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I Preface

I 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 02(1 E)

pumps BrF(B). Supplementary goals of deter'mining rate constants, efficiency, and

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

I found the research to be an extremely rewarding L.ad challenging experience.

The knowledge and experience I gained in this de .iled-txperimental research was an

integral part of my AFIT studies. I am profoundly grateful to my advisor, Capt. Glen

IP. Perram, for his guidance, instruction, advice, and encouragement in tho cojiducl o1"

this research. His generous expenditure of time and effort is also acknowledged. I am

Im 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-

Iresearch 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 stpplied withl I he

reactant gases needed for the experiments. I am also appreciative of Mr. Jimmy Ray

I 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.

I 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

j. project.

I Barrett. F. Lowe
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I Abstract

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

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

have shown a strong emission from BrF(B31I(Ot) in the presence of singlet oxygen,

I 2 Cd0 2 ( While singlet oxygen will pump BrF(X) to BrF(B), the exact.

mechanism -not-known--Ghemilniiaescpnce observ

0 2(1E)kn a gas flowtube was used to study the energy transfer mechanisn. The

objective of this resr..arch was fourfold. First, the pumping process was identified ab

a 3-Body Mechaniim. Second, the observed vibrational distribution clearly showed

the population of the BrF(B) state to be non-Maxwciiian. Third, the quenching

rates for C02 and CF 4 on O2(1 ) were experimentally veri ed with the literaturc

values, and the quenching rates for Br and Br 2 on 0 2(E) re reported for the first

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

I 10-4 .

I

I,
I
I
I
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ENERGY TRANSFER IN

I SINGLET OXYGEN AND

I BROMINE MONOFLUORIDE

I
I I. Introduction

1.1 Motivation

I' 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-

I tics applications. Chemically pumped, electronic transition lasers are particularly

suited for these missions because they require no massive external power supply (the

I 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.

j and inherently more power delivered to the target(l). While no visible chemical

lasers have been produced yet, one potentially viable excitation scheme is to use the

I. 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-

1tial for lasing at short wavelengths (from 0.24m to 1.31tm) 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).

I As part 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 fromI
I
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metastable excited 02 (singlet oxygen) to BrF; somewhat in analogy with using

singlet oxygen in the Chemical Oxygen-Iodine Laser (COIL)(1). Previous studies

I have uncovered a strong visible emission from BrF in the presence of singlet 02(5),

but the excitation mechanism(s), reaction rate(s), and efficiency of the excitiation

3 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(B3 1) by

I 0 2(b1E, a'A).

5 1.2 Problem Statement

The exact mechanism with which singlet 02 excites BrF(X -* B) has not been

completely defined. BrF(X) requires at least 18272 cm -1 of energy to be pumIpcd

to BrF(B)(v" = 0 -- to v' = 0) (4, 12). A single molecule of singlet 02 does not

have sufficient energy to excite BrF(X) directly to BrF(B). The energies of the two

I singlet 02 states are 7882 cm - ' for 0 2(1 A) and 13121 cm- 1 for 02('E'), for (V

= 0 to v" = 0) transitions respectively (18). Clearly then, some multiple collision

I excitation process is indicated. Clyne, Coxon, and Townsend (5) postulate a three-

body excitation mechanism:I
3 Br+F+M - BrF*+M

I BrF* + O2('Z,' A) - BrF(B) + O2(3 E)

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

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

I
3 F+Br2 - BrF(X) + Br

BrF(X) + 02(E, A) - BrF + 02(E)

2
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I
I BrF + 0 2(1 A,' ) -- BrF(B) +02( 3E)

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

2-Step Reaction.

3 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 tirotuigh

I collisional energy transfer with singlet 02. The first part of the experiment will be

to record the chemiluminescence spectra of the BrF in the presence of singlet 02.

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 locus

on analyzing the resulting data to determine the reaction rate(s). and efficiency ol'

this chemical process, as well as gain some insight into the vibrational populations of

BrF(B) as excited by singlet 02. The last part of this resarch will be a. comparison

of the BrF results with other interhalogens to determine BrF's relative suitability as

3 a potential candidate for a visible chemical laser.

I3

I
I
1
I
I
I
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I. 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 equilibrium internuclear separal ioln

of the B 3 H(0+ ) state with respect to-the X1 E+ state(7). This-situation is graphically

portrayed-in Figure 1. Therefore, according to the Franck-Condon principle, the inost

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 2.2x10- 12 (most probable v' - v"

transition from 0 - 8 using Franck-Condon factors)(7). This is characteristic or 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 X-state 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 psec, are shown in Table 1 (7, 8). 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

4



I
I

BrF Classical Potential Energy Curves and Singlet Oxygen Energy Levels
3.5

.By-P 1 2 + F 2P31/2

5 /. Br2 
P 31 2 + F

2 P 31 2

2.5 -5

3 BrF(A) /

• /

a, BrF(X)/04) 0.2'o('E)(V' = 0)
t 1.5mI

' o2 (1)(V' =)

05 -5
Turning points taken from

- Coxon and Wickramaarttchi, 1981!
2 3 4 5

Internuclear Separation, r (in Angscroms)

IFigure 1. Potential Energy Curves for BrF(X) and BrF(B)

makes the B-state unstable(7). In BrF, Melton shows that predissociation is where

I the ov -:lap of the B 3 1(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

5 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

1 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

5 will be noted than for v' = 7 and 8. This effect can also be seen in Table I from

Steinfeld which shows the lifetimes decrease as the v' level increases(4, 12).

2.2 Current BrF Spectroscopic Data

The current information about the BrF molecule obtained from spectroscopic

3 studies is quite complete, especially in the areas of absorption(9) and emission(5, 10).

1. 5
I
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I Table 1. BrF (B - X) Collision Free Lifetimes (12)

V' J' rr(Itsec) Est. Error
0 16-26 43.0 1-2%
1 5-31 44.0 1-2%
2 7-39 46.0 1-2%1 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%3 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 0.74 10%
8 2-27 0.3-1.7 1-2%
8 28 0.24 10%
8 29 0.14 10%
8 30 9.17 10%
8 31 0.11 10%
8131 0.1110

where - + p
T Tr Tpd

T collision free lifetime
rr radiative lifetime
rpd =- pre-dissociative lifetime

I
I
I



I
I
I 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

I 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 showu in

STable 1(4, 12).

3 Table 2. Molecular Constants for BrF (in cm - ') (12)

Constant BrF(X) BrF(B)
Te 0 18272
D, 20953 6366
We 670.75 372.2
WeXe 4.054 3.49
Weye -8.7x10 - 3  -0.22

fle 0.35584 0.264
a, 0.00261 0.00498
I 1.06x10-5  unknown

ID 0.4x10 - 6  1.0x10- 6

3 The dotted line depicting the location of the potential minimum for BrlF(A)

on the potential energy curve (Figure 1,-etc. ) was taken from Brodersen and Si rje'.

work (21). Thus far, this work is the only case where a BrF(A--*X) energy sy.stlt

is reported. Coxon disagrees with Brodersen and Sicre claiming that the a bsorptio,

I 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

Ishowing 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.

1 2.3 Current Singlet Oxygen Data

I 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.

!7
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Table 3. Franck-Condon Factors for BrF (11)

lV' 0 1 2 3 4 5 6 7 8I VII

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 .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 .0366 .0182
12 .0526 .1244 .0003 .0678 .0117 .0166 .0427 .0129 .0010

13 .0271 .1196 .0304 .0518 .0051 .0488 .0137 .0046 .0274

I
Table 4. Singlet Oxygen Data.

Species Energy (cm - 1) Energy (eV) Lifetime (Tr)
O2 (blE)(v'= 0) 13121 1.627 12 sec

0 2 (a'A)(v'= 1) 9367 1.1614
0 2 (a1A)(v'= 0) 7882 0.977 65 min

1 As discussed previously, energy transfer from one of either of the two singlt

oxygen molecules will not provide sufficient energy to pump BrF(X) to BrF(B).

I However, energy transfer from multiple collisions could provide enough energy or
this excitation.

Extensive work done by Mack at AFIT (20) indicates singlet oxygen production

I in a. microwave discharge at 2.45 Ghz will produce ,,,5-15% 02('A) and - 0,5-I .5 X

02(.). An average value of 10% and 1% respectively will be used in the following

3 rate equations. With a stable flow pressure of ground state 02 (abbreviated 0 2(x)) of

; 3 torr, then the concentration of of 0 2(x) entering the microwave cavity is [0 2(x)]

8I
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I ; 1.0l017molecules cm- 3 . This then results in a concentration of 0 2(a) of [0 2 (a.)]

,. 1.0xlO' 6molecules cm-s.The small amount of 0 2(b) produced in the microwave

I will be neglected due to its short radiative lifetime, a reasonable assumption that it

will be quenched by wall effects and 0 2 (x) by the time it reaches the flow tube, and

Sthat the 0 2(a) pooling reaction will dominate the production of 0 2 (b) ill the flow

tube. Given these conditions, the rate equations for the production of 0 2 (b) are:I

1 [02(a)] + [02(a)] " [02(b)] + [02(x)] (1)

5[0 2(b)] ) [02(x)l (2)

[02(b)] 1 [o2(X) + hi (3)I
where:

r, = 12sec (18)

3 kpl = 2.0xl0-17cm 3molecule- sec-1 (18)

kwai 50sec- I includes effects of the walls, 0 2 (x), and impurities ill tile gas (dcicr-

3mined experimentally); in effect the pseudo-first order rate coefficient.

b Then in steady-state, where d[0 2(b)]/dt = 0, the concentration of 0 2() will

1 be:

~~[02(b)] = ( jk,.. /'r

(kwall + 1/re.)

[02(b)] : 4.0 x l013molecules Cm 3  (5)

And this steady-state distribution shows the ratios of the concentration of the oxygen

species to be L2(b) is on the order of 10-4 and 1 is on the order of 10-3, which

3 is in agreement with Mack's work (20).

9
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3 Characterization work conducted by Melton prior to beginning the chemiluni-

nescence experiments on BrF verified the quenching rate of C02 and CRF on O_(b)

3 (26). Melton recorded a quenching rate constant for C02 as

kC0o2= 3.0 ± 0.3x10 - 13 cm 3/.sec and a quenching rate constant for CFI as

3 kqcF4 = 2.68 ± 0.3x10"- cm3 /sec. These results were comparable to those recor(ded

in previous work by Ranby and Ranek (16) and Davidson and Ogryzlo (17). A

I summary of these previously determined quenching rate constants is listed in Table
5.

N Table 5. Recorded Quenching Rate Constants on 02( E)
Name Quenching Species Constant Value (cm3/sc)
Davidson and Ogryzlo (17) C02 kq(IE) 3.32x1O- 13

C02 kq(1A) 1.66x10 -1
SCF4 kq (I \) 2.66,,10 - '

Ranby and Ranek (16) C02 kq(1I) 3.3x10i 3

C02 kq( A) 0.5X10 - s

Melton C02 kq9 E) 3.0 ± 0.3x10' '

CF 4  kq( E) 2.68 ± 0.3x1l O-

I
2.4 Reaction Mechanisms

I Two primary mechanisms are hypothesized to be responsible for the excital loll

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 ,n 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

1 Mechanism and labelled as Mechanism 2. The reaction equations for these proc(-. :C

will be illustrated below.

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

O+Br 2 -- BrO+Br (6)

3 10
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O+BrO - Br+0 2  (7)

Br+F+M - BrF* + M (8)

3 BrF* + 02 (, A) - BrF(B) + 02(3E) (9)

3 (where M is a third body and BrF* i- an excited intermediate state, either BrF( A)

or a high vibrational level of BrF(X))

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

I

3 O+Br2 -- BO+Br (10)

0 + BrO Br+0 2  (11)

Br +O2(IE,' A) - * B+ O2('-A) (12)

3 Br*+F+M - BrF(B)+M (13)

I(where M is a third body and Br* is the first electronic excited state, Br'2 1112 )

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

I F+Br2  - BrF+Br (1+B)

3 BrF(X) + 02(, A) - BVF" + 02(3E) (15)

BrF* + 0 2 (, 1 E) - BrF(B) +0 2(3 E) (16)I
(where BrF* is an excited intermediate state, perhaps BrF(A) or a high vibrational

I 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 wit Ii

C02 as a Quenching Species.

1 11
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3 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-3 bility to the process described in Mechanism 1B, the energy difference between the

downward transition from 0 2(1 E)(v' = 0) to O02(A)(v' = 1) of 3754 cm- 1 (16. 18)3 and the upward transition from Br 2P3/2 to Br2 P1/2 of 3685 cm - 1 (23) is only 69

cm - 1 .

I
I
I
I
I
I
I

I
I
I
I
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3 Mechanism 1A: 3-Body Mechanism

BrF Classical Potential Energy Curves and Singlet Oxygen Energy Levels
3.5

r Br 2)P1/2 + F 2 P3/2

3 2.5 -5

BrF(A) 
/

2

BrF(X)/ 0 2 ('-r)(v' - 0)
S 1.5

oq('A)Cv' = 1)
1 -10 o2('A)(V' = 0)

10.5 -
Turning points taken from

Coxon and Wickramaaratchi, 1981,

2 3 4 5
Internuclear Separation, r (in Angstroms)

3 Figure 2. Mechanism 1A with Excited Intermediate State of BrF

Rate Equations:
I

Br2 + 0 - BrO + Br 2 P3/2

3 BrO + 0 - 7 Br 2P3/2 + 02

Br2 P312 + F2 P3l2 + M -- BrF' + M

BrF + 02(lE,l A) - BrF(B) + 02(3E)

1 (M is mostly 0 2(3 F))

I
I
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3 Mechanism IB: 3-Body Mechanism

BrF Classical Potential Energy Curves and Singlet Oxygen Energy Levels
3.5 1

Br2 'P I / 2 + F2'P 31 2

3) -B-- IBr2P3/ 2 + F2P3/2

3 2.5 -5-

I 2 BrF(A) 

B,.F(X) 02 o(D) (,,' = 0).

I o.: (OA)(v' 1)
I- 10

0.5 - -

Turning points taken from

0 ~Coxon andWickramaaratchi, 1981,
2 3 4 5

Internuclear Separation, r (in Angstroms)

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

I
Rate Equations:I

Br 2 + 0 - BrO + Br2 P3/2

I BrO +0 Br 2P3/2 +02

SBr 2 P3/ 2 + 0 2('FJ) - , B72P1 /2 + 02(')

Br2 Pl 2 + F P312 + M - BrF(B) + M

(M is mostly 02(3E]))

1
I
I
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3 Mechanism 2: 2-Step Mechanism

BrF Classical Potential Energy Curves and Singlet Oxygen Energy Levels
3.5 1 , 1 1 ,

3 BrF(B) Br2 PI/ 2 + F2P3 /2

-5Br12.5 -5 -S "

BrF(A)

BrF(X)i oo( A' = 0)
S 1.5

|- 1
i o2('A)(V' = 1)

1 -10 = 0)

0.5 Turning 
points taken from

0 -Coxon and Wickramaar tchi, 1981,
23 4 5

Internuclear Separation, r (in Angstroms)

3 Figure 4. Mechanism 2 with Sequential Excitation

I
Rate Equations:

F + Br2 - BrF(X) + Br

I BrF(X) + 02(1F,l A) -- BrF* + 02('V)

3 BrF" + 0 2(1A, ) BrF(B) + 02('E)

1
I
I
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III. Description of Experiment

1 3.1 Production of BrF(B)

3 The chemiluminescence studies were conducted with the systen, shown in Fig-

ure 5. This apparatus was a slow-flow system with a gas velocity in the actual flow3 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 02 inlet

Sand the CF 4 inlet). The Br 2 inlet was inserted down the center of the flow tube to

allow mixing with the 0 2(b) before encountering the flow from the C. inlet. The3constituent 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 through a cold

I trap at 77 K and the Br2 and other reagents collected for disposal.

3 With the flow tube apparatus as configured in Figure 5, BrF(B) was consis-

tently produced and the yellowish glow as reported by Clyne, et al. , was clearly3 seen(5). However, considerable difficulty was encountered in acheiving BrF(B) pro-

duction at first. In the previous work, scant details on constituent gas concent rat ions3 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 (%)302 (Airco) 2.9-3.0 torr 850 sccm 99.9
CF 4 (Matheson) 0.5-0.6 torr 190 sccm 99.7
Br 2 (Spectrum Chemical) - 0.0006 torr 0.19 sccm 99.5

The 02 flow was controlled using a Sierra Instruments mass flow controller. At1 850 sccm, the 02 concentration was determined to be approximately

1.0 x 1017 ,,moltCM. The microwave discharge on the 02 inlet produced both

metastable 0 2(a) and 0 2(b) ('A, and '+) as well as 0 atoms. A TEFLON insert

was used in the flow tube itself to reduce the quenching rate clue to the walls.

16
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3 While BrF(B) was being produced, a measurement of the strength of the 0 2(b)

emission as the 02 flow was varied was conducted. The relative intensity of the emis-

I sion of 0 2(b) at 7620 A (the center of the 0 2(b)(v' = 0 -- v" = 0) emission band)

decreased as the flow was decreased or increased from 850 sccm according to the

U following:

I 0 2 Flow(sccm) 600 650 700 750 800 850 900 950,

3 Relative Intensity(%) 56 66 74 84 92 100 100 92

The Br 2 and CF 4 flows were controlled using Nupro metering valves that had

been reset to reflect no flow at the "0" setting on the dial. The Br 2 prcssure was

extremely small in relation to the CF 4 and 02 pressures used. At 0C, 13r12 has

a vapor pressure of approximately 65 torr, and hence moves very slowly through

the 1 inch diameter metal tubing to the flow tube (the Br 2 reservoir was placed in
an ice water bath to maintain a constant temperature and vapor pressure). The

3 Br 2 concentration based on the valve calibration (Appendix C) is on the order of

2.0 x 1013 molecule Upon mixing with the microwaved 02 flow. Br atois were

3 produced according to the fast reaction:

O + Br 2 -- BrO + Br (17)

I O+BrO - 02 +Br (18)

The CF 4 was dissociated in the second microwave cavity to produce ground state

3 F atoms. CF 4 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

3 CF 4 through a microwave cavity under similar conditions NN h concentrations of

2.4 - 6.0 i0' 10z4  , and efficiencies ranging from 1.9 - 4.7 % (27). Their

studies showed only undissociated CF 4, C2F 6, and atomic and molecular Fluorine

3 17



I
I
I

Pump

-- Cold Trap
Windows 

Focusing -
Lenses PMT[

/'* * I Mono chromator

Reflectiror to Readout
Baratron

TEFLON Insert.. ""Discriminia.tor,

Recorder
IRake

3 0) Valve
| II I D Micro,,vae Ca,,it.y

I X Mass Flow
Controller

CF 4  Br 2  02 C02
System3 Gas flows (except Br 2) enter on the bottom- of the tube.

* Figure 5. Experimental Flow Tube Set Up

I
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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 tL, concentration of molecular

Fluorine. The CF 4 concentration based on the valve calibration (Appendix C) is on

the order of 2.0 x 1016 molec~ules Therefore, the F atom concentration in this set-up

was then estimated to be on the order of 4.2 x 1014 Molecules
Cm

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

I the reagents is listed in Table 7.

* Table 7. Tabular Results of Reagent Number Densities
Reagent Species I 0 2(b) F Br 2
Number Density (cm 3 ) 3-4x1013 5-6x101'4 2x10"3

I 3.2 Chemiluminescence Spectra of BrF in the presence of Singlet Oxygen

I Once production of BrF(B) was successfully maximized, experiments were coai-

ducted to examine the effect of varying the inputs on the BrF(B) emission, as well as

3 the 0 2(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 02) as well as prodice

3 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

3 photomultiplier tube and a Princeton Applied Research Model 1112 photon countilig

system(13). A lens focusing arrangement was placed between the output window of

3 the flowtube to maximize the light being collected by the monochromator (see Fig-

ure 5). The first lens (f = 75mm) takes the diverging light rays coming out of

I the window and focuses them into parallel rays, while the second lens (f = 150mam)

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

3 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 2(lE)), 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

I excitation of BrF(B).

1. Observe the dependence of the BrF(B) emission on O2(12) using C02 as a

selective quencher of O2(1E).

2. Observe the emission of both BrF(B) and O2('E) as a function of changing

Br2 flow.

3. Observe the peak emission of BrF(B) as a function of changing CF 4 flow.

4. Observe the emission of O2(1E) as a function of changing Br 2 flow (while nol

producing BrF). (Br 2 quenching of O2('E)).

5. Observe the peak emission of both BrF(B) and O2(1S) as a function of changiiig

Br 2 flow with a reduction in the amount of 0 atoms in the system.

I 6. Observe the emission of 0 2 (1E) as a function of changing Br 2 flow with a

reduction in the amount of 0 atoms in the system (while not producing Bi-]).

I (Br 2 quenching of O2(IE)).

I Quenching experiments with CO 2 as a quenching species were used to determine lhe

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

First, the dependence of the BrF(B) emission was examined as a function of

3 0 2(b). C02 was used as a selective quencher of 0 2(b) since its qucnching rate

constant was known (3.0 x 10-cm3 /sec as shown from Section 2.3). The resulting

plot of the 0 2(b) emission versus the BrF(B) emission as the amount of 0 2(b) in 1h'

system was reduced will show how the BrF(B) emission is dependent on 0 2(b).

I3 20
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3 Second, the production of BrF was conducted with a varying input flow of

Br 2 molecules. This experiment was conducted starting with no Br 2 and gradually

increasing the Br 2 flow, as well as with a high Br2 flow gradually decreasing to no

Br 2. The resulting plot of emission intensity versus Br2 number density (and hence

Br atom concentration) will show a relation between the BrF(B) emission and tie

0 2(b) emission as the excess Br 2 quenches the 0 2(b).

I Third, the production of BrF was repeated with a varying input flow of CF4

(and therefore varying F atom concentration) to determine if the peak emission inten-

sity changed with a different input of Br 2 flow. This procedure was used to determine

the possibility of Br 2 number density (and hence Br atom concentration) changing

as a result of changing F atom concentration. The resulting peak emission of BrF( 13)

3 as a function of changing CF 4 flow (and hence F atom concentration) comared to

Br 2 number density will show a relation between Br and F atom concentration.

I Fourth, the experiment was repeated simply by turning off the microwave

discharge on the CF 4 inlet to remove production of F atoms and therefore determine

the quenching of O2('E) by both Br atoms and Br 2 molecules. The resulting plot of

emission intensity of 02(1E) versus Br 2 number density will show the effect of the

fast reactions of 0 atoms with Br 2 and BrO as outlined above.

3 Fifth, the experiment was conducted with the amount of 0 atoms in the syste(l

reduced and the resulting emission data plotted to determine the behavior of the

3 emission as the population of 0 atoms is changed. The side branch of the 02 inlet

line had a quantity of Mercury (Hg) placed in a reservoir so that when the branch was

3 opened, a coating of HgO will be applied downstream of the microwave cavity and

hence reduce the amount of 0 atoms reaching the flow tube. Preliminary studies by

3 Melton show that an HgO coating significantly reduces the amount of 0 atoms in the

system (4). After this coating was applied for a set period of time, this branch was

closed and the amount of 0 atoms then increased over time. (and as the HgO coat ijlg

decays with time, the 0 atom population will increase). The emission of BrF(B) and

* 21
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I 0 2(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

I resulting behavior of the plot will show the relation between the recorded emission

and the changing 0 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 2 molecule quenching of 02(1 E) could b

observed, and some insight into the amount of 0 atoms reduced by the HgO coating

* could be calculated.

Since the reaction mechanisms considered above include both singlet states of

I excited oxygen, quenching experiments were conducted to determine which of these

two species (or both) is the primary contributor to pumping tie-BrF(B)-by collisional

energy transfer. Carbon dioxide (C02) will be used as a selective uCcher u,1" O.,(I %).

Ranby and Rabek found that CO 2 has a significantly greater quenching rate cons tailt

for 02('E), kq = 3.3 x 10-1 3 cm 3/molecule sec (16), versus Singh with that of 02('_).

kq = 0.5 x 10- 1s cm3/molecule sec(18). Melton recorded comparable rate constants

in his preliminary studies(26). During these experiments, the emission intensities of

3 02(1E) and BrF were recorded as the 002 pressure is increased. The resulting plol

of emission intensity versus C02 number density allows the background wall 1alv,

3 to be determined as well as the effect on BrF(B) emission as the amount of O( V)

is decreased.3
3.3 Experimental Calculations

I Melton initially proposed determining the rate constant for the electronic

quenching of singlet 02 by BrF by examining the emission when the BrF is formed

at the output of a variable position injector(4). From the flow tube set-up, the re-

action time (t) can be calculated by dividing the distance from the injector to the

observation port (D) by the bulk gas velocity (V):
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t = DIV (19)

Melton used Davis' study of the excitiation of IF(B) by singlet 02 to calculate

a similar quenching rate in the non-steady state (time dependent) regimc(4, 21).

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

I given by(4):

I
(AlnI(o;)) (20)

kq = (A[B,.F])(t)

where:

1(0*) 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 expcrimnii-

3 tal arrangement, the time dependent regime cannot be accurately accessed dlue to

the slow flow speeds (on the order of 1 to 2 m/sec) and the non-uniform spatial

3 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.

I Though this required taking the ratio of the quenching rate to the wall rate, MelIon

consistently recorded a wall rate (quenching) of singlet oxygen on the order of 50

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

I
o (kI)([BrF]) + 1 (21)
II k
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or more explicitly,

I
kq - -I 1)(k,) (22)I [BrF]

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.

kq represents the quenching rate for BrF.

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

I A similar analysis using C02 as the selective quencher o1' 02('2), becaul, ol

its known quenching rate (kq = 3.0 x 10- 13 cm 3/molecule sec), will allow the wall

rate, k,, 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 research. a

I detailed analysis of the excitation mechanism(s), reaction rate(s), and efficieiic. 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 rate. [or

the excitation and quenching rates for the involved gas species.

3. The third step was to analyze the efficiency of the .. stem by looking al I lie

ratios of the pumping rate to the quenching rate of the singlet oxygen.

I
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IV. Results and DiscussionI
4.1 Vibrational Population Analysis

I An examination of the relative vibrational level populations of tile excited

B-state of BrF was conducted by first taking a detailed spectrum of the BrF(B)

I 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 d'Ae to overlap and the 0.7 nm resolution of the monochromator with 300,til

slits (see Appendix C). The transitions observed matched those reported by Clyilv.

et al. (5) in their 1972 work. More detailed spectra are included in Appendix D. ']he

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 (NA,). From an equation

on relating the fluorescence intensity of a given rotational transition to the numler

density of the excited state (28):I
jernm = 2J+1 (23)

I where:

Iem = the emission intensity from state v to state w

v, = transition frequency from state v to state w

I q, = Franck-Condon Factor for transition from state v to state w

IR+I = rotational dipole moment

Sj = rotational linestrength factor

I
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3 a conversion to examine the vibrational transitions using photon counting (the 1/1

term becomes 0); as well as wavelength can be made (terms remaining relatively

constant will be omitted):

I
em oc (v,w)(qv( (24)

/' MM (q,,) (N,,)

_e, c A3  (25)I
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 responise as a funcl ioi

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

I

I With the use of the analysis described in this section, the relative populat ions

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-Maxwelliali, ,ce

3 Figure 6. This directly leads to the conclusion that the production of BrF(B) in

this system results in vibrationally hot BrF(B), with a considerable population iot

in the lowest vibrational energy level. A summary of these calculations are listed at

Table 8.

I Another way to examine the vibrational population distribution, this tilie

obtaining an actual value for the population of each of the vibrational states of

I BrF(B) rather than the relative population distribution, was to take the ratio.., of

the emission intensities for the clearly resolved transitions and compare them to the

estimated population of 0 2(b); previously determined as ; 4 X 1013 cm - 3 .

I
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Vibrational Level Population

NOtt: Plotted Ioints (diamonds) Refleit High, Average,

0.8 Low Values:of the Relative Pop:ations of v' evels ..

z .

0.6 ............. . ...... ................ 

SPotntial Vib onal Distrbution for :.rF(B

- 0.4 ..... .. ............... ......... ........ ."o..;"i~ o '' i } o " ''n .................I 'o 0.4.....\ .
0.2 ..... .. ..... :. ............ . .... ...............................
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II Level of BrF(B)

Figure 6. Relative Vibrational Population Distribution foi- BrF(B)

Pop(BrF(B)v) = , BF() )POP(02 (b)) (27)

where: r0 2 (b) = 2secs

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

3 cmm = JpbsID, where D is the spectral response

and the sum is over all clearly resolvable transitions at A > 5800A

I Then, taking the intensities observed on the recorded emission spectrum, thle

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 I)eI1.483 x 1010 cm-3 . The vibrational populations listed in Table 9 are determlined by

dividing the calculated population by the percent of the transitionis whiose Fraiwck-
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I Table 8. Relative Vibrational Population Distribution for BrF(B)

v' Level Maxwellian Relative N, Calculated Relative N, Error
0 0.8191 0.0726--0.0087 12%
1 0.1475 0.1372±0.0165 12%
2 0.0269 0.2158±0.0259 12%
3 0.0051 0.1836-0.1102 60%
4 0.0011 0.1636±0.0262 16%
5 0.0002 0.2271±0.1359 61%

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

3 transition originating at a particular v' sum to 1).

3 Table 9. Calculated Population of BrF(B)

BrF(B) # resolvable Calculated N, % FCF included Vibrational N.
v-state transitions (cm- 3 ) (c - 3 )
v'= 0 5 4.83x10s  .5141 9.395x10
v'= 1 6 8.62x10 8  .3829 22.512x 10'
v'= 2 5 12.32x10 s  .2767 4 4 .5 25 x10s
v'= 3 6 11.28x10 8  .2905 38.830x108

v'= 4 5 6.57x108  .2080 31.587xlOs

3 v'= 5 1 3.43x107  .0222 15.450x10 8

Total T1.483x 101l

I
Then, the ratio of the total population of BrF(B) to 02(b) cal be oI)Iaile(

I from:

Z.1a 'Pop(BrF(B)) = 3.71 X 10- 4  (28)
* Pop(02 (b))

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

I ratio of the estimated Br* pumping rate over the Br* quenching rate by 0 2(b)):

I
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[O2(X)IF(k-Bdy) = (1.0 X 1017)(6.0 x 10')(, 10-30) = 6o (29)

[02(X)](kq) = (1.0 X 1017)(2.8 x 10-11) = 2.8 x 106 (30)

I then 60/2.8x10 6  - 2.1 x 10- 5 (31)

(32)

where kq is the Br atom quenching rate constant on 0 2(b)

This quenching rate constant is determined in Section 4.2. No predictions abowt

3 the behavior of Mechanism 1A or 2 were possible since the pumping rate to the

intermediate state (BrF*) was not determined.I
4.2 Analysis of Chemiluminescence Experiments

I The first. experiment examined the BrF(B) emission dependence )1- 0 2().

Numerous repetitions showed that the BrF(B) emission signal varied almost lfhae,15

with the amount of 0 2(b); as determined by comparing Io/I for both the BrF(13)

3 and 0 2(b) emission signals. The conclusion drawn from this data is that the BrF(B)

pumping mechanism requires a single interaction with 0 2(b). This behavior is showii

in Figure 8. The slight curvature observed in this plot might be due to some

quenching of the excited intermediate state of BrF.

3 I The second experiment recorded the emission of both BrF(B) and 0 2(b) as

a function of changing Br2 flow. The peak BrF(B) signal was ouserved at a. Br2

I number density of 2.00 ± 0.05 x 1013 cm -3 . This behavior is shown in Figure 9.

The implications of this observation with respect to the 3-Body Mechanism are as

I follows:

I * The peak BrF(B) signal would occur at the point where the Br 2 number density

equaled two times the 0 atom number density.
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BrF(B) DEPENDENCE ON 02(b) USING C02 AS A SELECTIVE QUENCHER

2.4

2.2 ........ ......
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Figure 8. BrF(B) Dependence on O2 (b)

U * Additional Br 2 added to the system beyond the peak would remove F atoms

thus decreasing the BrF(B) signal.

The increased Br atoms produced as a result of the P + Br2 reaction would

I quench the O2 (b) signal, also contributing to the decrease in BrF(B) signal.

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

I follows:

I * The peak of the BrF(B) signal would occur at the point where the Br2  umlber

density equaled the F atom number density.

1 • Additional Br 2 addied to the system beyond the peak would quench the 02 (b)

I thus reducing both the BrF(B) and O2 (b) signals.

Since in the earlier discussion on BrF production it was determined that the

I number density of F atoms was an order of magnitude larger than the number densi I y

of Br 2 at the point of producing an optimum signal, these results would seeM to
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3 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 0 2(b) signal beyond the

3 peak emission point. It was observed that the BrF(B) signal drops at a significantly

greater rate than the 0 2(b) signal. This behavior is illustrated in Figure 10. An

3 02 (b) decay constant of kl = 3.2 x 10-11 cm 3/sec was calculated from the slope of

the line fit to the decay curve for 0 2 (b). If the 2-Step Mechanism were correct, the

3 expected behavior would be for the BrF(B) and 0 2(b) signals to drop off together.

The 3-Body Mechanism would cause the BrF(B) signal to totally disappear when

3 the Br 2 number density equaled the F atom number density because no F atoms

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

I the plot, the Br 2 number density of - 2.0 x 1011 cm- 3 is approaching the F atom

number density of ,- 4.0-6.0 x 1014 cm- 3 . Since the 3-Body Mechanism explains this

divergence of the BrF(B) signal with respect to the 0 2(b) signal, this obsewation

would tend to support that mechanism.

Signal vs. Bromine Number Density (Representative Plot)
35000 1

30000 -\ ................................. :............. ......... . .......... ............... . .

25000 ...I.. ............. ......................... ......... ..................... ....................

20000 .............. ........ ............................ .

15000 ..

I
o, cir c

00105000 .. . ......................... ... ........................

0 5e+13 le+14 1.5e+14 2e+14
Bromine Number Density (cm-3)

3 Figure 9. Signal vs. Br 2 Number Density
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Io/I for Signal Decay vs. Bromine Number Density (after peik)
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Figure 10. Io/I Plot: Signal Decay (after peak) vs. Br2 Number Density

U The third experiment observed the peak emission of BrF(B) as a. ftunctioll ol

3 changing the CF 4 flow. While the actual strength of the BrF(B) signal changed

when the flow rate of CF 4 was altered, the input number density of Br 2 remained

I unchanged. The CF 4 flow rates in this experiment were varied from 100 to 300

sccm, with the maximum BrF(B) signal being obtained at 190 sccm, just as in the

3 prvious experiments. Since the Br 2 number density remained stable throughout tl(e

experiments, the 3-Body Mechanism would indicate that the Bi 2 number dciisit\ is

3 then dependent on the number of 0 atoms present in the flow tube system. In the

2-Step Mechanism, changing the number of F atoms in the system should show a

3 definite change in the amount of Br 2 needed to produce a maximum signal of BrF(B).

Although the exact efficiency of the microwave cavity as a function of changing CF 4

i flow was not calculated, it is clear that changing the CF 4 flow rate will change the F

atom concentration. The results of this experiment are consistent with the 3-l3ody

Mechanism, but really cannot support any conclusion about the 2-Step M'echianisin.

I
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3 The fourth experiment was to observe the emission of 0 2(b) as a. function of

changing Br 2 flow. In this case, all conditions remained the same except the CF.,

3 microwave discharge was turned off. Therefore, there was no F atom production.

Also, since the CF 4 flow was not changed, the CF 4 quenching rate constant of

SkcF 4 = 2.68 x 10-15 cm3 /sec (as experimentally verified by Melton (4)) was incluled

as part of the background wall rate when the Br and Br 2 quenching rate constants

3 were calculated. The behavior of the 0 2(b) signal as the Br 2 number density was

changed is illustrated in Figure 11. Two critical observations from this experiment

I were the quenching rate changed abruptly at a Br 2 number density of 2.0 x 1013 c7-3

and this was the same number density where the peak emission signal for BrF(13)

in the first experimen. An importance inference drawn from this behavior was t hal

I.ince no F atoms were present in the system, this behavior must be attributed I to 0

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

Bromine Quenching of Singlet Sigma (Representative Plot)
35000 T

30000 ..... ........ ..... ...... ....
-0-.02 (b)

25000

ea 20000 ... ...................... .. .......... .......................

15000 . ....... ......................................................................... . .
0U

I 10000 ....................................... ............

I 5000 ................... ............. ............

0 .2 I
0 5e+13 le+14 1.5e+14 20,143,Brominc Nwbcr Don. lty (c.-3)

Figure 11. Br 2 Quenching of O2(1E)

ITwo questions can be answered regarding the decay of the 02(b) signal by an

3examination of the behavior of the plot. The results from the previous plot were
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3 changed to Io/I for the 0 2(b) signal vs. Br 2 number density so the quenching rate

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

3 Bromine Quenching of Singlet Sigma (Representative Plot)
6

4 . .. ... r.... .....3Fit Dnotin Br QuenchnQg, k(Br)-2.xlO-13 3/sec

3 .. ............ ........... ..... ................ " ; 'i( i '"' ' -i ; '..............

U, 3
0

I _ ___

0 5e+13 le+14 1.5ef-14 2e+)4
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Figure 12. Io/I Plot: Br 2 Quenching of 02("E)

First, what caused the behavior in the second decay region? The second decay

3 region must have been caused due to Br 2 quenching of 0 2(b). Since the 02 flow

mixed upstream with the Br 2 flow before it reached the output window, the Br 21 reacted at a gas kinetic rate with the 0 atoms present in the 02 flow to produce one

Br atom for every 0 atom (as previously developed in the rate equations). Therefore.

3 the dramatic change in slope was caused when the number of Br 2 molecules eqc(ud'd

twice the number of 0 atoms. Until this point was reached, there were no surviviii

3 Br 2 molecules in the flow. A Br 2 quenching rate constant of kBr2 = 9.7 ± 0.5 x

10- 13 cm 3 Isec was calculated, which is ,- 1/30 of the rate, kl, derived in the first

i experiment. If the 2-Step Mechanism were correct, no BrF(B) signal would be seen

until there were Br 2 molecules in the flow at the previously recorded number density

of 2.0 x 1013 cm-3. Only the 3-Body Mechanism is consistent with the observed

3 BrF(B) emission increasing with increasing Br 2 up to 2.0 x 1013 cn - 3.
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3 Second, what caused the behavior in the first decay region? The first decay re-

gion must have been caused by Br atom quenching of 0 2 (b). In this region, where the

3 amount of Br 2 is less than two times the amount o' 0 atoms, the increasing species

must be Br atoms. The gas kinetic reactions of Br 2 with 0 atoms resulting in two

SBr atoms and an 02 molecule again dominated, allowing no free Br2 molecules until

Br 2 > 2(0). A Br atom quenching rate constant of kBr = 2.8±0.3x 10- 11 cm 3/sec was

3 calculated. Since the Br atoms quench 0 2(b) (perhaps deexciting down to 0 2(a)), a

possibility exists for energy transfer to take place. The energy gap between Br('2 P/ 2 )

-1 and Br(2P 3/2) differs from that of 0 2(b)(v'=O) and 0 2(a)(v'=1) by 69 cn - 1. a Very

small difference. This observation may indicate that some electronically excited III

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 0 atoms were reduced in the system, and comparable Br aiI

3Br 2 quenching rate constants were determined).

The fifth experiment recorded the peak emission of both BrF(B) and 0 2 (b)

3 while the 0 atom population in the system was changed. The 0 atom population was

reduced while the HgO coating was applied, and then increased as the HgO coating

3 Idecayed away. The 0 2 (b) signal changed significantly more than the BrF(B) signal.

On average, with a 30 minute application of HgO coating, the 0 2(b) signal would

1 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 0 2(b) signal as 0 atoms were reduced, and likewise decrease as the 0 aloms

* increased.

The rate equation development in Appendix A was used to analyze these re-

3 suits. The slopes recorded were on average slightly greater than zero. This behavior

is illustrated in Figure 13.

3
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3 0 Atom Variation: Effect of HgO (Data Sampling 3 Days)4.5 -------
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Figure 13. I/Io Plot: 0 Atom Effect on Emission

The final forms of the rate equations for the 3-Body and 2-Step Mechanisms

3 will be repeated here for ease of understanding.

1 1(1- , + (33)
y X BrIm:x B7'max
1 = 1(1+ 2 ) 2P (34)1 x BrF(X)min BrF(X)mi,(

For the 3-Body Mechanism with the excited intermediate state of BrF, it is

assumed the production of BrF(B) and BrF* are in steady-state, 0 2(x) is (luenclI1g

3 BrF*, and whatevrr Br atoms in the system are quenching 02(b). For the 3-Body

Mechanism with the electronically excited Br atoms, the same assumptions hold

3 except it is assumed that 0 2(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

3the observed behavior in this experiment. This information supports the 3-Body

Mechanism, but cannot differentiate between either of the variants suggested. For

3
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3 the 2-Step Mechanism, the same assumptions hold as in the first example abovc. The

second rate equation listed above would predict that a slope greater than I would

3 be observed. Since this was not the observed behavior, this information would tcnd

to discount the 2-Step Mechanism.!
4.3 Comparison to Iodine Monofluoride

I This section will highlight some of the previously conducted work on I1;' b.\

S. Davis, et al. Davis and his colleagues conclusively achieved excitation of IF(B)

by O2(1E,l 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 amoult of

O2(1I). If they had vibrationally excited IF(X)(v>> 0), the IF(B) emission was

3enhanced by two orders of magnitude and changes in the anount of 0(' E) had

little, if any, effect on this emission (24). This led them to believe that a, 2-Step

3 Mechanism to an intermediate excited state of IF, here called IF', with sequent ial

collisions of O2('E) and 0 2(1A) was the primary pumping channel, even if'

3 inefficient. This is illustrated below:

3 IF(X) + 02(1F]) IF" + 02 (35)

IF + 0 2 (1A) JF(B) + 02 (:3)

Their continued work looking at multiple collisions with 02('A) showed hat

this 2-Step Mechanism dominates any 3-Body Mechanism, but that \'ibrationall,

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

3 0 2(1A) 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:

I JX+F -- IFt+F (37)
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IFt + 0 2(1A) IF" + 02 (38)

IF* + 0 2(CA) - IF(B) + 02 (39)I
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 O2(1A) (25).

I
I
I
U
I
I
I
I
I
I
I
I
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V. Conclusions and RecommendationsI
5.1 Conclusions

3 The chemiluminescence spectra obtained in this research proved conclusively

that BrF(B) can be produced by 02('E) pumping. The resulting vibrational dis-

I tribution for BrF(B) was shown to be non-Maxwellian (non-thermal). The BrF(]3)

chemiluminescence spectral analysis clearly identified transitions from BrF(B)(\v"=

I 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 clue to

predissociation at the higher rotational levels.

The analyzed data suggests strongly that some type of 3-Body Mechanism

produces BrF(B), although the exact pumping process could not be distingui hled.

3 Although Davis postulates a 2-Step Mechanism for IF (another interhalogeii) pttll)-

ing by 02('E) (2, 24), this prrocess was not observed with BrF. The deteriniiied

3 pumping efficiency of 3.7x10 -4 leads to the conclusion that 02('E) pumping is rela-

tively inefficient and therefore perhaps a poor choice of excitation energy for a l3rF

I laser. However, since the 3-Body recombination rate was not determined in this

research, a conclusive statement cannot be made regarding the potential of 0 2(b)

I pumping for a BrF laser.

3 The quenching rates for 02('E) by C02, CF 4, Br, and Br 2 were also deter-

mined. The C02 and CF 4 quenching rates were comparable to previously recorded

3 work. The Br and Br 2 quenching rates have not been previously recorded.

3 5.2 Recommendations

The work started with this research to determine the rate constants for Bf.rF

I should be continued. Some recommendations are made for further work in thib ai cit.

I
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Readjusting the flow tube set-up for a linear geometry would allow the 3-13ody

reaction rate to be more accurately determined. This would entail injecting the F

atoms down the center of the flow tube (through the rake) after the 02 and Br 2

flows had been mixed upstream. A better value for the 3-Body recombinatioi rate

constant (other than the estimate used in the analysis of this research) wvould allow

an improved determination of the efficiency of the system. Once this co|lstanl %w, r

3 known, then a look at the ratio of the pumping rate from the intermediate state \s.

the quenching rate of the intermediate state would better indicate the efficiency 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 Molass Flow

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

Using F2 in a bath gas of He could be used to increase the number of' F atoms

available for reaction as well as to determine a more accurate number deinsity of

mixing in the system. This gas was not available during the course of this rewearclh.

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

Incorporating more TEFLON tubing in the system after the microwa, cvli ic.s,

would decrease the wall quenching effects. Although a TEFLON insert waS it.,d ill

the flow tube itself to reduce wall quenching effects, a greater use of' "TEFLO N tubing

could reduce this effect more.

3 If further studies show 0 2(b) to be unsuitable as an energy source for prodluc-

tion of BrF(B), then an examination of another metastable molecule as an energy

I carrier may prove profitable.

I
I
I
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Appendix A. Rate Equations in the Presence of Atomic

3 Oxygen

3 The basic reaction in producing BrF as well as the reaction of Br 2 With 0

atoms are the fast reactions:I

F+Br2 - BrF+Br (40)

Br 2 +0 - BrO+B7 (,41)

BrO+0 ) Br+0 2  (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 0 atom reactions show that for every two 0 atoms, two Br atoms are

produced.

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

which include the pooling reaction of 0 2(a), the qenching of 0 2 (b) clue to the wall,

3 (and other reagents), and the quenching of 0 2(b) due to 0 atoms and Br atoms:

I
3 0 2 (a) + 0 2(a) k =' 0 2(b) + 02(x) (43)

0 2(b) + Wall -- , 02 + 1 all (4'14)

0 0 2(b) + 0 -Q4 02+0 (45)

02(b) + Br r ) 02 + Br (46)

3 Where:
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d02(b) = ko(O2(a)) 2 - kO 2(b) - k (02(b)(O) - kBrO 2(b)(Bv') (47)I dt

3 And since experimental results indicate that k, << kBr, the 0 atom quenching of

0 2(b) will be considered small with respect to the Br atom quenching, and neglected

I in the following development. Then, in steady state analysis where d0 2(b)o/dt = 0

is the case for initial conditions prior to removing 0 atoms (where the number of

I Br atoms is a maximum: Brma), and in the case after some 0 aton removal where

d0 2(b)/dt = 0 (where the number of Br atoms is a minimuln: Bri,,,,. - Al3r):

(b) koot(2(a))2kw + kBr(Brmax) (,8)

02(b) = k°°t(O 2(a)) 2  (49)
02(b) = k, + kBr(Br,., - AB,.)

3 0 2(b)0  kw + kBr(B?'rna - ABr)
0 2(b) kw + kBrBmax

02_(b). kBr(ABr)
0 2(b) = 1 k (51)

(ABr) = (1 - 02b(b ) (52)

* (~r)0 2(b) r

SWhere kw, 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 developliiietits.

For example: the concentrations of [0] and [021, will simply be written as 0 and

3 02.

More explicitly, the following table will illustrate the effect on the differing

reagents as the 0 atom population is changed due to the HgO coating (the HgO

coating removes some amount of 0 atoms):
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Case with No HgO Coating Applied Case with HgO Coating Applied

Greatest # of 0 atoms Least # of 0 atoms

I Therefore greatest # of Br atoms Therefore least # of Br atoms

Therefore least # of Br 2  Therefore greatest # of Br 2

I Results in least BrF(X) Results in most BrF(X)

In terms of A's In terms of A's

O a O max - AO

Brmax Brmax - ABr

Br2min Br2min + ABr 2

BrF(X)mi, BrF(X),,,i, + ABrF(X)

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

I equality holds: IABrF = IABr 2I = IA201 = IA2Brj.

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

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

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

I

Br + F + 0 2(x) k- BrF" + 0 2 (x) (53)

BrF* + 0 2(b) --4 BrF(B) + 0 2(X) (5,J)

3 BrF* + 0 2(x) -- BrF(X) + 02 (55)

BrF(B) + 0 2(x) --k BrF(X) + 02 (56)

BrF(B) 1/4 BrF(X) + hv (57)

(where 0 2(x) is a third body and BrF* is an excited intermediate state)

3 Then,

4
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dBrF*Idt = FBrO2(x)ki - BrF*(k20 2(b) + kqO2(X)) (5S)

dBrF(B) _ k2BrF*O2(b) - BrF(B)(k30 2(X) + (ir,.)) (59)

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

I FBrO2(x)klk20 2(b) + kqO 2(X)

BrF(B) = k2BrF*O2(b)
k3o2(X) + (11/r,)

H Resulting in a combined form, for both a greater amount of 0 atoms (BrF(B)0 ) and

* a lesser amount of 0 atoms (BrF(B)), of:

BrF(B) F(B.inax - ABr,)0 2 (x)0 2 (b)k k2  ((2)
(k20 2(b) + kqO2(x))(k 30 2(X) + (1/7r))

BrF(B), = FBrna=O2 (x)0 2 (b)ok, k2  (63)
(k20 2(b). + kqO 2(x))(k 30 2(x) + (1/r,.))

BrF(B)0  0 2(b),)( Brmax )(k 20 2(b) + kq0 2(x) (6)
BrF(B) = 2(b), Brmax ABr k202 (b)o + kqO 2 (x)

BrF(B), 02(b)o( Brm k20 2(b) + kqO2 (x))

BrF(B) - 0 2 (b) Br,,ax - ABr k202 (b)o + ,qO2 .x)(

Simplifying this expression by using y = BrF(B)o/BrF(B), x = 0 2(b),10 2(b), and

using a substitution for (ABr) = (1 - x)(k,,IkBr) from above, gives:

y = X( Brmax B z 2/) ( )k+ (6)

i 4I O5r ) +
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This expression can be simplified further by setting:

I
a 2(b)k2 (67)

02(X)kq
k-.'

_ ((is)

kBr
X( Brm.x ((1/x)a + I

S) (1) + 1(70)
= 1+ ((1I/B',ax)(X - 1) 0.+(

I Now, assuming that a is small (on the order of 10- ') because the concentration of

02(b), is much less than the concentration of 0 2(x), as well as k2 < kq; ail( I h"I

inverting the equation:

I

Y X( (71)- = -(1 + __- ___ (72)

1 + (X- 1) ) (72)

1 = -(1 - ) (73)
Y X B,,,lox B,,,ax()

The last equation showing clearly that the slope of the line of' tle ratio. of 1/!y to
1/x 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 folrmation

of excited Br atoms by resonant collisional energy transfer with O(1)), a( 1hen

formation of BrF(B) through third body collision. An abbre%'iacd devclopiiiii o1'

the rate equations in the same form follows:

I
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Br + 02 (b) - Br* + 02(a) (7,4)

Br* + F + 0 2 (x) - k BrF(B) + 0 2(x) (75)

Br*+ 0 2(x) k2  Br +0 2  (76)

BrF(B) + 0 2 (x) 24 BrF(X) + 02 (77)

BrF(B) 1r, BrF(X) + hv (78)

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

I

3 BrF(B) = FBRO2 (x)kl (79)
kqO2(X) + 1/7r

Br,* = BrO2(b)kB,
BI* = k20 2 (,Z) + FO 2(x)kl (SI)

I Giving in combined form, for both cases of greater or lesser amounts of 0 atom,:

I
FBrmiO 2 (X)02 (b)ki kB r sIBrF(B) = (kqO2(X) + 1/,r)(k20 2(X) + F0 2(X)kl)

= FBrOx2 (x)0 2 (b)okikB,.
BrF(B)o = (kqO2(X) + 1/Tr)(k 20 2 (x) F0 2(x)kl) (S2)

BrF(B), 02(b)o( Brmax (83)

BrF(B) - 5 2(b) Brmox- AB? -

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

in the following form:

IX R rmax

Iy = x( Br 1-- A,: (8.1)3 Brmax-ABr7
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I X(
y X(l BrBr,,:)) (85)1
y ( - -)k,,~ ) (86)

1 kBrBrmaz

Y X( 1 (87)
1 + (X-1)1) (88)

3 X Brmax1 __ /3
1 (1 - p (89)

Y Brmax BrmaxI
Which returns to the same form as the first variant of the 3-Body Mechallisil.

3 The second mechanism is the 2-step excitation mechanism:

I
F + Br 2 -- BrF(X) + Br (90)

BrF(X) + 02(a) - BrF' + 0 2(x) (!)

I BrF* +. 0 2(b) -+ BrF(B) + 0 2(x) (92)

BrF* + 0 2(x) -- 4 BrF(X) + 02 (93)

BrF(B) + 0 2(x) 1-4 BrF(X) + 02 (94)

3 BrF(B) / BrF(X) + hv (95)

I Then,

I
dt = k2BrF(X)02(a) - kpBrF0*2(b) - kqBrF "0 2(x) (96)

dBrF(B)
= kBF ()-3BF(B)(X)- (i/i)BiF(B) (97)

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

48



I
I
U

IrJF* = k2BrF(X)02(a) (98)
kO 2(b) + kqO2(X)

kpBrFO*2 (b) (99)
BrF(B) = k30 2(x) + (1/7r)

Resulting in a combined form, for both a greater amount of 0 atoms (BrF(B),) and

a lesser amount of 0 atoms (BrF(B)), of:

I
BrF(B) = kpk 20 2(a)0 2(b)BrF(X),a 10

(k30 2(x) + (1/7r))(kp0 2(b) + kq0 2 (x)) (100)
ISrF(B)o = kpk 202(a)0 2(b)oBrF(X),,(0

(k30 2(x) + (1i/rr))(kp0 2(b). + kq0 2(x)) (101)

Upstream of the mixing of the Br 2 and F, the Br 2 ieacts with O atoms according

to the following, 2(0) + Br2 - 2(Br) + 02 (as shown before). The 0 atoms are

I removing Br 2 molecules from the flow. Resulting in an actual change in Birf(.)

concentration equivalent to IABrF(X) = IA2Brl, and this expression will be used

I to substitute into the combined form of BrF(B) production, both with a greater and

lesser amount of 0 atoms, giving:

BrF(B) = kpk20 2(a)0 2(b)[BrF(X)i, + ABrF(X)] (102)
(k302(X) + (1/r,))(kp0 2 (b) + kqO 2(x))

kpk 20 2(a)0 2(b)o[BrF(X)min] (103)
(k30 2(x) + (1/T))(kp0 2 (b)o + kq02(x))

BrF(B)o 0 2 (b)o) BrF(X)min kp0 2(b) + kqO 2 (x)
BrF(B) 02(b) BrF(X)min + ABrF(X) )( kp0 2 (b)o + k,0 2 (x) ) (10- )

I Simplifying this expression using the same substitutions for y = BrF(B),,/BrF(IB).,

x = 0 2(b),/0 2 (b), and (ABr) = (1 - x)(k,IkB,) from above, gives:
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BrF(X)m.i,, (1/)( 02 ()kg
X(BrF(X),,in- 2(1 - x)(k ,Ik r) j t  (bk) + 1 (10

o2(x)kq

I This expression can be simplified further, putting it in the same form as tile filial

equation for the 3 body mechanism by setting:

I _ 02(b).okp (10)
0 2(x)k(

k w0 (107)
kBr

BrF(X),,i,, + 2(,6)(1 - x) ) (  + -I )(1)

Y (1 (1/. )o + I)(0J
|1 + = (+2(#6)(1/B,.F(X),j )(I -x ) (  a.+ I

I Again assuming ce is small, and inverting the equation:

I

Y X2,(10

1 = + 2, ) (112)

I x BrF(X)mtn BrF(X)i,(

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

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

3 To examine which of these two processes is the prinmary mechaiiism for I li

pumping of BrF(B) by singlet Oxygen, an experiment will be conducted to affect Ihe:

amount of 0 atoms in the flow tube system and the resulting emission dat a plotted a,
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3 described above to illustrate the behavior of the system as the amount of 0 atoms is

changed. A branch of the 02 inlet line will have a quantity of Mercury (Hg) placed iI

3it 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 0 atoms reaching the flow

3 tube. After this coating is applied for a set period of time, this branch will be closed

and the amount of 0 atoms will then increase over time. Then, the linc allowing only

1 02 to flow will be reopened (and the 0 atom population will incrcasc as (he HgO

coating decays). The emission of BrF(B) and 0 2(b) will be recorded during both

I phases of the process. The emission will be recorded for sufficient time to shov a

significant change in the emission due to the initially decreasing and then increasing

1 0 atom population. The behavior of the plot of .-LBrF(B) vs. -0 2(b) will then show

the mechanism for 0 2 (b) excitation of BrF(B). Due to the resultant rate equat io,,

I developed in this section, this technique will provide some insighi in wht.lle, III,,

3-Body or 2-Step Mechanisms are correct, but cannot differentiate between ic twu

variants of the 3-Body Mechanism. See the following plot illustrating the piedict'd

* behavior.

I
I
I
I
I
I
I
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BrF(B)3BrF(B)0, > 1

I 2-Step Mechanism =

17

I Figure 14. Plot of -BrF(B) vs. -0 2(b) Illustrating Relative Slopes (Theoretical)
for the 3-Body and 2-Step Mechanisms
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Appendix B. Rate Equations with C02 as a Quenching

I Species

3 The basic reaction in producing BrF is:

I
3 F+Br2  - BrF+Br (113)

3 This reaction is gas kinetic. In the flow tube apparatus of this expcii)Ciii,. I Ii'

reaction essentially takes place instantaneously.

I The production of singlet oxygen is determined by the following rate equation'l.

which include the pooling reaction of 0 2 (a), the quenching of 0 2(b) due to the w\'ails

I (and other reagents), and the quenching of 0 2 (b) due to CO 2 :

I

3 0 2(a) + 0 2(a) - 0 2 (b)+O0() (+ 02()

0 2(b) + Wall - 02 + Wall (I15)

I 0 2(b)+C0 2 - 02+C02 (116)

Where:

I
d02(b) = koo(O 2(a))2 - k0 2 (b) - k002(b)CO 2  (117)

dt

U Then, in steady state where d02 (b)/dt = 0, and in the case of no CO2 where

I d0 2(b),/dt = 0:

1 53



I
I
I

0 2(b) = kpo° (0 2(a)) 2  (118)

k, + kC0 2

= kpool(0 2(a))2  (119)
02 (b)o = (119)

+= 1 + (120)02(b) k,,
02(b),

i Co 2 = (0 2 b 1)(- (121)
02(b) k

i These results for C02 and 02 will be used later.

3 Two primary mechanisms are considered to be responsible for the excital :0 of'

BrF(B). The first mechanism is the three body mechanism, including the elect

3 of CO 2 within the system:

i
SBr + F + 0 2(x) 1 BrF" + 0 2(x) (122)

Br + F - C0 2 -- 4 BrF- + C02 (123)

BrF* + 02(b) 124 B?-F(B) + 0 2(x) (121)

BrF* + 0 2(x) 1-4 BrF(X) + 02 (125)

BrF* + C02 _ BrF(X) + C02 (126)

3 BrF(B) + 0 2(X) BrF(X) + 02 (127)

BrF(B) + C02 -- BrF(X) + C02 (128)

3 BrF(B) / BrF(X) + h (129)

I (wbere 02(x) is a third body, BrF* is an excited intermediate state, and C0 2 a

quenching species). Then,

5
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3dtrF = FBr(02(x)ki + CO 2k,1 ) - B7F m(k202(b) + kqO2(X) + kqCO 2 ) (130)

IdBrF(B) = k2BrF*02(b) - BrF(B)(k-30 2 (X)+ k3 ,CO2 + 117r) (131)
dt

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

BrF* = FBr,(02 (x)ki + CO 2k1 ,) ( 2
BrF* -k 202(b) + k9O2(X) + kq'CO 2 (1)

IBrF(B) = k2BrF*02(b) -(133)
k3 02(X) + k31C0 2 + 1/r

I Resulting in a combined form, both with and without CO, 1)resewl of:

BrF(B) = FBrQ2(b)k 2 (0 2(x)kl + CO2k,,)(143 BrFB) =(k 2 02 (b) + kq02 (X) +k qICO2)(k3O2(X) + k3,CO 27+ 1/77) -I)

BrF(B), = FBr0 2(X)02(b), k, k2 (15
BrF(B) 0 =(k 202(b). + kqO2(x))(k 3 02 (X) + 1/7,.)(1)

IBrF(B), - 02(b),o)( kl0 2(X)

BrF(B) 02(b) k,0 2(X) + kj1 CO 23 (k202(b) + kqO2(X) + kq ICO 2)(k3O2(X) + k3ICO 2 + 1/7,4)) (136)
(k202(b), + kqO 2 (X))(k 3 02(X) + lIT,.)

BrF(B)0  _ 02(b),) 1 k O21 + k-3C0CkO 2  +) k202(b) )17
________I +_ _____ _______ ____02_____ k2) O2()IBrF(B) -0 2(b) +I k0 2 X)(+ k30 2 (X) + 1/7r, + k202(bh,)(17
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3 Simplifying this expression by using y = BrF(B)o/BrF(B), x = O2(b),,/O 2 (b), ai'nd

using a substitution for C0 2 = (x - 1)(k/ko) from above, gives:I
k ,kw(z-1) +k 20 2 (b)o(/x)

1 k3,k,.(x - 1) 1 + klgoO(x) k902(X)

k,,k.(x-) )(1 + ko(k 30 2 (x) + 11/',) 1 + k2O 2(b)

This expression can be simplified further by setting:

I

= ki,k,, (139)

02(b)ok2  (1,0)
0 2(X)kq

kq,kw (1,1)
kqkoO 2(X)

3= k. (142)3 k(k3O2(x) + 11/T)

= )(1+ (x 1))(1 + 6(x - 1) + 3 (I/a:) (143)1(' + a(x - 1) 1+13

iY ( [- )(1 - ) + p6] + [,(1 - y) + _(l - )]X + (6,&)x 2 + (I.x)(I -1)
(1 + 9l)((1 - C) + a(x))

I The second mechanism is the 2 step excitation mechanism, including react ions Io'

C0 2 quenching:

I
F + Br 2  -4 BrF(X) + Br (1)

I BrF(X) + 02(a) -- BrF" + 0 2(X) (1,6)

3 BrF* + 0 2(b)-* BrF(B) 4- 0 2(X) (147)
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3 BrF" + 0 2 (x) --q- BrF(X) + 02 (148)

BrF* + C0 2(x) -9 BrF(X) + C0 2  (149)

BrF(B) + 0 2(x) -- 4 BrF(X) + 02 (150)

BrF(B)+ C0 2(x) -- 4 BrF(X)+CO2  (151)

BrF(B) B BrF(X) + h v (152)I
Then,U

I dBrF*Id :- k2BrF(X)02 (a) - BrF-(k,0 2(b) + k 2 C0 2 + kO 2(2)) (153)
dt

dt(B _0pr' 2(b) - Brf(B)(k302(x) + k3,C0 2 + (1/r,.)) (15,1)

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

I

I BF* = k2BrF(X)02(a)
kpO 2(b) + kqO2(X) + kqCO2

BrF(B) kpBrF*02 (b)

BIF(B) = k30 2(x) + k31C0 2 + (1/r,.)

Resulting in a combined form of, both with and without CO 2 in the system:

I
3 = k k20 2(a)0 2(b)BrF(X)

(k30 2(x) + k3,C0 2 + (1/rr))(kp0 2(b) + kqO 2(x) + kqC0,2)( 15 )
BF(B' = kk 2 0 2(a)0 2(b)BrF(X) (158)

Br(Io - (k30 2(x) + (1/'rr))(kpO2 (b) + kqO2(X))

Then, taking the ratio of the BrF(B) production terms:
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BrF(B) 02(b).)
BrF(B) 02(b)

(kO2(X)+ k31CO2 + 1/74(kO 2(b) + kqO2(X) + IC'qC02) )159)
( ( (k302 (X) + l/)(k p 2(b)o + kqo 2 (X))

Simplifying this expression using the same substitutions for y = BrF(B)o/BrF(B)j

X = 0 2(b)o/0 2 (b), and C0 2 = (x - 1)(k/ko) from above, gives:

I
k3, k.(x- 1) + k9, k,,Oxb-,( I+

=(1 + )((,k0o(() +(ol.) k0 2 ( ) (160)
k,(k302X) + (1/7,) 1 + kqO2(X)

This expression can be simplified further, putting it in the same form as the final3 equation for the 3 body mechanism by setting:

Ikek 3 , (11)
k0(k3 02(X) + (1/7'r))(1)
o2(b)tk-2 (162)
02(x) kq

kkq 
(163)

Sy = x(l+ a(x-1))(1+ (X -1)+ (1/ )

y = [a + (1 - c)(1 -y) + X(_,(1 - a) + a(1 -I)) + 0_,(X 2) + (pl/x)(1 - a)J165)
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Appendix C. Experimental CalibrationsI
C.1 Spectral Response

I The relative spetLral response of the detection systemconsisting ol a mionoch ro-

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 I'roill the cut \(.

3 generated by the Planck Blackbody Radiation Law. The emission reniaiiicd in thc

center of the flow tube, and was resolved through the window, focusing lenses. and

3 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

3 emission intensity for both the blackbody source and the theoretical Planck black-

body radiation distribution, as well as the normalized relative spectral e lpoilse. 11v

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

I
D(v) = nd(V)/nbb(V) (166)

I where:

nd(V) =the number of photons/sec detected by the PMT

I nbb(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

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

Transition Wavelength Franck-Condon Factor Spectral ResponseIv,,v,,) (ill A) qv',,,, D(, )
(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

(4,6) 6390 0.0288 0.U200
(4,7) 6648 0.0526 0.9750
(4,8) 6028 0.0180 0.9370
(4,10) 7550 0.0410 0.720
(',1.3) 5796 0.0738 0.6000
(3,,4) 6033 0.0671 0.7000
(3,5) 6270 0.0205 0.8390
(3,7) 6800 0.0392 0.9671
(3,8) 7090 0.0625 0.8870
(3,9) 7406 0.0274 0.7050
(2,3) 5916 0.6000 0,6800
(2,4) (5160 0.0875 0.7800

(2,5) 6410 0.0723 0.8350
(2,6) 6679 0.0235 0.9850
(2,8) 7266 0.0334 0.8550
(1,3) 6054 0.03,15 0.7200
(1,4) 6100 0.0726 0.8.139
(1,5) 6560 0.10,4i 0.9250
(1,6) 6840 0.1012 0.9550
(1,7) 7138 0.0589 0.8820
(1,8) 7462 0.0113 0,7700
(0,4) 6448 0.0296 0.8600
(0,5) 6723 0.0635 0.9800
(0,0) 7012 0.107) 0,9300
(0,7) 7330 0.1480 0.8200
(0,8) 7676 0.1675 0.6650

I
I
I
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PHT Spectral Response
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Figure 15. Spectral Response 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 fla~hlanp Ipiol t,

my involvement with the research (26). A linear least squares fir of the dat"a returnied

a nearly linear relationship with corr 2 = 99.15%. Extrapolating this result for shill,

with a width of 3001irn, a 71 (0.7nm) resolution was obtained. Using 300pmn slit,,.

3 sufficient signal strengths as well as favorable signal-to-noise ratios were obtained

for all the BrF(B) - BrF(X) vibrational transitions with 5800. < A < 7800.1 as

listed in Clyne and Coxon (5). Even though the 300jLn slits were not small enongh

to clearly resolve the closely lying vibrational transitions at A < 5800.1, the struct ure

was observed and could be estimated given the known values for these transitions as

shown in Clyne and Coxon (5).

Melton determined the absolute wavelength of the 0.3? monochroma1"ri usinig

I
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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. 5000.-1 < A <

7800A, the calibration correction was an average of 6.4.1, with a staII(Iatd de\ iktiohz

of 0.31. Since the monochromator was calibrated only to the nearest Angstronl. a,

value of 6A2 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 I5394.2
Actual A(A) 7488.9 6929.9 6599.0 6030.0 5852.5 5400.6
Difference A(A) 0006.9 0006.4 0006.5 0005.9 0006.5 0006.4

I
C.3 Met,'w g Valve Calibration

I 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 clob,:d and the

time rate of change of the pressure (dP/dt) in the flow tube be mcsured. Firs.

Ithe leak rate was measured and then dP/dt for the different valve selt higs ot" li,.
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CF 4 and Br 2 inlets were measured. The flow tube set-up as configured in Figure 5

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 2 valve settings to give dP/dt

for the CF 4 and Br 2 inlets, respectively. The total volume of the system forward of

3 the valves was measured to be Volume = 3276 cm 3 . Once dP/dt was for each valve

was recorded, the actual dP/dt and dn/dt (in sccm) were obtained from:I
dPacuai_ dPecorded - .173 (167)

dt dt 77 i)
dn dPa t,a: )(3276cm 3

I" = (  760torr (168)

For the two different CF 4 valve settings of 2.0 and 2.2 revolutions, the following

values of dn/dt were obtained:

Idn/dt @2.2 revolutions = 190.4 sccm

dn/dt @2.0 revolutions = 184.15 sccm

For the many varying settings of the Br 2 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 dln/dlt fol

valve set at 1.0 revolution was interpolated linearly between the values at, 0.8 and 1.2

revolutions because although no dP/dt was observed different from 0.8 lcvolutitol',.

3 there was a noticeable effect on the output signal; specifically, significant reductioi

in the O2(1E) emission was observed (quenching).

3 Once BrF was actually produced (Section 3.1), the number density for Br 2

could be calculated. Given constant inputs for 0 2(x) at 848 sccm and CFI at either

I 190.4 or 184.15 sccm, first the partial pressure of Br 2 was determihied and thei i lie

number density of Br 2 calculated from the following:
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I Table 12. dn/dt for Br 2 Valve Settings

Set (# revs) dn/dt (sccn)-
0.0 0.0000
0.8 0.0776
1.0 0.0862
1.2 0.0948

1.4 0.1035
1.6 0.1121

1.8 0.1897
2.0 0.2414
2.2 0.2974
2.4 0.3664
2.6 0.4397
2.8 0.5776
3.0 0.6509
4.0 1.2113
5.0 1.8449

I
PBr2  = h(Br 2)

(i (Br2) + A(CF 4) + h(02)

n = P~r2)(2.6868 X ]1 9cn 3)(23 (10
760torr 300K(10

I where:

n = dn/dt

Loschmidt's Number (at STP) = 2.6868 x 1019 c7 - 3

I The calculated values for the Br 2 number density (for the two different flow

rates of CF 4), at the different valve settings are listed in Table 13.

C.4 Other Considerations

This section will list some of the other considerations that affected the systelm.

especially as they influenced BrF and 0 2 (b) production.

I
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I Table 13. Br 2 Number Density at Varying Valve Settings

Set (# revs) n (cm-3 ) n (cm -3 )
(@CF 4 = 190.4 sccm) (@CF 4 = 184.15 sccm)

0.0 0.0000 0.0000
0.8 8.3646xi0 12  8.0984xI0 2

1.0 9.2940x1012  8.9982x10 12

1.2 1.0223x1013  9.8979x10 12

1.4 1.1153x1013  1.0798xi013

1.6 1.2082xi013  1.1697xi013

1.8 2.0445xi013  1.9794xi013

2.0 2.6019x10 13  2.5191x10 13

2.2 3.2058x10 13  3.1037x10 13

2.4 3.9489x1013  3.8232x10 13

2.6 4.7383x10' 3  4.5875x10 13

2.8 6.2240x 1013  6.0259x 101 3

3.0 7.0131x1013  6.7899x1013

4.0 1.3044x10 14  1.2629x10''
5.0 1.9855x10 14  1.9223x10 'I

1. If the system was opened to air for a short period of time, such as to change the

I cold trap, about 15 to 30 minutes were needed to pump the system back dowl,

to its optimum pressure (-, 100 millitorr), as well as get rid of th, ambient air

in the system.

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

calibration study, the system had to be pumped down for an cxtndeld time

(anywhere from 1 hour to a full day) to reduce outgassing, the effect of 112.O

vapor build-up in the system, and return the system to its optimum i)resstrc.

I 3. The wall rate was noted to change on a daily basis. Therefore. all experimcnts

conducted included determining the wall rate for that particular experimew.

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 system.

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 02 microwave cavity was 100/2, with the reflected

power varying from 0 to 4. This affected the amount of 02(b) produced by

I approximately 50% (for the worst case). Fortunately, keeping track of tle daily

0 2(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 CF 4, even when the cavities were switched.

I
I
I
I
I
I
I
I
I
I
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Appendix D. Vibrational Population Calculations

D.1 Calculations

I The following tables outline the actual calculations used in determining le

vibrational populations of the v-states of BrF(B). The transition listed iii this sect ioii

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.

I_
I emM  jobs ID

| , ,.cmr"m (r) )Pop(^
Pop(BrF(B),) = ( (B-l))Po ,02(,))IO"(b) (rO 0,(b) )

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

tables below.

v'-- v" r, (iisec) FCF Population Nji.,

0-4 43.0 .0296 1.66x107

3 0-5 .0635 7.16x107

Transitions originating at v'= 0 0-6 .1073 1.09x10 8

I 0-7 .1480 1.48x10 8

0-8 .1657 1.38x10"

I Total .5141 4.83x108

I
I
I
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V' -4v" rr (Asec) FCF Population N,.,.,.

1-3 44.0 .0345 4.07x10'

1 1-4 .0726 1.65x108

1-5 .1044 2.66x10 s

Transitions originating at v'= 1 1-5 .1044 2.66x108

1-6 .1012 2.15x101
1-7 .0589 1.31x10 8

1-8 .0113 4.38x107

3 Total .3829 8.62x10"

v --v" i,. (jssec) FCF Population N,,,,,

U 2-3 46.0 .0600 4.21x10 8

2-4 .0875 3.77x10 8

Transitions originating at v'= 2 2-5 .0723 3.21x10 s

2-6 .0235 9.64 X107

2-8 .0334 1.61x107

i Total .2767 12.32x10

v )4V" r (ILSeC) FCF Population N',..

3-3 43.9 .0738 4.60xi0

3-4 .0671 3.57x10'3 3-5 .0205 1.4.5x10s

Transitions originating at v'= 3

3-7 .0392 3.32x107

1 3-8 .0625 8.90x107

3-9 .0274 4.4 1X107

Total .2905 11.28x10 8

]
I
I
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I v'-+v" r (tsec) FCF Population ,

4-3 44.7 .0682 4.97\10'

4-6 .0288 3.63x107

Transitions originating at v'= 4 4-7 .0520 7.17x107

4-8 .0180 3.33x107

4-10 .0410 1.86.:10

Total .2080 6.57x 10s

II v-4v)) 7,(psec) FCF Populatioll N,.,.1111
rransition originating at v'= 5

5-7 44.2 .0222 3.43x107

6
I

I
I
I
I
I
I
I
I
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* D.2 Detailed Emission Spectra

This section includes reproductions of the detailed emission spectra taken with

I 300im 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:

* 300m slits

I * 20Angstrom/min monochromator scan

3 e lcm/min paper speed

* Resulting in a recorded measurement of 20Angstrom/c777 on the strip chart

U * 0.4sec photon counter integration time

I
I
I
I
I
I
I
I
I
I
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Appendix E. Photogrm- J-_ of BrF(B) EmissionI
Out ut Window Flow Tube

Shape of 0 Flow (850 sccm)Emission /

Br 2 Inlet (0.19 sccm)

de- 02 Flow
.............. TEFLON lisieL.

I ?
CF 4 Inlet (190 sccm)

IFigure 20. Schematic of BrF(B) Emission

I A photograph of the actual BrF(B) emission is shown on the iext, page. Thi

i,zture was t:,ken with ASA 1600 color film with a 60 second exposure time.
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Figui'e 21. Photograph of BrF(B) Emission
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