‘) + kqlCOQ)(ksoz(.'L') + I\‘3ICO2 + l/T,.)) (136)
(kzOg(b)o + quQ(w))(kaoz(.’L) + 1/’/',.)
kCO2 . kyOq
BrF(B), — (02(b)0)( 1 )1 k3 CO, (1 + k;loz(:) + :«:CO)?(“:)) )(137)
BrF(B) O2(b) "'1 + EuCO2 k302(z) + 1/7, ] 4 £20alb)e

k1 O2(z)

kyO2(x)




Simplifying this expression by using y = BrF(B),/BrF(B), & = 03(b),,/02(), and

using a substitution for COp = (z — 1)(k,/k,) from above, gives:

P SV 7 NCEE\ M S - = Rl = u

1+ e ko(k30x(z) +1/7r) 14 il

This expression can be simplified further by setting:

o = #O]:"(;B—) (139)
B = g—il;))#& (140)
mk_ol;(—x) (141)
o= ko(k3sz;;l;w+ 1/7) (142)
v = el +a(1$_1))(1+a(x-1))(1*5(”1'}3; PR ()

_ -8 =)+ 86+ [5(1 ~ 1) + v(1 - é))z + (67)a® + (6/)(1 ~ 6)

(T+B) (=) +a(x)) (111)

y

The second mechanism is the 2 step excitation mechanism, including reactions for

CO, quenching:

F+Br, 2 BrF(X)+Br (145)
BrF(X)+ Oy(a) <% BrF* 4 Oy(x) (146)
BrF* 4 0,(b) <% BrF(B)+ Os(x) (147)
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BrF* 4+ 0y(z) —% BrF(X)+ 0, (148)
BrF* +COy(z) % BrF(X)+CO, (149)
BrF(B)+ Oy(z) = BrF(X)+ 0, (150)
BrF(B)+COy(z) =% BrF(X)+CO; (151)
BrF(B) X% BrR(X)+ hv (152)
Then,
dB;tF = ko BrF(X)0,(a) — BrF*(k,04(b) + kyCOq + k,Oa(2)) (153)
le—rdf(—B) = k,BrF*0y(b) — BrF(B)(ksOs(2) + keCOz + (1/7.))  (154)

Therefore, in steady state, dBrF*/dt = 0 and dBrF(B)/dt = 0:

ko BrF(X)Oq(a) x

J_p = 1: B
Brivs kyO2(b) + kqO2(x) + kpC O, (15)
BrF(B) = k,BrF*0,(b) (156)

k302(z) + k3 CO2 + (1/7)

Resulting in a combined form of, both with and without CO; in the system:

5 - k0K (0)0s()Br (X -
BrE(B) = (0.2 $5C0s + 1)) ,,O()+L Gat@) T O )
B ks 0y(a)05(5) BrF(X) ,
BriB)e = 5012 + (/7)) (5020 + 5,0:(2)) (155)

Then, taking the ratio of the BrF(B) production terms:
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BrF(B), _ (Og(b)o)
BrF(B) ~ ‘0i(b)
(kaOQ((B) + k3lCOz + l/Tr)(pr2(b) + I%Oz(l) + I.‘q'C'OQ

)y 15
( (k302() + 1/7.)(k,02(b), + k,05(x)) X159)

Simplifying this expression using the same substitutions for y = Br[F'(8),/BrF(B),
z = 03(b)o/02(b), and CO; = (z — 1)(ky/k,) from above, gives:

1+ kgrkw({z-1) + k. 02(0)0(1 [}

kg k(@ — 1) FokeO2(3) R,02() _
= «ll+ e ) (160)
! ( ko(k3Os(z) + (1/7) ]+ kkzqu((zg;

This expression can be simplified further, putting it in the same form as the final

equation for the 3 body mechanism by setting:

_ ks |
¥ T R(kO(w) + (1)) (161)
_ itk ).
a = Oa(z)k, (162)
C huky |
T = BEO:) (163)
y = :c(l-i—a(:z:—1))(1+7(m*1)+ﬁ(1/‘”)) (164)

1+4

y= %[aﬂ +(1-a)(1=9)+2(7(1 - @)+ a(1 - 7)) + av(a?) + (B/2)(1 - a)]165)
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Appendix C. Experimental Calibrations

C.1 Spectral Response

The relative spec.ral response of the detection systemconsisting of a monochro-
mator and a photomultiplier tube (PMT) is important in determining the relation
between the observed intensity (photon counts) to the excited state relative number
density. These calculations play a critical part in determining the relative vibrational
population densities of the excited B-state for BrF. The relative spectral response
for this experimental set-up was calculated by recording the spectrum of a black-
body source at 1000°C and comparing it to the spectrum expected from the cuive
generated by the Planck Blackbody Radiation Law. The emission remained in the
center of the flow tube, and was resolved through the window, focusing lenses. and
the 0.3 m monochromator. The number of photons detected by the PMT as a func-
tion of emission wavelength is given in Figure 15. This plot shows the normalized
emission intensity for both the blackbody source and the theoretical Planck black-
body radiation distribution, as well as the normalized relative spectral response. The

relative spectral response itself (D(v)) is calculated from (28):

D(v) = na(v)/nw(v) (166)

where:
nq4(v) =the number of photons/sec detected by the PMT
ngs(v) =the number of photons/sec emitted by an ideal blackbody

A listing of the relative spectral responses for the observed emission transitions
for BrF are shown in Table 10. All values for the spectral response have been

normalized to the maximum value at 6700 A from Figure 15.
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Table 10. Relative Spectral Response

Transition | Wavelength | Franck-Condon Factor | Spectral Response
(v’,v") (in A) Qo D(r)
(6,3) 5496 0.0256 0.4000
(5,3) 5586 0.0489 0.4500
(5,7) 6510 0.0222 0.9000
(4,3) 5686 0.0682 0.5100
(4,0) 6390 0.0288 0.8200
(4,7) 06648 0.0526 0.9750
(4,8) 6928 0.0180 0.9370
(4,10) 7550 0.0410 0.7200
(3,3) 5790 0.0738 0.6000
(3,4) 6033 0.0671 0.7000
(3,5) 6270 0.0205 0.8390
(8,7 6800 0.0392 0.9671
(3,8) 7000 0.0625 0.8870
(3,9) 7400 0.0274 0.7050
(2,3) 5016 0.6000 0.6800
(2,4) 6160 0.0875 0.7800
(2,5) 6410 0.0723 0.8350
(2,06) 6679 0.0235 0.9850
(2,8) 7266 0.0334 0,8550
(1,3) 6054 0.0345 0.7200
(1,4) 6300 0.0726 0.8439
(1,5) 6560 0.1044 0.9250
(1,6) 06840 0.1012 0.9550
(1,7 7138 0.0589 0.8820
(1,8) 7462 0.0113 0,7700
(0,4) 0448 0.0296 0.8600
(0,5) 6723 0.0635 0.9800
(0,6) 7012 0.1073 0.9300
(0,7 7330 0.1480 0.8200
(0,8) 7676 0.1675 0.6650
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Figure 15. Spectral Respense of C31034 PMT with Blackbody at 1000°C

C.2 Monochromator Calibration

The resolution of the 0.3m monochromator is shown in Figure 16. Melton
determined this resolution, as a function of slit width using a Neon flashlanip prior to
my involvement with the research (26). A linear least squares fir of the data returned
a nearly linear relationship with corr? = 99.15%. Extrapolating this result for slits
with a width of 300um, a TA (0.7nm) resolution was obtained. Using 300;m slit.
sufficient signal strengths as well as favorable signal-to-noise ratios were obtainerl
for all the BrF(B) —» BrF(X) vibrational transitions with 58004 < A < 78004 as
listed in Clyne and Coxon (5). Even though the 300um slits were not small enough
to clearly resolve the closely lying vibrational transitions at A < 5800.4, the structure
was observed and could be estimated given the known values for tlhiese transitions as

shown in Clyne and Coxon (5).

Melton determined the absolute wavelength of the 0.3m monochromator using
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Monochromator Resolution
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Figure 16. Monochromator Resolution with Least Squares Fit Resultant

a Neon discharge lamp previously(26). Over the range of interest. 50001 < \ <
78004, the calibration correction was an average of 6.44, with a standaid deviation
of 0.3A. Since the monochromator was calibrated only to the nearest Angstron. «

value of 6.4 was therefore used as the wavelength correction.

Table 11. Wavelength Calibration of 0.3 m Monochromator

Monochromator A(A) | 7482.0 | 6923.5 | 6592.5 | 6024.1 | 5846.0 | 5394.2
Actual A\(A) 7488.9 | 6929.9 | 6599.0 | 6030.0 | 5852.5 | 5400.6
Difference )\(;1) 0006.9 | 0006.4 | 0006.5 | 0005.9 | 0006.5 | 0006.4

C.3 Metur' g Valve Calibration

The Nupro metering valves were calibrated by connecting a Kontes valve be-
tween the flow tube and the cold trap so that the exhaust could be clos.d and the
time rate of change of the pressure (dP/dt) in the flow tube be measured. Tirst.

the leak rate was measured and then dP/dt for the different valve settings of the
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CF4 and Br; inlets were measured. The flow tube set-up as configured in Figure 3
was determined to have a leak rate of 0.173 torr/min and this value was subtracted
from the values recorded for the different CF,4 and Br, valve settings to give dP/du
for the CF4 and Br; inlets, respectively. The total volume of the system forward of
the valves was measured to be Volume = 3276 cm3. Once dP/dt was for each valve

was recorded, the actual dP/dt and dn/dt (in sccm) were obtained from:

dPactuaI dPrecordcd torr -
= - 0.173— 16
dt dt ! 3min (167)
dn dP.sua: «, 3276cm®

- = 163
dt ( dt ) 760torr ) (16%)
For the two different CF, valve settings of 2.0 and 2.2 revolutions, the following

values of dn/dt were obtained:
dn/dt ©@2.2 revolutions = 190.4 sccm
dn/dt @2.0 revolutions = 184.15 sccm

For the many varying settings of the Br, valve, the values of dn/dt obtained

are listed in Table 12.

No values for valve settings less than 0.8 revolution were used since dP/dt was
unchanged and no observable effect seen on the output signal. The value of dn/dt lo1
valve set at 1.0 revolution was interpolated linearly hetween the values at 0.8 and 1.2
revolutions because although no dP/dt was observed different {rom 0.8 1evolutions.
there was a noticeable effect on the output signal; specifically, significant reduction

in the O2('Z) emission was observed (quenching).

Once BrI" was actually produced (Section 3.1), the number density for Br,
could be calculated. Given constant inputs for Oz(x) at 848 sccm and CFy at either
190.4 or 184.15 sccm, first the partial pressure of Br, was determined and then the

number density of Br; calculated from the following:
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Table 12. dn/dt for Br, Valve Settings

Set (# revs) | dn/dt (scem)
0.0 0.0000
0.8 0.0776
1.0 0.0862
1.2 0.0948
14 0.1035
1.6 0.1121
1.8 0.1897
2.0 0.2414
2.2 0.2974
24 0.3664
2.6 0.4397
2.8 0.5776
3.0 0.6509
4.0 1.2113
5.0 1.8449

'h(B?'Q)

= ot 169
Far, (h(Br2)+ﬁ(CF4)+fr(02))P"' (169)
Pgr, 19, -3y 213K =
(760torr)(2'6868 x 10"%em )(3001\,) (170)
where:
n = dn/dt

Loschmidt’s Number (at STP) = 2.6868 x 10%¢m=3

The calculated values for the Br, number density (for the two different flow

rates of CFy), at the different valve settings are listed in Table 13.

C./ Other Considerations

This section will list some of the other considerations that aflected the system.

especially as they influenced BrF and O;(b) production.
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Table 13. Br, Number Density at Varying Valve Settings

Set (# revs) | n (cm™3) n (cm™3)
(QCF, = 190.4 sccm) | (QCFy = 184.15 scem)

0.0 0.0000 0.0000

0.8 8.3646x1012 8.0984x101?
1.0 9.2940x10'? 8.9982x10'?
1.2 1.0223x1013 9.8979x1012
14 1.1153x1013 1.0798x1013
1.6 1.2082x103 1.1697x10'3
1.8 2.0445x1013 1.9794x1013
2.0 2.6019x10"3 2.5191x1013
2.2 3.2058x1013 3.1037x10™3
2.4 3.9489x1013 3.8232x10"3
2.6 4.7383x10" 4.5875x10"
2.8 6.2240x10"3 6.0259x10"%
3.0 7.0131x10'3 6.7899x10'3
4.0 1.3044x10 1.2629x10M
5.0 1.9855x10 1.9223x10™

If the system was opened to air for a short period of time, such as to change the
cold trap, about 15 to 30 minutes were needed to pump the system back down
to its optimum pressure (~ 100 millitorr), as well as get rid of the ambient air

in the system.

. If the system was opened to air for a long period of time, such as after the valve

calibration study, the system had to be pumped down for an extended time
(anywhere from 1 hour to a full day) to reduce outgassing, the effect of H.0O

vapor build-up in the system, and return the system to its optimum pressurc.

. The wall rate was noted to change on a daily basis. Therefore. all experiments

conducted included determining the wall rate for that particular experiment.
This wall rate was then used in the calculations to determine the other rate

constants.
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4. It was noted that microwave discharge efficiency had an effect on the systen.
Either due to the age (or operating characteristics) of the Opthos Microwave
Cavities, or the effect of the daily changes in the system, the desired reduction
of reflected power to a minimum was not a constant. Generally, the forward to
reflected power ratio for the O, microwave cavity was 100/2, with the reflected
power varying from 0 to 4. This affected the amount of O(b) produced by
approximately 50% (for the worst case). Fortunately, keeping track of the daily
C2(b) production allowed the experments to be run when the efficiency was
good. Interestingly, a similar effect was not noted with the microwave cavity

dissociating CT'4, even when the cavities were switched.
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Appendix D. Vibrational Population Calculations

D.1 Calculations

The following tables outline the actual calculations used in determining the
vibrational populations of the v-states of BrF(B). The transition listed in this section
were the clearly resolvable transitions recorded on the emission spectrum for BrF(B).

The basic formulas used as listed in the main text are repeated here.

e = IobS/D

Jemm o (.
Pop(BrF(B),) = (ﬂ&ﬂ

P )Pop(O2(b))
Io,(b)(TrOz(b)) :

The resulting values for Pop(BrF(B),) are recorded under the heading Ny in the

tables below.

vV'—=v”" | 7, (nsec) | FCF | Population Ny o

0-4 43.0 |.0296 | 1.66x107

0-5 0635 | 7.16x107
Transitions originating at v’=01{ 0-6 1073 | 1.09x108

0-7 .1480 | 1.48x10°

0-8 1657 | 1.38x10°

Total 5141 | 4.83x10°
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Transitions originating at v’=1

Transitions originating at v’=2

Transitions originating at v’=3

v'=v” | 7, (usec) | FCF | Population N
1-3 44.0 | .0345 | 4.07x10°
1-4 0726 | 1.65x10°
1-5 1044 | 2.66x108
1-6 1012 | 2.15x10%
1-7 0589 | 1.31x10°
1-8 0113 | 4.38x107
Total .3829 | 8.62x10°
v'—=v” | 7, (psec) | FCF | Population Ny gn
2-3 46.0 | .0600 | 4.21x10"
2-4 0875 | 3.77x108
2-5 0723 | 3.21x10%
2-6 0235 | 9.64x107
2-8 0334 | 1.61x107
Total 2767 | 12.32x10%
v'—=v” | 7. (usec) | FCF | Population Ny
3-3 43.9 |.0738 | 4.60x10%
3-4 0671 | 3.57x10°
3-5 0205 | 1.45x108
3-7 0392 | 3.32x107
3-8 0625 | 8.90x107
3-9 0274 | 4.41x10°
Total 2905 | 11.28x10°%
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Transitions originating at v’= 4

Transition originating at v’'=5

v’—=v” | 7, (usec) | FCF | Population Ny o
4-3 44.7 | .0682 | 4.97x10°
4-6 .0288 | 3.63x107
4-7 0520 | 7.17x107
4-8 .0180 | 3.33x107
4-10 .0410 | 1.86x107
Total .2080 | 6.57x108
v'=v” | 7, (usec) | FCF | Population N
5-7 44.2 1.0222 | 3.43x10°
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D.2 Detailed Emissior Spectra

This section includes reproductions of the detailed emission spectra taken with
300um slits, but at a much slower scan speed than the global spectrum illustrated

in the main body of the text. Here, the experimental settings were:

300um slits

20Angstrom/min monochromator scan

lem/min paper speed

Resulting in a recorded measurement of 20Angstrom/cm on the strip chart

0.4sec photon counter integration time
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Figure 17. Detailed Emission Spectrum of BrF(B) Part 1
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Appendix E. Photogrs- i of BrF(B) Emission

Output Window  Flow Tube

Shape of -«— O Flow (850 sccm)
Emission
c— Br; In'et (0.19 sccm)

< Oy Flow

............. TEFLON hlSCl'L

CF; Inlet (190 sccm)

Figure 20. Schematic of BrF(B) Emission

A photograph of the actual BrF(B) emission is shown on the next page. This

icture was t:xen with ASA 1600 color film with a 60 second exposure time.
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Figure 21. Photograph of BrF(B) Emission
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