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Preface

This research begins a project at AFIT to better
understand and contribute to the knowledge of spin-orbit
relaxation mechanisms involved in interactions between gas-
phase Br(?pP;,,) atoms and molecular or atomic collision
partners. An apparatus was designed and built to
investigate the quenching of Br(%P,,;) atoms by selected
collisional partners through a steady-state ana.iysis. I
found this work gratifying, in seeing a design become a
working apparatus, and challenging, in that much theory had
to be learned and understood.

I wish to thank Captain Glen P. Perram, my advisor for
giving me the opportunity to conduct research in his
laboratory. The support, encouragement, and expertise he
provided throughout this effort is greatly appreciated. I
also wish to thank Dr. Gordon Hager, at the Phillips
Laboratory for encouraging my interest in lasers and
allowing me to work in his laboratory prior to coming to
AFIT. Finally, I wish to thank my wife, Shelly for her
love, understanding, and support during the past 18

turbulent months.

Ralph F. Tate
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Abstract

The spin-orbit relaxation of Br(iPVZ) atoms has been
investigated in a steady-state infrared fluorescence
experiment. A CW argon-ion laser operating at 488 nm was
used to photodissociate gas-phase molecular bromine into
equal quantities of Br(°p,,) and Br(°p;,) atoms. The
resulting 2.7 um emission was observed as a function of
added quenching gas. A steady-state analysis was used to
determine Br(ZPVZ) quenching rates for SF¢, N,, O,, He, Ne,
Ar, Kr, and Xe, relative to quenching by the parent
molecule. Limitations in the apparatus prevented
determination of the rate coefficient for Br,.
Recommendations are made for improvements in the analysis

and apparatus for further research.
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STEADY-STATE PRODUCTION AND QUENCHING OF Br(%P,,;)

I. Introduction

overview

The Air Force (Phillips Laboratory/LIDC) is interested
in developing a new class of infrared lasers operating in
the 3 to 5 um region for electro-optic countermeasures. One
promising concept for such a laser system is to use the
energy transfer from gas-phase electronically excited
halogen atoms to vibrational modes of a suitable molecular
laser species. For example, energy transfer from
electronically excited bromine atoms (Br(%pP,,;)) to CO, has
resulted in stimulated CO, emission being observed at 4.3,
10.6, and 14.1 um (19:1051).

Much research has been devoted to analyzing the spin-
orbit relaxation of one halogen, iodine, due in part to the
success of chemical oxygen-iodine lasers (COIL) and
photolytic iodine lasers. Less information is available on
the spin-orbit relaxation of Br(?p,,,), with most relaxation
rate measurements being made with time-resolved pulsed
photolysis or vacuum ultraviolet spectroscopic techniques.

This thesis concentrates on the experimental design and

techniques necessary to measure spin-orbit relaxation of




Br(3P;,;) by selected molecular species through a steady-
state analysis. Details of the design and experimental
procedure are presented in the applicable sections of this

thesis.

Background

The Br(%P,,;) elactronically excited state of bromine is
0.456 eV (3685 cm™') above the ground Br(®P,;,,) state and is
the result of spin-orbit coupling. With a strongly
forbidden electric dipole transition to the Br(%p;,,) state,
Br(%P,;;) has a metastuble lifetime of 1.12 seconds (16:160).
This radiative lifetime permits observation of Br(Zp,,)
concentration by fluorescence detection techniques (12:382).
The spin-orbit relaxation of Br(®p,,;,) by several quenching
species has been researched and will be reviewed in a later
section.

Various experimental techniques have been employed tn
produce Br(?P,,,) atoms in sufficient number density to
observe kinetic behavior. These techniques include flash
photolysis, flow discharges, shock tubes, and more recently,
laser photolysis of bromine and bromides
(4:509:;12:405;15:314). It is the laser photolysis of
bromine that is of interest here.

Molecular bromine has a strong contiquous absorption
spectrum centered about the blue-green rngion of the visible

spectrum. Absorption of light between 518 and 450 nm




dissociates the molecule into ore ground Br(?p,,,) atom and
one excited state Br(p,,,) atom (2:227). A simple kinetic
model for the production and quenching of Br(®p,,,) atoms is

given in the following equations:

Br, + hv — Br + Br® (1.1)
Br* + Q 5 Br + Q (1.2)
. kl
Br*+Q = Br + ot (1.3)
k
Br® + Br, = Br + Br, (1.4)
t ku
P'+M — O+ M (1.5)
where
Br® = Br(®Py,)
Br = Br(’Py;)
Q = quenching molecule
Q! = vibrationally excited quenching molecule
M= Brz: Q
ko, ki, k;, and ky = quenching rate coefficients
and

hv = incident photon energy (A < 518 nm)

In the above kinetic equations it is the rate
coefficients that provide insight into the quenching
mechanisms, both physical and chemical. In particular, by
measuring k, and X, it is possible, in principle, to

determine the relative amounts of electronic energy going




into vibrational and translational/rotational modes

respectively.

Problem Statement

Significant differences exist among reported values of
Br® quenching rate coefficients for the same quenching
species. In certain instances, only one value for a
quenching rate coefficient has been reported for quenching
species of current interest. Accurate quenching data is
required to provide insight into the energy transfer
kinetics involved in spin-orbit relaxation of Br' atoms.
The purpose of this thesis is to design and conduct
experiments to accurately measure the quenching of Br' by
diatomic and polyatomic quenching gases that are of current
interest and to possibly resolve some of the differences

that exist between reported values.

Summ of Current Knowledge

Leone and Wodarczyk were the first to investigate
electronic-to-vibrational (E~V) energy transfer by means of
pulsed laser excitation. In their experiment, the output of
a pulsed N@*:YAG (A=473 nm) laser was used to
photodissociate Br,, producing Br® and Br atoms in a 1:1
ratio. The time-resolved infrared (IR) emission from Br®
and collision partners HC1l and HBr was observed through a
wavelength selective filter wheel and sensitive IR detector

combination (15:314).




Operating under the constraint [(Q] » [Br), [Br‘}, [Q!'],
where Q is either HCl1l or HBr and applying Egns (1.1) through

(1.5), a first-order behavior was observed such that

-‘j%—f] = [Br*] e** (1.6)
and
R .
where
kg = (ky + k) [Q] + k,[Bz,] (1.8)
and
Ku=;k,,[m (1.9)

In this approximation, the rate of decay of Br'
fluorescence equals the rise in Q! fluorescence (25:67).
The quenching rate coefficients were determined by plotting
the measured rate of fluorescence decay, divided by the
total system pressure, against the mole fraction (X) of Q.
The total rate coefficient (k, + k;) is evaluated at X, = 1,
and k, is evaluated at X, = 0 (15:314). The E-V transfer
rate coefficient (k;) was determined from Br' and ot

fluorescence intensities evaluated at the t=0 intercept of




the decaying exponentials given by Eqs (1.6) and (1.7). The
quenching rate coefficients reported by Leone and Wodarczyk
for HCl, HBr, and Br, are listed, along with all other known
rate coefficients for Br(?P;,,) quenching, in Table 1 at the
end of this section. They summarized their results:

It is important to note that 50% or more of the

overall quenching of Br" by HCl and HBr is E-V

transfer. . . .Further experiments in progress

together with theoretical calculations may allow

greater insight into the fundamental nature of E-V
transfer mechanisms (15:315).

Later, Wodarczyk and Sackett used the same techniques
and apparatus as described above to measure the quenching of
Br(®pP,,;) by HF. One improvement was made to enhance the
accuracy of the analysis: they monitored the intensity of
the laser light entering and exiting the reaction cell. The
log of the ratio of the incident and transmitted intensities
of the laser light was found to be linearly proportional to
the Br, pressure and was calibrated before each experiment.
By measuring both the total pressure and the Br, pressure, a
continuous direct measure of the mole fraction of Br, was
available (25:66).

In determining the quenching rate coefficients,
Wodarczyk and Sackett plotted the measured fluorescence
decay rate divided by the total pressure against the mole
fraction of Br,, with values for k,, k;, and k, determined as

previously described. They found the quenching of Br" by HF




to be very fast (nearly gas kinetic) and attributed this
behavior to efficient E~V energy transfer, "likely due to
the availability of several strongly allowed near-resonant
product channels" (25:68).

Hariri and others continued to investigate the
quenching of Br® by larger molecules. Their experimental
technique differed in that a coaxial flashlamp-pumped dye
laser was used to photodissociate Br,. As described
earlier, the Br' and molecular spontaneous emissions were
observed as the ratio of Br,-to-quenching gas was varied,
with the rate coefficients being determined from
extrapolated data plots. The quenching gases that were
investigated for E-V energy transfer included: HCN (7:1872-
1875), CO;, COS, and CS, (8:4454-4462).

HCN was found to be a very efficient quencher of Br*,
with 88% of the quenching collisions resulting in excitation

of the v, mode of HCN (7:1874). Quenching of Br' by CO, was

found to be an order of magnitude more efficient than COS or -

CS, (8:4460). This near resonant E-V transfer mechanism in
CO, has been exploited in the development of Br' pumped CO,
lasers (18:305).

Hofmann and Leone used a similar flashlamp-pumped dye
laser arrangement to investigate the collisional
deactivation of Br(?p,,,) atoms with halogen and interhalogen
molecules. In their experiments the Br" emission intensity

was observed with a 2.7 um bandpass filter and InSb detector




combination. Gases were mixed at known initial pressures
allowing calculable partial pressures of products to be
determined according to known equilibrium constants
(11:316). The measurement procedure for a mixture of Br,

and I, was explained as follows:

The observed exponential decay of the Br' emission
intensity, characterized by the time constant r_,,
is related to the gas pressures and rate
coefficients in the following manner:

l/toba = kBr,PBz, + kI,PI, + kIB.rPIBr

. « .Twelve measurements were carried out with
initial pressure ratios of Br,/I, in the range
from 10:1 to 1:4 with total halogen pressures from
0.02-2 torr and 50 torr of argon. . . .These data
were computer-analyzed by a three-parameter least-
squares fit resulting in values for the rate
coefficients (11:316).

Hofmann and Leone performed the same procedure as
described above to obtain rate coefficients for quenching of
Br" by Br,, IBr, ICl, BrCl, and Cl, Their efforts revealed
differences in rate coefficients over two orders of
magnitude. Molecules containing iodine were found to be
more efficient quenchers than BrCl and Cl,. In discussing
their results, Hofmann and Leone offered the following
explanation for the large differences in the observed rates:

The relatively small vibrational quanta associated

with the halogen and interhalogen molecules

investigated here, with ¢, values ranging from 214

cm! (I,) to 564 cm™! (Cl,) do not support the idea

of an effective E-»V transfer mechanism. Instead a
deactivation mechanism involving a potentially




reactive pathway of intermediate trihalogen

complexes seems to be much more likely (11:317).

Grimley and Houston investigated the E~V energy
transfer from Br' to H;, HD, and D, in an effort to compare
experimental results to available theoretical results. The
experimental observation of the vibrational excitation in
hydrogen is made difficult by the lack of a permanent dipole
moment. Their method involved indirectly monitoring the E~V
transfer from Br' to hydrogen by observing the CO
fluorescence following subsequent V-V transfer from hydrogen
to CO (6:5184). The fluorescence from Br® and CO was
observed by an InSb detector with appropriate interference
filters. A 4.44 um filter was used to isolate the CO
emission, and a 2.7 um filter was used to isolate the Br'
emission (6:5184).

Their investigation concluded that a high fraction of
the Br® electronic energy was transferred to vibrational
modes in H, and HD, and a lesser fraction of electronic
energy was transferred to D, vibration. The experimental
results were in qualitative agreement with theoretical
conclusions with the exception of quenching of Br" by D,,
where direct E-V transfer was not observed (6:5184-5488).

The quenching of Br® by nitric oxide (NO) was recently
studied by Wight in an effort to resolve discrepancies in
earlier reported values (see Table 1). To avoid the problem

of Br, reacting with NO at room temperature, Wight used a




ArF excimer laser to photodissociate CF,Br, thus producing
Br'. The vibrationally excited NO molecules were detected
through IR fluorescence at 5.4 um with an HgCdTe detector
(24:2684). The total quenching rate coefficient was
determined by measuring the rise time of NO fluorescence as
a function of NO and CF,Br pressures.

Wight concluded that approximately 84% of the E-V
transfer collisions excite NO to the v = 2 level, and 14% to
the v = 1 level (24:2686).

The quenching rate of Br* with 0,, H,0, D,0, and HDO as
collision partners has recently been measured by Taatjes and
others by using a laser double resonance method. A pulsed
dye laser operating at 500 nm was used to produce spin-orbit
excited bromine atoms through photolysis of Br,. The
population difference (Br* - Br) was monitored by an F-
center probe laser tuned to the Br(2p,,;)+~Br(?P;,) transition.
The probe beam was propagated through the reaction cell and
imaged on a fast IR detector where the absorption (or gain)
encountered by the probed laser beam was detected (21:12).

As the ratio of Br,-to-quenching gas was varied, the
time-resolved detector signal was digitized, averaged, and
stored in a microcomputer for analysis. The rate
coefficients were determined using a method similar to that
previously described by Hofmann and Leone (11:316).

Of particular interest to this thesis, the researchers

reported that the quenching of Br* by O, was extremely slow,

10



disagreeing with previously reported results by four orders
of magnitude (21:2). To test for possible systematic
errors, the quenching rate of Br* with CO, was measured by
the same method and was found to be in excellent agreement
with previous values. (8:4454-4462; 21:1-15). An attempt
will be made in this thesis effort to resolve the
discrepancy between O, quenching rate coefficients.

The researchers summarized their results as follows:

The observed rates for H,0, HDO, and D,0 can be

qualitatively explained by E-V models based on

long-range dipole-quadrapole interactions.

Quenching of Br' by oxygen is found to be very

inefficient, in dramatic disagreement with

previous determinations (21:11).

All known quenching rate coefficients for the spin-
orbit relaxation of Br' atoms are shown below in Table 1.1.
For completeness, results of experiments prior to laser-
excited quenching studies are included. Table 1 clearly
shows that discrepancies exist between some of the rate
coefficients for certain quenching species. The objective
of this thesis effort is to design, develop, and implement
an experimental approach sensitive enough to resolve some of

these discrepancies and to provide quenching rate data for

quenching species not previously investigated.

11




Known Rate Coefficients for

TABLE 1.1

Spin-orbit Relaxation of Br (%P,),)

QUENCHING QUENCHING RATE REFERENCE
SPECIES COEFFICIENT
(1072 cm®/molecule-s)
Ar < 2.0 X 10 (4:514)
Br, 19.0 (4:514)
1.2 + 0.3 (7:1875)
0.48 = 0.05 (15:317)
0.47 * 0.04 (11:317)
BrCl 0.029 * 0.014 (11:317)
Cl, 0.022 * 0.014 (11:317)
CO 0.0073 (4:514)
0.00107 + 0.00005 (6:5184)
co, 15 + 1 (8:4458)
(18:306)
(21:15)
COS 1.4 + 0.1 (8:4458)
CS, 1.1 £ 0.1 (8:4458)
CF, 0.21 (4:514)
CF,Br 0.05 (4:514)
CH, 4.2 (4:514)
D, 5.7 (4:514)
0.68 (6:5184)
D,0 9.6 (4:514)
2.2 + 0.4 (21:15)
H, 4.7 (4:514)
2.7 (6:5184)
HD 6.4 (6:5184)
HBr 1.1 (4:514)
1.4 (12:407)
0.84 + 0.11 (15:317)
HCl 8.6 (12:407)
5.2 * 0.4 (15:317)
HF 34 + 6 (25:68)

12




[ .
QUENCHING QUENCHING RATE REFERENCE
SPECIES COEFFICIENT
(102 cm®/molecule-s)
HCN 20 + 2 (7:1875)
H,0 32 (4:514)
62 (12:407)
51 + 3 (21:15)
HDO 19 + 4 (21:15)
I, 1.86 = 0.37 (11:317)
IBr 3 (4:514)
1.0 £ 0.14 (11:317)
ICl 0.9 = 0.4 (11:317)
N, 0.0025 (4:514)
NO 47 (4:514)
2.0 (12:407)
5.3 (24:2683)
N0 2.6 + 0.8 (18:306)
0, 34 (4:514)
0.0015 (21:15)
Scope

This thesis will concentrate on the design and
procedures of an experiment to accurately measure the spin-
orbit relaxation of Br(?pP,,;,) in the presence of a quenching
gas. A steady-state analysis will be used, whereby gas-
phase electronically excited bromine atoms will result from
the photodissociation of Br, by a continuous wave (CW)
argon-ion laser. A quenching gas will be added to the
mixture, and its effect on the number density of Br(?p,,,)

atoms will be evaluated.

13




Approach

An experimental apparatus will be designed to permit
the safe handling and mixing of high-purity Br, and other
gases for the purpose of determining the rate of spin-orbit
relaxation of Br® atoms. Figure 1.1 is a diagram of the

proposed experimental apparatus.

nSb detector

=3 27 m Flter

hoooe <
Reaction Call
I A= 408 / | ]
Baratron
To
Quanching B, Vacuum
“ SM-“
Coid
Trap

Figure 1.1. Proposed Experimental Apparatus

Initially, the steady~state production of Br® atoms as
a function of Br, pressure will be investigated. Radiation
from a CW argon-ion laser will be passed through a reaction
cell containing bromine gas. The resultant Br® population
will be monitored by observing the 2.7 um fluorescence as a

function of bromine gas pressure. A sensitive InSb

14




detector, fitted with a 2.7 um bandpass filter, will be used
to detect the Br+Br emission. Lock-in detection techniques
will be employed to improve the signal-to-noise ratio of the
fluorescence.

The voltage output of the lock-in amplifier, which is
an indication of Br' concentration, and the voltage signal
from the manometer, which is an indication of Br,
concentration, will be recorded into a personal computer for
subsequent processing. From the two voltage signals, an
optimum Br, pressure for the production of Br® will be
determined.

The following first-order differential equation

describes the time-dependent behavior of the Br”

concentration:

d(Br*] _ _ [Brf] _ .
g k, [Br,] T kg, [Br,] [Br*] (1.10)

- k,[0] [Br*]

where

[Br,] = Br, concentration
{Br*] = Br® concentration
[P] = quenching species concentration
k, = pump rate coefficient

k,,, . k, = quenching rate coefficients

T, = radiative lifetime

15




In the steady state, Eq (1.10) can be set to zero, and
with the 1/7; term neglected, can be solved for [Br'] such

that

k,[Br,]

[Br*] = e + K000

(1.11)

Taking the ratio of Eq (1.11) with [Q)] = 0 and Eq (1.11)

with [Q) at a known concentration results in

[Br*] (g1 . 1+ ko0l

[Bz°) Tor, (B1,1 (1.12)

By recording the Br' fluorescence intensity as a function of
quenching gas pressure, and using Eq (1.i2), the unknown
quenching rate relative to quenching by Br, can be
determined.

With the apparatus operating properly, the quenching of
Br® by CO, will be investigated. The measured quenching
rate will be compared to published values as a means of
validating and refining the method used.

The measurement of Br’ quenching by O, will be
attempted in an effort to resolve disagreement between
published values. If time permits, quenching by N,, SF,

CF,, I,, Cl,, and the rare gases will also be investigated.
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summary

This completes the introductory material concerning the
experiment. Chapter II will present the fundamental theory
to support the experimental effort. Chapter III describes
the experimental apparatus in detail. Chapter IV lists the
procedures followed in performing the experiment. Chapter V
reveals the experimental results. Chapter VI states

conclusions and offers recommendations for future work.
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Introduction

This chapter presents the fundamental theory relevant
to the experiment. The first section is a basic description
of the bromine atom. This is followed by a discussion on
the photochemistry of molecular bromine. Lastly, an
analysis of the quenching kinetics involved in the

experiment is presented.

Description of Bromine Atom

Bromine (Br) is a member of the halogen family of
elements, which also includes fluorine, chlorine, and
iodine. In its elemental state Br forms a diatomic molecule
(Br,). Two stable isotopes of bromine exist in near-equal
abundance: ’*Br and %Br. To simplify the following
analysis, only one isotope will be considered.

With an atomic number of 35, and an atomic weight of
79.904, bromine has 35 protons, 43 neutrons, and 35
electrons. It is the configuration of the electrons that is
of interest here. 1In a simple model for complex atoms, the
electrons are said to populate a series of shells and
subshells of increasing energy levels, while simultaneously
satisfying the Pauli exclusion principle. A standard
notation has been adopted to describe how the shells and
subshells are populated. For Br in the ground electronic

configuration this notation is 1s22s22p®3s?3p®3d'%4s?4p’
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(23:B-4). Noting that a number of shells and subshells are
completely filled in the Br atom, the description can be
condensed by neglecting the notation for the lower-lying
completed shells. This abbreviated notation for Br can be
written as 4p°. In this notation, the leading number 4,
denotes the principal quantum number n which can take on
values n = 1,2,3,4,5, etc. These numbers correspond to the
letter notation for shells K,L,M,N,0, etc., indicating an N-
shell ground configuration for Br. The letter p in the
notation denotes the angular momentum quantum number 1 of an
individual electron where 1 = 0,1,2,3 corresponds to s,p,d,f
respectively. Accordingly, for the 4p subshell, 1 = 1. The
superscript 5 in the 4p° notation denotes the number of
electrons in the 4p subshell, which is one electron less
than a filled subshell. This fact is important in
determining the energy levels of the atom.

According to quantum theory, the energy of an electron
in a many-electron atom depends not only on its principal
gquantum number, but also on its angular momentum quantum
number. Collectively, the total angular momentum of the
atom is given as the vector sum of the individual electron
orbital angular momenta and the individual electron spin
momenta. This total angular momentum is determined by the
electrons in the unfilled shells, given that individual
angular momenta in filled shells sum to zero. The total

angular momentum is expressed as
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N
=Y (2, + 8 (2.1)
; d E §

Where
J = total angular momentum vector
1, = electron orbital angular momentum vector

s, = electron spin angular momentum vector

(3:56). For Br an L8 coupling scheme is used to obtain J

where

1-=2;14 (2.2)

S =2;84 (2.3)

and

J=L+8 (2.4)

Corresponding to J are two quantum numbers J and M;.

Allowed values for J are given by

L+S 2 J 2 L-S| (2.5)

Where
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L = total angqular momentum quantum number

and

S = total angular momentum quantum number.

For the five electrons in the 4p° subshell, the orbital
angular momenta sum to give a state with L =1, and S = 1/2
(12:13). From Eq (2.5) two values for J are obtained:

J =3/2, and J = 1/2.

Allowed values for M;, the magnetic quantum number are given

by
+J 2Mz2 -J (2.6)

The L8 or (Russel-Saunders) coupling scheme provides a
convenient means of labeling the quantum state of an atom

using

N2S¢1LJ (2 . 7)

where N denotes the orbit number

(22:368). By convention, letters are used for L such that L
= 0,1,2,3 corresponds to S,P,D,F respectively. Using this
notation, with N=4, L=P, S=1/2, and J=3/2 or 1/2, two
quantum levels are described for bromine: 4%pP),, and 4%p,,
(read as "four doublet P one-half" and "four doublet P
three-halves"). These two levels have different energies,

with 4°P;,, being lower. For convenience in future use, the
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preceding 4 in the notation will be dropped and the levels
’p,,, and %P;,, together will be called the fine structure.

Atomic nuclei with an odd number of protons and/or an
odd number of neutrons can possess an intrinsic angular
momentum or nuclear spin (3:506). This nuclear spin is
designated with a vector I. The L8 coupling scheme can be
extended to include the nuclear spin angular momentum vector
I as part of the total angular momentum of the atom. This

vector sum F is given by

F=J+1I (2.8)

Corresponding to F are two quantum numbers, F and M.

Values for F are given by

J+I > F > J-7 (2.9)

At this point it should be noted that the magnetic
quantum numbers M; and M; result in states which are
degenerate, or have the same energy for a given quantum
level. Therefore, they do not contribute to this
description of the bromine atom, (with zero external
magnetic field), and will be neglected.

Using I = 3/2 for the bromine nucleus (8:461), and the
previously derived values for J in Eq (2.9), results in F =
3,2,1,0 for the 2P, level and F = 2,1 for the ?p,, level.

The different values for F in each level result in states
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with different energies. The 6 resulting energy levels
comprise the hyperfine structure.

A basic energy level diagram of the bromine atom is
shown in Figure 2.1. The diagram indicates the fine
structure as well as the hyperfine structure and gives the
calculated energy difference between the 2P, and %P,,, levels
in wave numbers (1:234). From this value of v,, a
transition wavelength of 2.7 um is determined. Also shown
in Figure 2.1 are the allowed transitions (AF = 0,*1)
between the 