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Preface

This research constitutes the latest installment in an ongoing project at AFIT to
develop and characterize the technology of photolytically-pumped molecular lasers. In
the process of conducting this work, many doors were opened. While the majority of |
these doors still remain open, it is nevertheless hoped that the findings reported here
represent a useful contribution to the body of knowledge on bromine/carbon dioxide laser
systems, and will be of some practical value to future workers. My own efforts in this
pursuit were aided immeasurably by the previous work of Captains Ralph Tate, Steven
Katapski, and Ray Johnson, and First Lieutenant Michael Hawks.

The impact of the many frustrations I encountered along the way was softened by
the ultimate realization of the lessons in experimental physics they represented. The
overall lesson of this research was perhaps the most valuable: Knowledge often arrives
from unexpected directions.

I would like to sincerely thank my advisor, Major Glen Perram, for his incredible
patience, willingness to repeat himself, and generosity with time he really couldn't spare.
Through him I have been introduced to a new and interesting field of study, chemical
physics, one which would not have captured my attention 18 months ago. I must also
commend Major Perram on his magical (and embarrassing) ability to find "missing"
equipment in places I had already checked twice.

Next I offer thanks to Captain Ray Johnson, Professor Won Roh, and Lieutenant
Colonel Paul Wolf for their advice and assistance along the way. Their help with setting
up the experimental apparatus, keeping it healthy, and interpreting its performance are
much appreciated.

Of course no experiment would have been possible without the dedication of the
AFIT research support team. AFIT Physics Technicians Jim Reynolds and Gregg Smith
and Wright Laboratory Glassware Technician Mike Ray provided the equipment and
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technical expertise necessary to create the appropriate, impressive clutter on my
laboratory workbench. No serious experimental research can be conducted without
lights, bells, whistles, and the machine that goes "ping."

Finally, I offer my most heartfelt thanks to my wife, Cori, and our daughters
Elena and Hayley. Throughout the program they have been pillars of support and
compassion, and it is to them I dedicate this document, for it represents their toil and

sacrifice as much as my own. I look forward to getting to know them again.

Stephen J. Karis
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Abstract

Steady-state photolysis experiments were conducted to gain information relevant
to the construction of a continuous-wave electronic-to-vibrational pumped infrared laser.
An Ar* laser (A = 488 nm) was used to produce the electronically excited state Br(?P, ,,)
(Br’;‘) via photolysis of molecular bromine. Energy was then transferred to the near-
resonant vibrational state CO,(101) (CO,Y) via the collisional quenching of Br* by CO,.
The dependence of the 2.71 um Br* and 4.3 pm CO, T emissions on CO, pressure was
measured, as well as the dependence of the 4.3 pm emission on pump laser chopping
frequency. Unexpected results were obtained in both cases, indicating more detailed
modeling of kinetic processes is called for. Additionally, an unexplained long-term decay
in the 4.3 pm signal was observed, which may have bearing on the construction of

closed-system laser devices. Recommendations are made for further research.
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STEADY-STATE KINETICS OF Br(?P,,) = CO,(101)
ELECTRONIC-TO-VIBRATIONAL ENERGY TRANSFER LASER SYSTEM

I Introduction

In this experiment, 488 nm laser radiation photodissociates molecular bromine to
produce Br(?P,,) and Br(?P,,). Collisional quenching of the electronically excited 2P,
state by carbon dioxide populates the CO,(101) vibrationally excited state via near-
resonant electronic-to-vibrational energy transfer. This process is monitored via the 2.71
pm Br(?P,,) and 4.3 pm CO,(101) side-fluorescence emissions, under steady-state
conditions, to gain information relevant to the construction of a continuous-wave infrared
laser operating on the CO,(101—100) transition. Unexpected results are observed for the
CO,(101) emission's pressure-dependence, long-term signal stability, and photolysis laser
chopping frequency dependence, indicating further experimentation, more detailed
analysis of current data, and possible revision of the existing kinetic model are called for.

Recommendations for further research are offered.

A. Background

The United States Air Force is interested in developing compact, powerful, line-
tunable infrared lasers, operating in the 3-5 pm or 8-14 um atmospheric transmission
windows, for airborne use in environmental remote-sensing and infrared counter-
measures (IRCM) applications. Most significantly, a system producing kilowatts of
output power could provide an effective defense against air-to-air and surface-to-air
missiles equipped with infrared (IR) seekers. This would increase aircrew survivability,

and improve tactical effectiveness against IR missile-defended targets.
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Several candidate laser technologies have been considered for such applications,
including chemical, semiconductor, optically-pumped, and photolytic. Currently,
chemical lasers are too large for use on any but the largest aircraft, and semiconductor
lasers lack the necessary power. Optically-pumped lasers, because they rely on direct
excitation of specific laser energy levels, require narrow-band, stable pump sources for
efficient operation, making them susceptible to shock and vibration in the airborne
environment. Molecular lasers pumped by electronic-to-vibrational (E—V) transfer from
photolytically-excited species thus have several advantages. Because photolysis
(dissociation of a molecule due to absorption of a photon) can occur over a relatively
wide spectral range, wavelength-stability of the pump source is not of great concern.
Flexibility in the operating wavelength of the laser is attained via the appropriate choice
of molecular lasant species, while line-tunability is provided by the rotational structure of
the vibrational laser levels. This yields frequency agility of up to 1 um for the purpose of
defeating infrared counter-countermeasures (IRCCM). The potential for efficiency,
scalability, and closed-cycle operation are further advantages of photolytic laser systems.

Atomic bromine is attractive as an energy-transfer species because the Br, and IBr
molecules are easily photolyzed by 488 nm and 532 nm light, respectively, producing the
electronically excited Br(42P,,) atom (henceforth indicated by Br*). This state has an
energy level of 3685.0 cm! above the ground electronic state, corresponding to a mid-
wavelength infrared (MWIR) emission wavelength of 2.71 um. Br* is metastable --
having a radiative lifetime of 1.12 sec -- allowing ample time for the efficient transfer of
energy to other species by collisional quenching processes, which occur on a much
shorter time-scale.

There are several characteristics which describe a good candidate receptor species
for the energy given up by Br*. Such a molecule should be as simple as possible (ie

preferably a heteronuclear diatomic), so that its partition function allows for fewer




vibrational modes over which to distribute the transferred energy. It should have near-
resonant vibrational levels to increase the efficiency of E-V transfer. It should quench
Br* rapidly -- at least as fast as the parent molecule Br,. It should have IR vibrational
transitions within the atmospheric transmission windows. Finally, E—>V transfer should
excite an average number of quanta greater than 1.5, so that an inversion can be achieved
between levels higher than the ground state. Examples of receptor molecules which
appear to meet many or all of these criteria include CO,, H,0, and NO.

Pulsed lasers have been demonstrated based on E—V transfer from Br* to these
and other small molecules, such as HCN and N,O. NO, with a 5.3 um (v = 2—1) lasing
transition, appears desirable as a lasant species for the reasons outlined above; however it
has been found in practice to be an inefficient converter of Br* energy. H,O has the
disadvantage that all of its lasing transitions fall within strong atmospheric water
absorption bands. CO, has been found to lase at 14.1, 10.6, and 4.3 um, with the latter
representing a particularly strong emission and relatively efficient transfer process.

Although several examples of pulsed E—V lasing have been reported, there are
no known examples of continuous-wave operation. Continuous-wave (CW) IR lasers
may offer advantages over pulsed lasers in the Air Force applications described earlier.
The higher average power of a CW output is generally more effective at disabling an IR
sensor/seeker than the higher peak power of a pulsed output. Lower peak power may also
reduce undesirable plasma effects at the target. Further, due to the nonlinear response of
the atmosphere to transmitted power, a CW device may have better beam-propagation
characteristics than its pulsed counterpart. Finally, CW operation could lead to future
space-based, solar-pumped laser platforms.

Because the 4.3 um emission of CO,(101) (hereafter indicated by CO,?) falls
within an atmospheric CO, absorption band, this species does not seem a likely candidate

for practical device employment. However, because of the strength and relative




efficiency of lasing on the CO,(101—100) transition, previous success with pulsed lasers,
and existing body of data on Br*-CO, kinetics, this system does seem a good choice for
development of CW E—V laser technology. It is for these reasons that CO, was chosen

as the E—V receptor species in this research.

B. Current Knowledge

1. Br* Quenching by E—V Transfer

The investigation of E—V transfer from 2P, , states of halogen atoms to molecular
quenching species began in 1970 with the work of Donovan and Husain. @ These
researchers reported Br* quenching rates for several molecular species, including noble
gases, diatomic molecules, and the Br, molecule itself. They noted orders-of-magnitude
differences in quenching efficiency between diatomics and noble gases, and explained
expected differences between fast and slow quenching species in terms of their energy
transfer mechanisms. Many of the quenching rates they reported were found to be too
high and not repeatable by later investigators. For example, Donovan and Husain
reported a bromine self-quenching rate of 19.0 x 10-12 ¢cm3 molec! sec'!, whereas later
workers reported a range for this constant of 0.47-1.2 x 10-12 cm3 molec! sec-1. (11

In 1973, Leone and Wodarczyk were the first to directly measure E—V transfer
using pulsed laser photolysis and time-resolved detection of IR emissions. 9 Using a
frequency-doubled Nd3*:YAG laser and wavelength-selective filters, the researchers
measured the absolute rate coefficients for transfer of energy to the (v = 1) states of HCl
and HBr, finding at least 50 % of Br* quenching by HX is due to E—V transfer. The
rates for Br, self-quenching and HX quenching without excitation of the (v = 1) state
were also determined.

Later, Wodarczyk and Sackett conducted similar studies on Bf* and HF with an

improved apparatus, in which incident and transmitted laser intensity were monitored. 39
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In this way, the workers could continuously measure the mole fraction of Br, in the

reaction cell. They found the transfer of energy to HF extremely rapid, and attributed this
to the likely availability of several near-resonant ro-vibrational transitions.

Hariri and others extended the investigation of E—V transfer to larger molecules
in 1976 and 1977. .8 A flashlamp-pumped dye laser was used to photolyze Br,, with
HCN, CO,, COS, and CS, serving as quenching species. Measurements of time-resolved
fluorescence were again employed, yielding a self-quenching rate for Br, of 1.2 x 10-12
cm3 molec! sec’l. This research also indicated that CO, was more efficient than COS or
CS, by an order of magnitude at quenching Br*, that approximately 40 % of quenching
collisions led to the excitation of one v; quantum per CO, molecule, and that the
CO,(101) state was the major product channel.

In 1990, Sedlacek, Weston, and Flynn used a diode laser in high-resolution time-
resolved spectroscopy to confirm by direct observation that CO,(101) is indeed the
primary Br* quenching product. 22) Further, they found that the Fermi resonant
CO,(021) state receives negligible energy, most likely due to the sensitivity of dipole-
quadrupole long range forces to E—>V energy defect. These workers reported 87 £ 15 %
of Br* quenching collisions with CO, excite the (101) state, and measured E—»V and
V-V rates similar to those reported previously.

The Br* quenching rates for 28 previously-studied species were compiled and
reported by Tate in his 1991 AFIT thesis work. 28 He noted that, in many cases, wide
disagreement existed between different reported values for the same rate. With the
objective of resolving earlier discrepancies, Tate employed an Ar* laser and steady-state
photolysis techniques to find quenching rates for several molecular species relative to the
known self-quenching rate of Br,. He then attempted to calibrate his results by
measuring the quenching rate of CO, and comparing this result to the best previously-

established value. This attempt was unsuccessful, however, due to limitations in the 2.71
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um bandpass filter used in the experiment. Tate was also unsuccessful in his attempt to
model the CO, quenching data, in part because he misidentified the source of the
fluorescent emissions observed through the inadequate filter.

Katapski later attempted to use an excimer-pumped dye laser and time-resolved
fluorescence measurements to study CO, quenching of Br*, but was also frustrated by a
poor 2.71 pm filter. 14) Additionally, he felt that CO, contamination of his Br, sample
might have affected his results.

In his 1993 AFIT dissertation, Johnson identified the source of Tate's problem by
pointing out that Tate had in fact observed the stronger 4.3 pm CO,' emission, rather than
the intended 2.71 um Br* emission, due to the out-of-band transmission characteristics of
the filter he used. (1D Thus, Tate had recorded data for the quenching of CO,t rather than
Br*. Johnson did not attempt to correct Tate's model for steady-state emission intensity
versus CO, pressure, but did, with an improved 2.71 um filter, continue Tate's efforts to
obtain consistent Br* quenching data for a variety of atomic and molecular species.
Starting with pulsed excitation, Johnson measured the absolute rates for Br, and CO,
quenching of Br*, in order to establish a baseline. Next, he employed Tate's steady-state
approach to measure the quenching rates of CO, and 22 additional species relative to the
Br, baseline. The rates obtained for CO, via the two different methods were in good
agreement with one-another and with previously-reported values, implying accurate data
had been obtained for all species tested. Johnson reported a Br, self-quenching rate of
1.24 x 1012 cm3 molec-! sec'! and a CO, quenching rate of 1.48 (pulsed) / 1.32 (steady-
state) x 10-1 cm3 molec-! sec'!, which agreed to within experimental error. He also
measured the collision-fr_ee deactivation rate for his apparatus, and studied the effects of
diffusion, wall recombination, and three-body recombination on the atomic bromine

concentration in the cell.




2. E—>V Pumped Lasers

Progress in applying the method of E—V transfer to construction of a laser began
in 1975 with the work of Peterson, Wittig, and Leone. @9 Using flash photolysis of Br,,
stimulated emission was observed from CO,, N,O, HCN, and C,H,. These workers went
on in 1976 to demonstrate a pulsed CO, laser, pumped via flash photolysis of Br,, and
operating at 4.3, 10.6, and 14.1 pm. @D Observations of 4.3 and 14.1 pm emissions
indicated the (101) and (021) states of CO, receive the most transferred energy. The 4.3
um emission, representing 2304 cm! of energy, was assigned to the P-branch of either
the (101—>100) or the (021—020) band. This transition was found to be very strong,
resulting in lasing at 4.3 pm even when CO, was present only as an impurity in a Br,-
COS system. Lasing on this transition was found to cut off at CO, pressures above 0.15
torr, attributed to rapid V—V relaxation of the upper laser level by one of the known

processes

CO,(101) + CO,(000) - CO,(100) + CO,(001) (1-1)
CO,(021) + CO,(000) —> CO,(011) + CO,(010) (1-2)

It was felt that the recombination of Br atoms to form Br, and the chemical
inertness of CO, would make operation of a sealed-off laser system feasible. However, a
slow degradation of 4.3 and 14.1 um output was observed for dilute CO, mixtures during
continued use of a single fill. This was believed to be caused by leakage and outgassing
of contaminants such as O, and H,O, which are rapid quenchers of Br*, into the system.

In 1991, Pastel and others demonstrated pulsed Br*, CO,, and HCN lasers using a
doubled Nd: YAG laser operating at 532 nm to photolyze IBr. (1® Lasing was observed at
4.3 pm for CO, pressures of 0.25-1.0 torr and IBr pressures of 1-5 torr. Again, quenching
of the upper laser level by ground state CO, was implicated in the failure to lase at higher

CO, pressures. The researchers noted that, given the E-V rate from Br* to CO,", only
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8 % of the available Br* energy is transferred to CO, at 0.7 torr with a 400 ns pulse; thus,
future pulsed designs should use Q-switching to extract maximum power.

Johnson's 1993 AFIT work also included pulsed laser demonstrations using the
doubled-Nd:YAG laser technique originated by Pastel et al. Johnson recreated the Br*
and CO,! results of these workers, then examined the (v = 2—1) lasing transition of NO.
NO was found to be a poor candidate for a Br*-M molecular laser, achieving an overall
conversion efficiency of only 0.012 % compared to the 0.16 % attained by CO,. Johnson
noted that the strength of the CO,(101—+100) transition makes it a good candidate for
follow-on research into the possibility of continuous-wave operation.

Subsequent attempts by Perram and Johnson to explain Johnson's pulsed laser
data indicated possible shortcomings in the kinetic model applied. (!9 In particular, the
pulse shapes of the CO, laser at various CO, pressures were not satisfactorily accounted

for by currently understood kinetic processes.

C. Problem Statement

Difficulties in modeling the results of previous pulsed and steady-state E-»>V
experiments indicate the need for further study and possible revisions to accepted kinetic
models. Detailed knowledge of relevant kinetic processes is crucial to the design of both
pulsed and CW laser devices. Studies of E—V laser systems under steady-state
conditions are needed to gain insight into the special performance characteristics of CW

devices.

D. Scope

The primary goal of this research is to gain a better understanding of the steady-
state kinetics of Br,-CO, photolytic laser systems. Measurements of Br * and CO,? side-
fluorescence will be performed under near-steady-state conditions to learn more about

CW device characteristics and identify favorable conditions for lasing. A simple model
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for the dependence of CO,' emissions on CO, pressure will be developed and tested
against experimental data.
A secondary goal for this work will be to demonstrate a working CW device

based on the 4.3 um CO,(101—100) lasing transition.

E. Approach

An apparatus similar to those used in previous pulsed-laser work will be
assembled, keeping in mind the dual objectives of monitoring steady-state side-
fluorescence and demonstrating a CW laser device. The proposed apparatus is depicted
in Figure 1-1. Using the same apparatus for all experiments allows accurate assessment
of device performance, and automatically accounts for any device-specific behavior.

A CW Ar* laser operating at 488 nm will be used to photolyze Br, in a mixture
with CO,. E-V transfer from Br* to CO, will result in the excitation of CO,'. Steady-
state emissions of Br* and CO, will be observed as functions of total cell pressure, CO,
concentration, and pump laser chopping frequency. From this data, both universal and
system-specific kinetic parameters will be determined, and compared to those found in
previous research. A model for the expected functional relationship between CO,*
concentration/emissive intensity and CO, pressure will be developed and its predictions
compared to experimental data. The completeness and accuracy of this model will be
assessed, and changes proposed as necessary.

Once the kinetics of the system have been satisfactorily characterized, if time
permits, an attempt will be made to demonstrate a CW IR laser pumped by the steady-
state photolysis of Br,. The cavity will be aligned using the HeNe laser and pellicle beam
splitter, after which the beam splitter will be removed. The Ar* pump laser will be
aligned so as to cross the lasing axis, creating a gain region within the laser cavity.

Favorable lasing conditions (eg gas mixture, chop-rate), as determined in the first part of




the experiment, will be established, and detectors will be positioned to record both

stimulated and spontaneous emission. If lasing is achieved, the performance of the laser
will be optimized, and its relationship to the same variables tested in the first part of the

experiment will be assessed.
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Figure 1-1. Proposed Experimental Apparatus
F. Summary

This completes the introductory material for this thesis. Chapter II will explain
the theory of E—>V transfer kinetics, and will introduce the proposed model for CO,?
pressure-dependence. Chapter III will describe in detail the experimental apparatus and
procedures employed in this research. Chapter IV will present the results of each
experiment and the analysis of its data. Chapter V will list the conclusions reached, and

offer recommendations for continued investigation.
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I Theory

The goal of this thesis research is to gain a better understanding of the steady-state
kinetics of a Br,-CO, system under photolysis, essential to the development of a
continuous-wave IR laser exploiting the E—V transfer of energy from the excited Br
atom to the CO, molecule. This chapter examines the background theory necessary to
developing such an understanding. The topics covered include spectroscopic notation,
characteristics of bromine and carbon dioxide, absorption, photolysis, and gas kinetics,
concluding with a proposed model for the quenching of vibrationally excited CO, by

ground-state CO,.

A. Spectroscopic Theory

1. Atomic Spectroscopy

Free atoms (ie those not bound in a solid) possess energy in two forms,
translational and electronic. The electronic energy state of the atom depends on the
configuration of all of its electrons, which fill a series of energy levels known as shells

and subshells in order, according to the Aufbau principle, as follows

1522522p63523p64523d104p65524d105p66s2....

The levels are represented by terms of the form nl*, where n is the principal quantum
number representing a shell, 1 is the orbital angular momentum quantum number
representing a subshell or orbital, and x is the number of electrons in the filled subshell.
In this case, | values of 0, 1, 2, 3... are denoted by the letters s, p, d, f... By convention,
the filled subshells are understood and dropped from the notation when reporting the
configuration of an atom, leaving only the description of the outer, unfilled orbital. For
example, 3p? gives the ground configuration of phosphorus, with 15 electrons total, three

of which are in the unfilled 3p orbital. 25




An electron's energy depends on its principle and angular momentum quantum
numbers n, I, m,, s, and m,. Here I represents orbital angular momentum, as above, and s
represents spin angular momentum, where n, 1, and s are always positive, and s = 1/2.
The numbers m,, and m, can be positive or negative, and represent the orientation of the
angular momentum vectors they are associated with. The energy of a multielectron atom
depends on the total angular momentum obtained by summing the orbital and spin
contributions of all of the individual electrons. However, according to the Pauli
exclusion principle, full subshells must have equal numbers of electrons with, negative
and positive m values, thereby canceling any contribution to the total angular momentum.
Thus, as above, only the outer unfilled shell need be considered in the summation. By the
same principle, a subshell which is missing one electron is equivalent to that containing
only one electron. @

The Russel-Saunders (or LS) coupling scheme defines the total angular

momentum vector J as

J=L+S 2-1)
where

L=)1, (2-2)

S=>s, (2-3)
and

I, = electron orbital angular momentum vector

s; = electron spin angular momentum vector

Two new quantum numbers J and m; accompany J, with allowed values given by ()

|IL-S|<J<L+S 2-4)




-J<m <+J
where
L = total orbital angular momentum quantum number

S = total spin angular momentum quantum number

The quantum state of the atom may now be labeled by the term symbol
N2SHL,

where N represents the orbit number, 2S+1 is the multiplicity of the state, L =0, 1, 2, 3...
is represented by the capital letters S, P, D, F..., and J retains its numeric value. For
example, the ground state of the sodium atom, with electronic configuration 3s!, has the
term symbol 325, ,, read as "three doublet S one-half." 2%.26) The energies of electronic
states are ordered according to the term symbols and Hund's rules. The primary ordering
is determined by the multiplicity, where higher multiplicity indicates lower energy. Next,
for states with the same multiplicity, higher values of L indicate lower energy. Finally,
for outer subshells less than half full, a larger J implies higher energy; for subshells more
than half full, a larger J implies lower enérgy. The energy differences between these
states define the spectroscopic fine structure. Energy shifts which can occur due to the
magnetic quantum number m; (Zeeman splitting) or coupling between J and the nuclear
spin I (hyperfine structure) are not a factor in this work. ()

2. Molecular Spectroscopy

When two or more atoms join as a molecule, a new state is formed in which wave
functions now describe the orbits of electrons with respect to the molecule as a whole.
Several models exist which closely approximate the observed characteristics of molecular
formation. One model, molecular orbital theory, is analogous to the atomic orbital theory

discussed earlier. The energy levels and orbital configurations of electrons in the
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molecule are defined by quantum numbers, and are occupied according to the same basic
principles as in the atomic case. In the linear combinations of atomic orbitals (LCAO)
model, applied to diatomic molecules, atomic orbital wave functions are added or
subtracted to produce new molecular orbital wave functions. When two s-orbitals are
combined, the result is a bound state, wherein the electronic charge is concentrated in the
region between the nuclei, and a higher-energy unbound state, wherein the electronic
charge is concentrated outside this region. For example, adding two 1s wave functions
yields the orbitals 1sc, and 1sc,*, where s is the original atomic orbital type,  is the
molecular orbital type, * indicates the antibonding state, and g/u refers to even/odd
inversion symmetry. Two p orbitals can combine end-to-end or side-to-side to form o or
T orbitals, respectively. In the case of ¢ orbitals, the antibonding state has odd symmetry,
whereas in 7 orbitals the antibonding state has even symmetry. Analogoustos, p, d, f
atomic orbitals, the c, 7, 5, ¢ molecular orbitals are formed and filled as in this example

of molecular nitrogen (N,)
(150,)2(150,)2(250,%(256,%(2ps, 2 (2p, )

Considering the bonding/antibonding counterparts 1sc,,, and 2s0,,, to cancel one-
another, three electron pairs remain in bonding orbitals, and the molecule is said to have a
triple bond. @

As in an atom, the energy of an electron in a molecule depends on its principal
quantum number n=1, 2, 3... and its orbital angular momentum 1=0, 1, 2, 3...,
represented as before by the letters s, p, d, f.... The total orbital angular momentum L of
a molecule may be found by summing the contributions from individual electrons.
However, in a diatomic molecule, the angular momentum component along the
internuclear axis is more important than | alone. Thus, the axial component A of orbital

angular momentum is defined by A=|L|, ,=0,+1,42,+3...,and A=0,1,2,3... is




represented by the molecular orbital symbols o, &, 8, ¢.... Now the total axial angular

momentum is defined as
A= 'Z ,1,.' (2-6)

where A =0, 1, 2, 3..., represented by Z, I'l, A, ®.... The absolute value bars indicate that
the orientation of A; must be preserved in the summation. The total spin angular
momentum S may also be computed by summing contributions from each electron, and
this approach is often used in lieu of summing axial components, as spin-axial coupling is
weak. If needed, the axial spin components are identified by o;, and the total axial spin is

defined as

2=|Z a,-l 2-7)
Now the axial component of the total angular momentum is given by

Q=|A+3| (2-8)

where A and X may have the same or opposite directions along the axis. The term

symbol
23+1 AQ

representing molecular electronic states may now be introduced, where 2X+1 is the
multiplicity, read as singlet, doublet, etc, and A, Q are as defined above. It is common to

replace Q by u or g, for the inversion symmetry of the orbital, as this is usually more
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informative. When it is desired to include both axial angular momentum and symmetry

in the notation, the following form is used
ZHA(Qy,)

where Q and u/g are as before and +/- refers to reflection symmetry. @

As with Hund's rules for atomic states, Hund's coupling cases may be applied to
identify and order molecular electronic states. These are limiting cases, and no molecule
is perfectly described by any one case. Depending on specifics such as the atoms
modeled and internuclear distances, different cases may best apply. For example,
case (a), which assumes weak spin-orbit coupling, leads to the states described above.
Case (c), which assumes strong spin-orbit coupling, leads to a different set of states
described by Mulliken's homonuclear diatomic coupling rules. (16) The details of these
cases and their correlation to one-another are beyond the scope of this discussion. (11

In addition to its translational and electronic energy, a free molecule can also
carry energy in vibrational and rotational form. According to the Born-Oppenheimer

approximation
Etot = Eelect + Evib + Erot (2'9)

these different energy forms are independent from one-another. An approximation to the

relative orders of magnitude represented by quanta of each form of energy is given by

AEq: AE,; : AE,  ~1:103: 10

elect -

Thus, a given electronic state can incorporate multiple vibrational substates (typically
dozens), which in turn can incorporate multiple rotational states (typically hundreds).

Transitions between electronic states always involve a dipole change, and thus always



yield electromagnetic emission/absorption spectra. However, only molecular vibration

which causes a change in dipole, or rotation of a molecule having a permanent dipole, can
produce such spectra. Whether or not vibrational and rotational transitions can be
directly observed, they can always be indirectly observed as coarse and fine structure,
respectively, superimposed on the electronic (or vibrational) spectrum of the molecule.
Typically, electronic spectra fall within the ultraviolet-visible region, pure vibrational
spectra (those involving only changes of vibrational state) fall within the infrared region,
and pure rotational spectra fall within the microwave-radio frequency region. @

Molecular vibration occurs in one or more modes, which describe various bends
and stretches of the molecular bonds. The more atoms in a molecule, the more degrees of
freedom, and thus vibrational modes, available. For example, the diatomic N, molecule
has only one mode of vibration, the stretch represented by the quantum number v,
whereas the triatomic H,0 molecule has three modes of vibration, the symmetric stretch,
the bend, and the antisymmetric stretch, represented by the quantum numbers V), Vo, and
v;. Thus, the vibrational state of a molecule having four non-degenerate modes would be
indicated by the notation (v,v,v;v,). Molecules resist some forms of distortion more than
others, leading to an energy-ordering of the associated quanta, although this ordering does
not in general correspond to the numbering of the modes. For example, the H,0

vibrational quanta are v,, v;, v; in order of increasing energy. (10

B. Bromine and Photolysis

1. Atomic Bromine

Bromine (Br) is a group VIIA element and a member of the halogen family,
which includes fluorine, chlorine, and iodine. It has atomic number 35, an atomic weight
of 79.92, and has two stable isotopes 7Br and 81Br which occur in nearly equal

abundance. Its electronic configuration is 4p%, meaning it is one electron short of a full

2-7




valence. @5 This gives rise to the term symbol 42P,,, representing the electronic ground
state. The electronically excited state 42P,, arises due to spin-orbit splitting, where the
term with the lower J value has the higher energy according to Hund's rules. The energy
separation between these states is 0.456 eV, equivalent to 3685 cm™! or a 2.71 um
transition wavelength, as depicted in Figure 2-1. @) The strongly forbidden electric dipole
transition 2P, , — 2P,, makes 2P, , a metastable state, with an Einstein A coefficient of
0.898 s, or a radiative lifetime of 1.12 sec. Thus, the fluorescence due to this transition

is expected to be very weak. (1)

F
2P 2
12 / AAA
3685.0 cm!
. 4
l 3
) v v 2
y ¥
1
P3/2 v
0

Figure 2-1. Energy level diagram for atomic bromine, showing fine and
hyperfine structure. The arrows indicate allowed transitions. 28

2. Molecular Bromine
Elemental bromine naturally forms a diatomic molecule, Br,. In this form
bromine is a liquid at room temperature, melting at 264 K, and boiling at 332 K. When

the two 4p’ orbitals of atomic bromine come together to form Br,, the resulting molecule
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has the ground-state electronic configuration (4pc,)*(4pm,)*(4pn,)*(4pc,)® or (2440),
with term symbol 1Z,*. Electrons can be excited into higher-energy configurations, such
as (2431) or (2341), giving rise to term symbols 3I1, and 1311, according to Hund's

case (a). Here, weak spin-orbit coupling splits triplet-pi states depending on the value of
Q, yielding 311(0,1,2). Further, the Q = 0 state is split by reflection symmetry into 0*
and 0~. 0D Figure 2-2 is a diagram depicting the interaction potential between the two
bromine atoms making up the Br, molecule. The ordinate is energy in eV and the
abscissa is internuclear distance in A. The ground state, as well as bound and unbound
excited states relevant to this work are shown, where the dashed line represents an
unbound state. Vibrational and rotational levels are omitted for clarity. If sufficient
energy is absorbed by the ground or triplet (1,) states, the molecule will dissociate to two
ground state bromine atoms. The same outcome will result if the molecule is excited
directly to the singlet (1,) state. However, of particular interest in this research, if the Br,
molecule can be promoted to the triplet (0,*) state, additional energy will result in

dissociation to one ground state and one excited bromine atom.

UleV]

I I T - rlA]

Figure 2-2. Potential energy diagram for molecular bromine. Solid lines
represent bound states; dashed line represents an unbound state. (1)




3. Absorption and Photolysis
As pointed out earlier, molecules can absorb photons via changes in electronic,
vibrational, and or rotational state. When monochromatic light passes through a

substance capable of absorbing photons at that wavelength, it is attenuated according to

Beer's Law
I=1e" (2-10)

where

I = transmitted intensity [W cm2]

I, = incident intensity [W cm-2]

N = concentration [molec cm-3]

1 = path length for absorption [cm]
and

o = absorption cross section [cm?] @9

Figure 2-3 is a graph of molecular bromine's room-temperature absorption cross
section for abscissa values in the range 2000-6000 A. The ordinate shows the decadic
absorption coefficient € given in liters mol! cm!, base 10, which can be converted to an

absorption cross section using

1000 In10
X

m z3.82X10_21 & (2"11)

olem’l= 8[7”—;),—’_—57]
The graph shows a continuum from 2000-5110 A and a banded structure from 5110-
6000 A, with peak absorption occurring at approximately 4200 A. (17 The discrete

(banded) structure appears due to resonant transitions between ground state and 3T1(0,*)
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vibration levels. 17 The absorption coefficient for Br, at 4880 A has been measured as
94.9 £ 0.6 liter mol-! cm! @3, corresponding to an absorption cross-section of 3.63 + 0.02

x 10-19 cm2.

€ - 5110 A

|
<

100

| I I | | I

| |
3000 5000
Wavelength [A]

Figure 2-3. Decadic absorption coefficient vs. wavelength for molecular
bromine, showing discrete structure above 5110 A. (17

Earlier discussion showed that a change in electronic state may lead to a
molecule's dissociation if a repulsive state is accessed, or if sufficient vibrational energy
exists before or is added after the transition. When this dissociation results from the
absorption of an incident photon, the process is known as photolysis. Generally, changes
in vibrational/rotational states alone (due to absorption of infrared or microwave
radiation) do not lead directly to molecular dissociation. The range of photon
wavelengths over which single-step photolysis is known to occur is about 110 nm
(ultraviolet) to 1.3 pm (near-infrared). 11 For the bromine molecule, absorption of
photons in the 4300-5106 A range leads to excitation of the 3T1(0,7) state, followed by
dissociation into one 2P;,, (ground state) and one 2P, (electronically excited) bromine
atom (1), as shown in Figure 2-2. Wavelengths shorter than 4300 A lead to the unbound

ITI(1,) state, which dissociates into two ground state bromine atoms (17), while
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wavelengths longer than 6300 A will lead to dissociation only from high vibrational/
rotational levels within the Br, ground state. (11),

As illustrated by the absorption graph above, the probability of a given transition
occurring varies with the wavelength of the incident photon. Even at a given wavelength,
an absorbed photon does not always access the desired state. The fraction of desired
photolysis products actually produced, out of the maximum possible (ie every absorption
is productive), is known as the quantum yield ¢. In this work we are interested in the
photolysis of Br, to produce Br(?P,,,). The quantum yield for this product has been

measured as 0.84 out of a possible 1 per incident photon at 488 nm. ©)

C. Carbon Dioxide and E—V Transfer

The carbon dioxide (CO,) molecule is a linear, triatomic molecule joined by
double bonds in the chemical configuration O = C = O. It has four modes of vibration,
including the symmetric stretch, the in-plane bend, the out-of-plane bend, and the
antisymmetric stretch. Since the bends are degenerate, only three quantum numbers are
needed to specify the vibrational state of CO,, yielding descriptors of the form CO,(100),
or simply (100) if the CO, is understood. 10 Figure 2-4 is a simplified energy-level
diagram for CO, showing the vibrational states and transitions relevant to this work, with
the scale calibrated in wave numbers. The Br(?P,,, — 2P,,) transition is included in the
graph for comparison, the significance of which is discussed below. 2D

CO, is of interest in this study because, as Figure 2-4 illustrates, its (101) and
(021) vibrational states are at nearly the same energy level with respect to the CO,(000)
ground state as Br(?P,,) is with respect to Br(?P;,,). This condition, described as rear-
resonance, makes possible (and efficient) the transfer of energy from excited atomic
bromine to ground-state CO, via a collisional process known as electronic-to-vibrational

(E—V) transfer. This quenching process (described in detail in the next section) results
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in the deactivation of excited bromine, and the promotion of CO, to a vibrationally
excited state, most likely (101). 22 The (101) state can now decay through a variety of
radiative and non-radiative channels, including the (101—-100) 4.3 pm emission. Itis
this transition which can serve as the basis for a laser operating in the 3-5 um

atmospheric window.

Energy [cm™]

E—>V (3685.0 cm )
4000 (@o01)= Br(2 n)
B (011)
3000

(001)

2500 | 4.3pm
2000 |- 2.71 pm
1500 (100
w00}~ _020
500 - 019 v
0 Br(zps/z)

Figure 2-4. Energy level diagram for CO,, showing near-resonance of the
(101) and (021) states with the bromine 2P, state. @) The fraction of
energy transferred to the (021) state has been shown to be negligible. ¢2)
Thin lines represent lasing transitions; thick lines represent E—V transfer.

D. Gas Kinetics

1. Deactivation Mechanisms
An excited atomic or molecular species can be deactivated in two basic ways: via

radiative or non-radiative transitions. Radiative transitions include spontaneous and
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stimulated emission, wherein a photon is released having energy equal to the difference in
states. The experiments performed in this work involve only the spontaneous process,

which is described in equation form by

Ax Kot s g1 o @-12)
where A* represents the excited species, A represents the ground state, hv represents the
energy of the emitted photon, and k,, is the Einstein A coefficient for spontaneous
emission. The units for k4 are sec-], indicating that the rate of radiative loss of A*
depends only on the concentration of A*.

Non radiative transitions are the result of quenching collisions with other bodies
or the walls of the container. Some or all of the excited state's energy may be lostin a
single collision, meaning several transitions may occur before the ground state is reached.
Collisions with other bodies may result in the transfer of translational, rotational,
vibrational, or vibronic energy. 8. Taking advantage of a known quenching mechanism,
for example an E->V process as in the case of Br(2P,,) and CO,, may allow access to a
desired excited state which cannot be directly accessed by other means. A simplified

view of such a process is given by

A*+B———IE“1B——)>A+B'r (2-13)
where A* is the original electronically excited species, B is the quenching species, A is
the ground state of A*, B is the desired vibrationally excited state, and k5 is the rate
coefficient for B quenching A*. The units for k5 are cm? molec-! sec-, indicating the
rate of loss of A* depends on the concentrations of both A* and B. In the simplified view
above, no accounting is given for other mechanisms by which B may quench A*. In fact,

many different vibrational levels may be accessible, each having its own associated rate
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coefficient @8), so that what is observed is actually a summation of the individual
coefficients. In most cases it is not possible to measure these coefficients separately, due
to rapid V-V transfer between vibrational states (20), but when isolation of a desired
quenching mechanism is possible, it may be reported explicitly, with a second rate
assigned to all other processes. When more than one quenching species is present, each
quenches the excited state at its own rate. Deactivation of the excited species by its
parent or a lower energy state is known as self-quenching. Free-body collisional
deactivation is generally much faster than wall or radiative deactivation, and, like the
latter, is unaffected by the size and shape of the container.

Collisions with the wall may result in deactivation according to the greatly

simplified formula

A* s wall e, 4 (2-14)

where k., is the rate coefficient for wall deactivation in units of sec!. These units
indicate that, like radiative relaxation, wall deactivation depends only upon the
concentration of A* (to a first approximation). However, unlike the other quenching
mechanisms discussed, wall quenching does depend on the dimensions of the container,
and will vary with the experimental setup. Further, a more detailed model of wall
deactivation reveals a pressure dependence, in that radial diffusion rates, which decrease
with pressure, can limit wall deactivation. Thus, the total observed wall/diffusion rate

coefficient is

1 1 1

(2-15)

+
k obs kwall kdiﬁ' (plol)
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where k,,, <!, and kg ocr2. 1) When total pressure is low or does not vary

significantly, k. and k,; may be combined to form the collision-free rate coefficient k.

2. Production and Quenching of Br*

The theory of the preceding sections is now applied to the case of a Br,/CO,
mixture under steady-state photolysis. The primary reactions which govern the
production and quenching of Br(2P1 1) (henceforth referred to as Br*) are identified
below, and from these an equation is constructed which describes the instantaneous time
rate of change in Br* concentration [Br*]. Solving this rate equation under steady-state
conditions leads to an expression for [Br*] as a function of several variables including
[Br,] and [CO,]. Rearranging this result leads to an equation representing an
experimental method for determining k.

The following equations describe the life-cycle of Br* from photolysis to
recombination, where it is assumed, as in previous work, that reverse reactions and other
reactions not included have an insignificant effect on the system. (11.28) Equation (2-16)
represents the photolysis of Br, via absorption of a photon of 488 nm light. Equations
(2-17) and (2-18) show the collisional Br* quenching mechanisms: self-quenching by
Br,, and total (ie all-channel) quenching by CO,. Equations (2-19), (2-20), and (2-21)
characterize the collision-free Br* quenching processes: radiative decay, wall

deactivation, and 3-body collisions involving another Br atom resulting in recombination

of Br,.
k
Br, + hv,,,, ——> Br+ Br* (2-16)
kBr
Br*+ Br,——— Br + Br, (2-17)
kCO [
Br*+CO,——=— Br +CO, (2-18)
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Br*—ﬁll——>Br +h0y 5 (2-19)

Br*+ wall — el _, gy (2-20)
Br*+Br+M-—kiL>Br2+M (2-21)
where
©C
k, = (h_) (2-22)
L 488nm
and
k, = pump rate coefficient [cm? watt! sec-]

¢  =quantum yield of Br* for photolysis at 488 nm [dimensionless]
o = absorption cross-section for Br, at 488 nm [cm?]

kg,, = self-quenching rate coefficient for bromine [cm3 molec! sec1]

keo, = all-channel quenching rate coefficient for Br* by CO, [cm3 molec! sec™!]
CO,° = any excited state of CO,

k, ,; =radiative decay rate coefficient for Br* [sec!]

k,aiu = wall deactivation rate coefficient for Br* [sec!]

k;g = three-body recombination rate coefficient for Br, [cmé molec2 sec!]

M  =any collision partner
The rate equation describing the above processes can be written

d[Br*] _
ar
— k[ Br¥BriIM]=(k .y + Ky {Br*]1=0 (steady - state)

k1, Br,)~ ks, [Br*1[Br, ]~ keg, [Br*ICO,] 023
where
[A] = concentration of A [atoms cm-3] or [molec cm-3] as applicable

I, =pump laser intensity [watt cm?]
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At the total pressures employed in this research (< 10 torr), diffusion in this
system has been found to be rapid, allowing the diffusion term in Equation (2-15) to be
dropped. D Thus, kg = kya Keps 18 said to be wan-timited), and k,, ,;,, may be
combined with k, 5, to form the collision-free rate coefficient k,. The three-body
recombination rate is small, and may also be disregarded in this analysis. (1) Equation
(2-23) may now be solved for steady-state Br* concentration, with the preceding
simplifications adopted, to yield

k,1,[Br,]

Br¥]= (2-24)
ks, [Bry 1+ ko, [CO ]+ k,

When information about the rate coefficients in the denominator of Equation
(2-24) is desired, measurements of steady-state emissive intensity may be employed. The
measured intensity of 2.71 um side-fluorescence is related to the Br* concentration by a
linear proportionality constant K, the value of which depends on the Br* spontaneous
emission rate and the multiple radiometric details of the detector system. The difficulty
in assigning an exact value to K is apparent when the number of contributing factors is
considered. However, a standard method exists whereby relative emissive intensities
may be used to find the relative magnitudes of the coefficients. @® If kp,. is known
absolutely, the other coefficients can be determined absolutely by first finding k, with no
CO, present, then finding k¢, with CO, added. The following is a description of the
application of this method to the determination of ky when kg, and ke, are known.

Taking the ratio of the emissive intensity with [CO,] = 0 to that with [CO,] # 0

L _ K[Br*]co,-o _ ko, [CO, ] N
Loy K(Br*lcom ko [Br]+k,

(2-25)

where
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I, ;; =intensity of 2.71 pm Br* side-fluorescence [watt cm=2]
19, ,, = intensity of 2.71 um Br* side-fluorescence with [CO,] =0 [watt cm?]

K =proportionality constant [watt cm]

Equation (2.25) has the form of a linear function

y=mx+b
where

x = [CO,]
10

y - 271
12.71

k
=— @ (2-26)

kg, [Bry]+ k,

b=1

Data for Br* side-fluorescence intensity vs. CO, pressure may now be collected,
each data point divided into the starting (zero CO,) intensity, and the quotients plotted to
form a linear graph. Equation (2-26) can then be applied, using the slope of the graph
and the known values of kBrz and kcoz to find k,, for the apparatus.

3. Production and Quenching of CO,!

A sequence of steps similar to that followed in the previous section may be used
to develop a mathematical description of the production and quenching processes for
CO,(101) (henceforth referred to as CO,t). Combining this and the previous results for
Br* leads to a proposed simple model for CO,! emission intensity vs. CO, pressure.

The following equations describe the life-cycle of CO,t from E—V excitation to

radiative decay, where it is assumed as in the Br* case that all significant processes have
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been included, an assumption which will be tested by experiment. Equations (2-27) and
(2-28) together model the total quenching of Br* by CO, , in the first case via the
CO,(101) production channel, and in the second case via all other channels. Equations
(2-29) and (2-30) describe the collisional quenching of CO,! by ground-state CO, and
molecular bromine. Equations (2-31) and (2-32) represent the collision-free wall and

radiative deactivation processes.

Br*+CO, L +Co,’ (2-27)

Br*+CO, —Kuser, p, +Co,’ (2-28)

co,' +co, —"KL-»CO2 +CO,’ (2-29)
t kQB

CO, + Br,—=——CO, + Br, (2-30)

CO," +wall—twaz s cO, 2-31)

co,’ —"A3—>c02 +hVy 3 (2-32)

where
kgy = quenching rate coefficient for Br* into CO,(101) [cm3 molec-! sec!]
Komer = quenching rate coefficient for Br* into CO,(not 101) [cm3 molec! sec!]
kyy =total V-5V relaxation rate for CO," [cm3 molec-! sec-!]
kos = quenching rate coefficient for CO," by Br, [cm? molec! sec!]
a2 = wall deactivation rate coefficient for CO,T [sec1]

k,; =radiative decay rate coefficient for CO,' [sec ]

Note that kgy and k., together form the all-channel rate coefficient k¢, . Since

we are primarily interested in the production of CO,(101), this quenching channel has
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been separated from all others. The rate equation for production and loss of CO,t which

follows from the above 1s

d[co,"]
a ¥
._.(k

wall

[Br[CO,1- b,y [CO,TICO,1- ks [CO,M I Bry]

(2-33)
, +k,)[CO,T =0 (steady- state)

As before, wall-limited operation is assumed, and the collision-free rate
coefficients are combined into a single coefficient ky’ =k, + k45 . Solving Equation

(2-33) for steady-state CO,' concentration yields

kgy [Br*]CO, ]

[CO2T] = ]
ky [CO, 1+ k[ Bry 1+ K,

(2-34)

Substituting Equation (2-24) for steady-state Br* concentration into Equation (2-34) gives

[CO,1 = ke [CO, ] { kplp[Br] } (2-35)
ki [CO,1+ ko [Bry] + &, | Ko lCOT+ Ry [Br ]+ ky
which has the form
A
Y= - (2-36)
(Bx+ 1)(Cx+1)
where
x=[CO,]
y=[CO,1]
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kyy

B=—-"—+
kos [ Br, 1+ k,

kco2

C=——"7"—
kBr2 [Br,]+k,

As in the case of the Br* emission, the measured intensity of the 4.3 pym CO,*
emission is related to [CO,'] by an unknown constant K’. Unfortunately, the same
procedure used to eliminate K cannot be used here to eliminate K’ because the emission
intensity at [CO,] = 0 is zero! Moreover, this or any similar technique involving an
inversion of the [CO,1] vs. [CO,] function %) would not lead to a simplified linear form.
An evaluation of this model must therefore rely on a straightforward fit of Equation
(2-36) to the experimental data. An overall assessment of this functional form should be
possible despite our ignorance of K’ and some of the rate coefficients (see Chapter IV). If
a satisfactory fit is obtained, wherein the constants A, B, and C assume reasonable values
based on known and estimated rate coefficients, it can be assumed that equations (2-27) -
~ (2-32) represent an adequate description of the significant kinetic processes in the Br*-
CO,t system. However, if no reasonable adjustment of coefficients and scaling factors
leads to an acceptable fit, then it must be concluded that the model is incomplete.

A description of the analytical tools to be applied to the experimental data having
been provided, it is hoped that the model for CO,' quenching proves sufficiently detailed
to explain observations or, if not, points the way to a more complete model. The
experimental procedures followed in evaluating this model are described in the next

chapter.
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III. Experiment

One of the objectives of this research was to demonstrate a working, CW E-V
laser prototype. For this reason, the configuration chosen for the apparatus was very
similar to that recently used by Johnson in demonstrating pulsed-photolysis Br* and
E—V lasers, rather than the simple reaction-cell arrangements used by Johnson and
others in studying Br* steady-state kinetics. (1) Prior to any attempt at lasing, the
kinetics of the system were to be studied via side-fluorescence measurements, to help
determine the conditions most favorable for lasing. The interesting and unexpected
results obtained in this phase of the experiment led to further investigation, ultimately
leaving insufficient time to proceed to the lasing phase. Although the apparatus was not
originally intended (nor optimized) solely for side-fluorescence studies, it was felt that
the kinetics data obtained using this system would most accurately reflect that of a

practical laser device.

A. Experimental Apparatus
This section describes the experimental setup used in this research. Figure 3-1
shows the layout of the main components in schematic form. Detailed descriptions of the

laser cavity, gas-handling, photolysis, detection, and data-collection subsystems follow.

1. Laser Cavity

The laser cavity consists of the gas cell/gain medium, Brewster windows, and two
end-mirrors. The gas cell is constructed from 90 cm of straight 1/2" OD glass tubing,
connected to the gas-handling system and the Brewster windows via Cajon Ultra-Torr T-
fittings. A 1" CaF, window is mounted in the cehter of the cell to permit observation of
the 2.7 and 4.3 pm IR side-fluorescence. The ends of the cell are capped by 2" lengths of

1/2" OD tube with 1" CaF, windows affixed at Brewster's angle (for 4.3 um radiation) of
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54.6 deg from normal. The Brewster windows are angled downward to minimize

hazardous reflection and maximize transmission of the vertically-polarized pump laser.

/L—————-[ Ar+ laser
tuming SR830 SR850 SR830
mirrors | /—"FeNe | | jockein amp |~ O lock-in ||| [~ lock-in amp
) o i §
. Si detectoi‘m-mN_H_,,,_w-tr ) i /' curved
turning e controller AP ¢/ mirror
H & et InSb detector K4
r1Sm § hopper o E =
P 0 :‘5"" 210Hz [ Q namowband fiter /Ko™
fla ” A = CaFy window [
mirror Z 7 — D
. CaF, ’ needle 5
pellicle Brewster valve 0
beam splitter window
— beam block
screen COy
tank

| Bro distillation
to vacuum pump

Figure 3-1. Diagram of experimental apparatus showing layout of major
components and control/data connections.

All CaF, windows are all Ealing model 36-1741, and are attached using 3M Torr-Seal
compound. The cavity reflectors are CVI Laser Corp. gold-coated mirrors, with R >
0.99; one is flat the other has a 5 m radius of curvature. The mirrors are placed 1.5 m
apart, well within the stability limit of the cavity. Mirror alignment is accomplished by
introducing the beam of an Oriel 5 mW HeNe laser into the cavity via a pellicle beam
splitter, which is removed after alignment is completed. The mirrors are adjusted until
the reflected spots all overlap, and a scintillating interference pattern is observed on the
Brewster windows and mirrors. As no output coupler is used, 4.3 um laser radiation is

measured via scatter off of the Brewster windows.
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2. Gas-Handling

The gas-handling subsystem consists of the Br, distillation section, the CO, tank,
and the vacuum assembly. The molecular bromine sample (Spectrum 99.5%) is stored in
and purified using the distillation apparatus. This is composed of two 1/2" OD glass test
tubes connected to one-another via Kontes Teflon-stoppered glass valves and a Cajon T,
which is in turn connected to the rest of the system via a Teflon valve. This arrangement
allows for purification of the sample via the procedure described in Section B, and
limited metering of bromine gas into the reaction cell. Normally, an excess of bromine is
introduced into the cell, which is then evacuated to the desired pressure before
introducing CO,. Due to adsorption of Br, by the cell walls, a significant amount of time
(about one hour) is required to season the cell before bromine pressure will stabilize. ®
For this reason, the cell is normally left filled with approximately 1.0 torr Br, in between
lab sessions.

The carbon dioxide sample (Matheson 99.995 %) is stored in a 300 psi lecture
bottle. The gas is routed to the system via a 10 psi regulator, ball valve, 1/4" Teflon hose
with Swagelok fittings, Nupro needle valve, and finally, a Teflon/glass valve. The Teflon
hose is pressurized by opening then closing the ball valve, leaving a reservoir of CO, in
the hose which is usually adequate for multiple data runs. The CO, is precisely metered
into the cell by the needle valve, which can provide flow rates from less than 1/10 to
hundreds of mtorr/sec. The Teflon valve is used to provide positive cutoff to the CO,
flow, which leaks through the needle valve at approximately 5 mtorr/min.

The cell is evacuated through a cold trap by a mechanical vacuum pump. A
Teflon valve prior to the cold trap closes off the system from the pump during
experiments. The cold trap, immersed in liquid nitrogen to freeze out contaminants
before they enter the pump and/or the room air, is removed from the system and taken to

a vapor hood to thaw after use. With the pump alone, the system can be evacuated to
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about 10 mtorr; with the cold trap in place, vacuum improves to 6 mtorr, due to the effect
of cryo-pumping. This degree of vacuum is adequate for the experiment, so no additional
evacuation method is required. After pumping for several hours to minimize the effects
of outgassing, the system leak rate is about 1 mtorr/min, again acceptable for this

experiment.

3. Photolysis

The Br, is photolyzed by the beam of a Spectra-Physics Model 164 Argon-Ion
(Ar*) laser operating continuously at 1.5 W, and tuned to the 488 nm line. The beam is
introduced into the reaction cell using a high-power turning mirror and two Newport
Model 10BR08 Bk7 prisms. The prisms are adjusted so that the beam passes through the
cavity at a slight angle to the lasing axis; a single pass is used rather than the originally
proposed double pass so that maximum overlap with the axis is achieved while avoiding
the cavity mirrors. Routing the pump beam out of the cavity allows monitoring both
incident and transmitted power. Using a Coherent Model 210 power meter to measure
losses with the cell empty leads to power transmission coefficients of about 0.61 for each
prism / window pair. Thus, the estimated pump intensity inside the cell is 100 + 10
W/em?2.

The Ar* laser beam is chopped by a Stanford Research Systems model SR540
chopper, at a nominal rate of 210 Hz for most experiments, so that side-fluorescence and
lasing signals can be sensitively detected using lock-in amplification. The chopper

controller provides a square-wave synchronizing output and a DC external control input.

4. Detection

The detection systems described here are used to continuously monitor cell
pressure, incident and transmitted laser power, and side-fluorescence emissions. Data
from all sensors is collected by a central recording device described in the following

section.




Total cell pressure is measured by an MKS model 690A 11TRA heated capacitive
manometer head (Baratron), with a range of 0-10 torr. The Baratron is controlled by an
MKS model 270C-4 signal conditioner, which provides a DC output proportional to the
measured pressure. A glass/Teflon valve is used to isolate the Baratron head from the
system when large pressure transients are expected. This helps avoid damage and/or loss
of calibration.

Ar* pump laser power is tracked by two Hamamatsu model S2281silicon
photodiodes attached to Oriel fiber optic cables. In each case, signal is attenuated by a
neutral density filter so that the detector operates in a linear response range. One detector
is positioned so that it measures light scattered off of the chopper wheel, in order to track
incident laser power. The other detector is positioned to measure light scattered off of a
graphite beam-block placed after the exit prism, in order to measure transmitted laser
power. The detectors produce an uncalibrated DC output proportional to the power of the
detected radiation.

Infrared side-fluorescence is measured by a Judson model J10D-M204-R02M-60
photovoltaic InSb detector and model PA-9-50 preamplifier combination. The detector is
mounted in a vacuum dewar and cooled by liquid nitrogen to 77 K. A sapphire window
in the dewar transmits IR radiation to the detector element, which has an active area
diameter of 2 mm, is sensitive in a 1-5 pm range, and produces a current proportional to
incident irradiance. The preamp provides two stages of amplification, the first with a
gain of 105 V/A, and the second with a gain of 10 V/V; each of which has a user-
accessible AC voltage output. A plastic cover mounted over the detector window is
modified to hold a small bandpass filter in place. Two Optical Coating Laboratories
interference filters are used: one with a specified 2.71 pm peak and 0.03 um FWHM, for
Br* emissions, and the other with a specified 4.32 um peak and 0.28 um FWHM, for




CO,! emissions. The transmittance profiles for these filters were verified using a Bomem

Michelson Interferometer Fourier Spectrometer, and are depicted in Figures 3-2 and 3-3.

Transmittance [%]
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Figure 3-2. Plot of percent transmitted intensity vs. wavelength in pm for
2.71 pm IR narrow bandpass filter. Note FWHM of 0.03 um and lack of
transmission in region of 4.3 pm CO,' emission. Depicted 0.02 pm shift
in peak transmittance is due to spectrometer calibration error.

The detector assembly is mounted on a translation stage, which is adjusted to
place the plastic window cover in direct contact with the CaF, observation window on the
reaction cell, so that the detector element is as close as possible to the IR source. This
arrangement proved quite suitable for the detection of the strong CO,! emission,

producing signals in the 1-5 mV range with large SNR; thus, no collecting/focusing




lenses were necessary. This setup was also adequate to detect the much weaker Br*
emission, but SNR was poor due to the relatively very low signal amplitude of 5-10 pV.
Some improvement might be expected in this case with the use of lenses -- Tate reported

signal strengths of 15-20 pV, albeit with a wider-bandpass filter. 28

Transmittance [%] 4.34
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0 J w
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Figure 3-3. Plot of percent transmitted intensity vs. wavelength in um for
4.32 pm IR bandpass filter. Note 0.28 um FWHM, depression right-of-
center. Depicted shift in center of passband (to 4.30 um) is due to
spectrometer calibration error.

Before the InSb detector became available, it was necessary to use another type of

IR detector in the side-fluorescence experiments. A Kolmar model KV103-0.1-A-2-

2SMA(.2) photoconductive HgCdTe (MCT) detector and model KA100-A1(AC)
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matched preamplifier were used, producing an AC voltage output proportional to signal
irradiance. Like the InSb detector, the detector element is enclosed in a vacuum dewar
and cooled by liquid nitrogen, with an external filter fitted over the detector window.
However, this element is designed to operate in the 6-12 um region, with peak
responsivity at 10.6 pum, and is optimized for response time rather than sensitivity, with
an active region of only 0.2 mm square. Thus, typical 4.3 um signal amplitudes were far
lower -- on the order of tenths of a pV -- than those achieved with the InSb system,

resulting in much lower SNRs for the data collected with the HgCdTe system.

5. Data Collection and Reduction

All data is collected and stored by a Stanford Research Systems model SR850
digital signal processing lock-in amplifier. In addition to the basic function of phase-
sensitive detection (PSD) and amplification of a modulated input signal, this unit
provides four auxiliary analog inputs, four auxiliary analog outputs, a CRT graphic
display, a trace memory, mathematical functions, and a built-in 3.5" floppy disk drive.
The system is capable of monitoring up to seven external devices, controlling up to four
external devices, and recording, analyzing, and saving data from up to four sources.

The output from the detector preamp is connected directly to input A of the
SR850, the PSD input, which is set to AC coupling, floating ground, both line filters
activated. The low pass filter is set to four stages (24 dB/octave), and the time constant is
set to either 300 msec or 1 sec, depending on the sample rate used. Sample rate varies
from 1/8 Hz to 16 Hz as needed, but is typically 1/4 Hz for a 15 minute run. The
sensitivity setting depends on the detector; 1 uV is used for the HgCdTe and 5 mV is
used for the InSb. The chopper synch output is connected to the external synch input of
the SR850, which is set for external reference, positive-edge triggering. The external
control input of the chopper controller is connected to the OUT1 auxiliary output of the

SR850. This gives the lock-in amp remote control of the chop frequency, allowing a



synchronized sweep of frequency vs. time. Pins 1 and 8 of the Baratron signal
conditioner's remote interface connector provide a DC cell-pressure signal to the AUX1
input of the SR850. The Hamamatsu Si detectors are each connected to a separate SRS
model SR830 DSP lock-in amp, which is similar to the SR850, but lacks the display and
recording capabilities. These amplifiers are necessary to convert the modulated Ar* laser
power signals back to DC so that they can be recorded by the SR850. The channel 1
output of each SR830 is connected to an auxiliary input on the SR850; AUX2 records the
incident Ar* laser power signal, and AUX3 records the transmitted Ar* laser power
signal.

During a timed data run, the SR850 samples data at the preset rate, and stores it in
memory as a frace. There are four user-defined traces, each of which can be programmed
to store raw data from the various inputs, or processed data, such as the results of simple
real-time computations. Normally, amplified detector, cell pressure, incident laser power,
and transmitted-to-incident power ratio (I/I; = AUX3/AUX2) signals are recorded. For
some experiments, chop freciuency is recorded in place of incident laser power. The I/I;
ratio is used in place of I, alone to compensate for any drift in the laser's output. Due to
the lack of calibration of the power signals, this ratio is proportional to but not identical to
the overall transmittance of'the cell. However, the actual transmittance of the cell's
contents can be determined by normalizing I/I; to the empty-cell vatue (I,/1,),. Stored
traces are saved to disk in both ASCII format, and as SR850-specific trace files. ASCII
data files are transferred to a personal computer, and imported by Microsoft Excel. ©)
This software and Jandel Scientific's TableCurve 2D @7 are used to format, analyze, and

present the data.

3-9




B. Experimental Procedures

This section explains in detail the experiments which were performed in this
research. It begins with a description of the bromine sample purification process. While
most other routine procedures (ie those which are considered part of the set-up, and yield
no experimental data) are explained in the apparatus section, the exact process used to
prepare the Br, is considered important, as it may have some bearing on the experimental
results. The next two experiments, measurement of the absorption coefficient of Br, and
the collision-free quenching coefficient k, were intended both as confidence-builders, and
to obtain needed background data for analysis of subsequent experiments. The final three
experiments, quenching, long-term steady-state behavior, and response to chopping
frequency of COZT fluorescence, all have bearing on the construction of a CW E—V laser
device. As mentioned in the introduction to this chapter, this line of investigation was
pursued in lieu of an attempt at lasing, due to time limitations, and because preliminary
results indicated that a better understanding of the fundamentals should be achieved

before proceeding.

1. Br, Sample Preparation

The most likely contaminants present in any significant concentration in the Br,
sample are the atmospheric constituents nitrogen, oxygen, carbon dioxide, and water.
The first three have freezing points well below that of molecular bromine, while the last
has a freezing point well above bromine's, in addition to a lower vapor pressure. It is thus
possible to remove these contaminants by a repeated freeze/thaw and evacuation process.

The sample is first loaded into one arm of the distillation apparatus, in enough
quantity to last throughout the research (several milliliters). The sample is frozen by
immersing the arm in liquid nitrogen, after which it is exposed to the vacuum of the
reaction cell and allowed to warm. As the sample thaws, the unwanted gases boil off,

increasing the pressure in the cell. As the bromine warms further, its vapor pressure
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causes a sharp increase in the cell pressure, at which point the distillation section is closed

off from the vacuum. Now the empty arm is immersed in liquid nitrogen, creating a cryo-
pump that condenses bromine vapor into that arm, while refreezing the bromine in the
first arm. The first arm is closed off, allowing the sample to thaw, then reopened,
allowing more bromine vapor to condense into the second arm. This process is repeated
until the majority of the original sample has been distilled into the second arm. Now the
second arm is closed off, and the first arm opened to the cell, so that the remaining
sample, including any water contamination, is drawn off to vacuum. This entire
distillation process is repeated several times to ensure complete purification of the
sample. (19)

2. 488 nm Absorption

The absorption experiment was intended to serve two purposes. The first was to
measure the absorption coefficient of Br,, as a confidence-check of the system and the
theory, and to provide information for later analysis. The second purpose was to calibrate
the Si detectors and lock-in amps for direct measurement of Br, pressure in the cell.

In all experiments, the Ar* laser beam was blocked between the chopper and first
Brewster window while setting up for each data run. This procedure ensures positive
control of the start of photolysis, while still allowing the incident laser power to be
monitored for stability. The cell was completely evacuated, then filled with 5.0 torr of
bromine and allowed to stabilize in pressure. Next, the laser was unblocked, and the data
run started. The vacuum valve was opened slightly and adjusted for a gradual evacuation
of the molecular bromine, timed so that complete evacuation occurred near the end of the
15 minute run. During the run, I/I; and total cell pressure were recorded at 4 sec

intervals. Two data runs were recorded to assess consistency.
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3. CO, Quenching of Br*

In previous AFIT work, Tate attempted to measure the quenching of Br* by CO,
via a method similar to that described here. 28 Johnson later showed that the interference
filter Tate used failed to properly isolate the 2.71 um Br* emission, resulting in flawed
data. 11 Johnson went on to use both pulsed and steady-state photolysis studies to
measure kg, and k¢, and determine k, for his apparatus. This experiment employs
steady-state photolysis to observe CO, quenching of Br*, not for the purpose of
measuring k¢ , Which has been well established previously, but to determine k; for this
system, which is used in subsequent analysis.

For this and all other side-fluorescence experiments performed, the cavity mirrors
were blocked to eliminate the possibility of stimulated emission affecting results. The
InSb detector was used with the 2.71 pm filter installed. The cell was evacuated, then
filled to 1.00 torr, and allowed to stabilize. Data was collected for 30 sec with the laser
blocked, allowing baselines for pressure and detector noise/background signal to be
established. Next, the laser was unblocked, and a baseline Br* signal was recorded for 30
seconds. At 60 sec, CO, flow was initiated at a rate of about 4 mtorr/sec. Total cell
pressure and InSb detector signal were sampled at 1/4 Hz for 10 minutes, during which
CO, pressure reached 2.2 torr. A second run was accomplished, this time increasing the
CO, flow rate after the first 500 mtorr, yielding a final CO, pressure of 7.7 torr.

4. CO, Quenching of CO,’

As pointed out by Johnson, Tate's Br*-CO, quenching experiment was flawed in
that the filter used also allowed the transmission of 4.3 um CO,' emissions. What was
actually seen included the effects of CO,t quenching by CO,, which is why Tate was
unable to model the data. ?8) In light of this realization, it was desired to revisit Tate's
experiment (with a better filter) to see if the results could be recreated, and if so, whether

an improved model could be found to explain them.
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The 4.3 um filter was installed on the HgCdTe detector, allowing isolation of the
CO,t signal. The laser was blocked and the cell evacuated, then filled to the desired
bromine pressure and allowed to stabilize. Br, pressures of 500, 750, 1000, 1250, and
1500 mtorr were tested. 10 minute runs were conducted as described above, during
which CO, was added to the cell at a rate of 1-2 mtorr/sec, achieving final CO, pressures
of 750-1000 mtorr. More runs were conducted, this time increasing the CO, flow after
250 mtorr, so that final pressures of 2.5-3.0 torr were reached. When the InSb detector
became available, additional runs at 1000 mtorr Br, were conducted for comparison, and

to provide cleaner data for analysis.

5. Steady-State Signal Decay

Pressure-domain plots of CO,-CO, quenching data indicated something
unexplained was occurring. Since CO,' data had originally been recorded in the time-
domain, it was desired to find out whether some ﬁnderlying temporal phenomenon might
be distorting results. A series of experiments was performed, beginning with a look at the
long-term behavior of the side-fluorescence under static conditions. This, too, yielded an
unexpected result -- a decay in the signal over time. Subsequent experiments constituted
a sort of detective game, wherein several possible mechanisms for the decay were
explored. The following is a description of procedures only; the rationale and results are
held until the next chapter.

For most of the experiments in this series, a standard fill of 1000 mtorr of Br, and
100 mtorr of CO, was used to enable direct comparison of results. Exceptions to this rule
are specified. The majority of tests were conducted with the InSb detector in place, so
data was of high quality. Data recorded for each run included IR detector signal, total cell
pressure, incident Ar* laser power, and the transmitted-to-incident power ratio. Each run
started with blocking the laser, and evacuating the cell for several minutes until below 10

mtorr. 5-10 torr of bromine was introduced into the cell from the distillation section, then
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then the valve tightly closed. The cell was immediately pumped down to about 200 mtorr
above the desired pressure, then allowed to stabilize for several minutes. This always
resulted in a reduction in total pressure as bromine adsorbed to the walls to replace that
lost during evacuation. Once stabilized, the bromine pressure was adjusted down to the
desired value by opening the vacuum valve slightly. Following the above procedure
yielded pressure stability (without photolysis) of better than 1 mtorr/min, on average.
Next, CO, was introduced into the cell (if required) in the desired quantity, and the
positive-shutoff valve tightly closed. Before photolysis and data collection were begun, a
five minute gas-mixing period was allowed. This step eliminated the signal delays and
transients upon initiation of photolysis that were initially observed in these experiments,
and led to very consistent results.

After the above procedures were accomplished, data collection was initiated
following several different profiles. The laser was unblocked either immediately, after a
specified delay, or according to an on-off-on-off pattern. Several examples of each
profile were recorded with the 4.3 pm filter in place. The first profile was also followed
with the 2.7 pm filter in place, with and without CO, added to the bromine. Different
mixtures of Br, and CO, were tried. One series looked at a constant Br, pressure of 1000
mtorr with very small amounts of CO, added (0, 1, 5, and 10 mtorr); another series
looked at a variety of mix ratios, with all combinations of Br, at 500/1000/2000 mtorr
and CO, at 50/100/200 mtorr examined. Data runs ranged from 10 to 60 minutes long,
with sampling rates of from 1/2 Hz to 1/16 Hz, where slower rates were used for longer
runs to keep the number of data points manageable.

6. Chopping Frequency Dependence

In order to employ phase-sensitive detection techniques, the detector signal must
be modulafed at a known frequency. Additionally, many detector/preamplifier sets are

AC-coupled (such as the HgCdTe system), and likewise require a modulated signal. In
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this experiment, there are two ways the chopper can be used to provide the necessary
signal modulation.

The first way is to insert the chopper wheel between the CaF, window and the
detector, so that only the side-fluorescence signal is chopped. This has the advantage of
allowing continuous photolytic pumping of the reaction cell, as in a CW laser device,
yielding the most realistic view of the applicable kinetics. A disadvantage of such an
arrangement is that it places the chopper directly in front of the detector window, creating
a wide field of view for the chopped signal. This greatly increases the IR background,
leading to a reduced signal-to-noise ratio and greater sensitivity to changes in ambient
conditions. This effect can be minimized somewhat by the use of shielding, but in the
case of this apparatus, a greater difficulty exists. Because the detector window must be
placed directly against the CaF, window (in the absence of a lens system), there is no
room to insert the chopper wheel between them.

The second way the chopper can be used to provide the necessary signal
modulation is to insert it in the path of the pump laser beam. This method, used here of a
necessity, was also employed by previous AFIT workers in steady-state
experiments. (11.28) Besides the advantage of minimizing background noise by creating
an inherently modulated side-fluorescence signal, this approach also allows great
flexibility in the positioning of the chopper (anywhere along the pump beam). However,
the disadvantage is that the intermittent photolysis no longer exactly models a CW
system. It had been assumed that this detail posed no great problems, in that the kinetic
processes under investigation occur on such short time scales that a chop rate on the order
of hundreds of hertz should be equivalent to continuous pumping, albeit with a 50%
reduction in average power. It was desired to test this assumption, in 01.'der to assess the
applicability of experimental data collected with a modulated pump beam to the

construction of a CW laser device.
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Five-minute data runs were conducted, with a 1/4 Hz sample rate and 300 ms time

constant, wherein the SR850 lock-in amp was programmed to provide a linear voltage
sweep at OUT], thus varying the chopper frequency from 20 Hz - 3000 Hz during the
course of a scan. The short scan time was chosen both to save wear on the chopper
motor, which should spend limited time operating above 2000 Hz, and to minimize the
effects of steady-state signal decay. To further compensate for signal decay, scans were
conducted with both increasing and decreasing chopper frequency. The cell was prepared
with a standard 1000/100 mtorr Br,/CO, fill, the laser unblocked, and the run started.
Detector signal and external reference (chop) frequency were recorded. Both IR detectors
were used, and each detector was tested under illumination by a constant white-light
source (with chopper and filters in place) to ensure flat response characteristics for the

detector/preamp/lock-in amp combination across the desired frequency range.
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IV. Results and Analysis

A. 488 nm Absorption

The absorption procedure was intended to provide an experimental value for the
absorption cross section 0,44, to be used in later analysis, and to calibrate the system for
direct measurement of Br, concentration in the cell. While good results were obtained

relative to the first objective, the second objective proved harder to meet.

1. Absorption Cross Section

The ratio of transmitted-to-incident laser power (I/I;) was recorded for bromine
pressures up to 5.0 torr. Two data runs were accomplished, yielding graphs of the
exponential form shown in Figure 4-1 below, where I/, figures have been normalized to

the starting (empty-cell) value (I/1,),.
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Figure 4-1. Graph of normalized transmittance (I/1,)/(I/L,), vs. Br,
pressure for 488 nm radiation.




Taking the natural logarithm of both sides of Equation (2-10) yields

Av (—I—] =-oNI 4-1)

This is a function of the linear form

y=mx+b
where
y =In (V1;) [dimensionless]
m=-col [cm3]
x =N [molec cm3]
and
I=1/1
Iy=(,/ L)

The proportionality constant between concentration N and pressure p is 3.33 x
1016 molec cm™! torr! at 290 K. Factoring this constant into m allows -In(I/I;) to be
plotted versus pressure, as shown in Figure 4-2. The absorption cross section may now
be calculated from the slope m’ of this linear fit using

m!
o=-—ro— 4-2
(3.33x10')/ “42)

Substituting a path length of 90 cm and the slopes resulting from the two data
runs, Equation (4-2) yields the values for o listed in Table 4-1 below. Also reported are
the average of these values and a comparison value interpolated from a table compiled by

Seery and Britton. @3 The measured value of o,4; agrees with the accepted value to




within experimental error. For the sake of consistency, the experimentally determined

- In (lfio)

value will be used in subsequent calculations.
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Figure 4-2. Graph of -In(I/I,) vs. Br, pressure for 488 nm radiation.

Table 4-1. Br, Absorption Cross Section at 488 nm

" Data Run Experimental Value Previous Value
(1019 cm?) (10-1% cm?)
1 3.69
2 3.50
average 3.60+0.10 _ 3‘.63
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2. Br, Concentration

If the cell is known to contain only pure molecular bromine, the Br, concentration
[Br,] can be determined easily from the total cell pressure (p,,,), and any change in p,,
indicates a change in [Br,]. Since the resolution of the pressure-measuring equipment
used in this experiment is 1 mtorr, with a noise level of = 2 mtorr in the output signal, an
absolute detection limit of 2 mtorr exists for changes in cell pressure. This corresponds
ta detecting a 0.2 % change in [Br,] at the standard 1000 mtorr bromine pressure used in
most of the experiments. However, if other gaseous constituents exist in the cell (such as
CO,, contaminants, or reaction products), a change in cell pressure does not necessarily
indicate a change in [Br,]. Likewise, constant cell pressure does not necessarily indicate
constant [Br,], since a change in the partial pressure of Br, (pg,,) could be masked by an
equal-magnitude change in the partial pressure of another species (or the appearance of a
new one), such that p,, remains constant. Thus, a direct method for monitoring [Br,] is
desired.

One such method, which has the advantage of requiring no additional equipment
beyond the cell pressure sensor, involves measuring the pressure change Ap which occurs
in the cell upon initiation of photolysis. Under photolysis, the atomic bromine
concentration increases until equilibrium between dissociation and recombination
processes is achieved. Since two Br atoms replace each Br, molecule dissociated, the
fractional pressure increase (Ap/pg,,) corresponds to the fraction of the total Br; in the cell
photolyzed, which in turn corresponds (approximately) to the ratio of the volume of the

pump laser beam to the total cell volume (V,,,/Vey). If the fixed ratio Ap/pg, is

pump

- determined, either by estimating V. /V ., or (better) by taking several calibration

pump
measurements at known bromine pressures, a linear plot of Par, VS Ap may be

constructed, and Ap measurements may be used to monitor py, .
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The disadvantage of the above method is that poor precision is obtained when
Vpump/Vcen (and thus Ap/pg, ) is small, as is the case for the apparatus used in this work.
Assuming Ap/pg,, ~2 % , an estimate consistent with current observations and with the
findings of both Tate and Johnson using similar equipment (11:28), the known resolution
limit of 2 mtorr for Ap measurements leads to a resolution limit of 700 mtorr for pg, !
This represents a 10 % change in [Br,] at the standard 1000 mtorr bromine pressure, or
fifty times the resolution limit available in the earlier case of a cell containing only pure
bromine. The low precision offered by the Ap method in the present case requires that a
different method be sought for directly monitoring [Br,].

Another direct method for determihing Br, concentration, which has the
advantage of being unaffected by the relative volumes of the cavity and pump beam, is to
use absorption measurements. The disadvantage of this approach is that additional
equipment is required in the experimental setup (as described in Chapter III). Using
Equation (2-10), it can be shown that a 2 % change in [Br,] leads to an approximate 2 %
change in transmittance of 488 nm light, for a path length of 90 cm and bromine pressure
near 1000 mtorr. Since changes in transmittance of less than 1 % are detectable,
corresponding to a pg, resolution limit of less than 10 mtorr, recording the trace of I/I;
during each experiment was expected to yield a much more sensitive record of Br,
concentration than the pressure-change method described above.

Unfortunately, this technique could not be successfully employed. Early data runs
showed a steady increase in the measured transmittance of the cell during photolysis,
indicating a loss of Br, which might account for the loss of steady-state signal described
later in this chapter. However, it was found that the increase in measured transmittance
over time always occurred, with or without active photolysis, and even with the cell
evacuated. Since available time did not allow for a thorough diagnosis of this suspected

equipment problem, and its effect was significant enough (~ 5 % per hour) to obscure any




genuine small increase in transmittance, further attempts to precisely monitor bromine

concentration via this method were abandoned. Nevertheless, an upper limit was set for

Br, loss, as no greater change in transmittance than 10 % per hour was ever observed.

B. CO, Quenching of Br*

The Br* quenching experiment was performed to determine the collision-free rate
coefficient k; for the apparatus, both as a confidence-building test of theoretical
expectations, and to provide information needed in later analysis. Nothing unexpected
was observed, and a satisfactory value for k, was found.

Two data runs were conducted as described in Chapter III, wherein the 2.71 pm
Br* emission was monitored as CO, was added to the system. Equation (2-24) predicts
that Br* emission intensity should fall off essentially as the inverse of CO, pressure,
approaching zero as [CO,] continues to increase. Further, the long lifetime of Br* means
that a very low emission intensity is to be expected. Both of the preceding effects were
observed, as the example in Figure 4-3 shows.

This graph, reflecting a typical result, clearly shows a decay toward zero as more
CO, is added. The fact that the 2.71 pm emission is exceedingly weak is evidenced by
the very poor signal-to-noise ratio achieved; in fact, the trend toward zero is lost in the
noise beyond about 5.0 torr of CO,.

An attempt was made to analyze this data by the method outlined in Chapter II,
beginning with fitting a line to a graph of I/I, per Equation (2-25). However, due to the
excessive noise in the signal, very large excursions in I/I occur, particularly where data
~ points appear on or near the x-axis, making a satisfactory and meaningful linear fit very

difficult (see Figure 4-4).
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120
¢ o lo/l Data
100 - Best Fit Line
80
60
° (-]
40 o
& ’ ° ’
©
° ©
20 o, ) ©
< Y o
° hd S ey oodpo > o o K °
0 W ot Ao o %$°o°% \ |
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0

CO2 Pressure [torr]
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Because the linear fit yielded poor results, an alternative to this standard approach

to analyzing the data was selected. Equation (2-25) was inverted, yielding

12.71 - kB"z [Brz] + ko (4_3)
L., kco, [co,]+ ks, [Br,]+k,
having the form
1
= 4-4
Y dx+1 -4
where
x=[CO,]
= Lan
1(2).71
k
— 4-5)

A= ——F—r
kBrz [Br, 1+ k,

The data of Figure 4-3 were normalized per the left side of Equation (4-3), then
Equation (4-4) was fit to the resulting graph using TableCurve2D. The result of this fit,
representing a significant improvement over the previous linear fit, is depicted in Figure
4-5. Since ke, kg, and [Br,] were known, k;, could be determined from the best-fit
value for A. Applying Equation (4-5), with the best-fit value A =1.97 +0.15 and the
known values 1) kqq =13.16 £ 0.245 x 1012 cm? mol-! sec”l, ky, = 1.24 £ 0.08 x 10-12

~ cm3 mol! sec!, and [Br,] = 1.00 torr, yields the value for the collision-free rate
coefficient k,=1.82 + 0.18 x 105 sec’!. This process was repeated for the first data set,

yielding a different value for k,. The results of both data runs are presented in Table 4-2.
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Figure 4-5. Graph of normalized 2.7 pm emission data vs. CO, pressure
and best fit of Equation (4-4), with r2=0.94 (cf. r2=0.21 in Figure 4-4).

Table 4-2. Results of Collision-Free Rate Coefficient (k,) Experiment

Data Run Fit Parameter A Experimental Value of k,
. (105 secl)
1 1.97 +0.15 1.82+0.18 "
2 2.28+0.20 1.52+0.17
Average_ _ _ 1.66 +0.23 _

The value determined for k, was approximately 14 times larger than that found by

- Johnson for his apparatus (1D, but this is not unreasonable considering the different

construction of the two systems. Johnson's reaction cell had an inner radius of 3.3 ¢cm,

whereas the cell used in this experiment has an inner radius of only 0.48 cm. This

difference alone suggests a factor of 7 increase in the wall deactivation rate, according to




Equation (2-15). There are undoubtedly other contributing factors not addressed in the
simplified model of Chapter II, such as the greater internal surface area of the current
apparatus, but precise identification of these factors is beyond the scope of this work. It
is sufficient to note that differences in k are expected between different physical systems,

and that a reasonable k, has been measured for this apparatus.

C. CO, Quenching of CO,!

The CO, quenching experiment was intended to recreate Tate's inadvertent
observation of steady-state CO,t quenching, and to test the suitability of the mathematical
model proposed in Chapter Il toward describing the results. While Tate's results were
duplicated, a need was found for further revision of the theoretical kinetic model.

Multiple data runs were conducted following the procedure outlined in
Chapter III, wherein the 4.3 um CO,' emission was monitored, for several different Br,
pressures, as CO, was added to the system. In all cases the shape of the resulting signal-
versus-pressure curves very closely matched that reported by Tate. 28 A sharp rise in
fluorescent intensity was seen as CO, pressure increased to about 100 mtorr, followed by
a peak and subsequent decay toward an apparent non-zero limiting value. A
displacement of the peak and a slower decay rate were observed as higher bromine
pressures were tested. This smoothing effect is apparent in Figure 4-6, which shows the
results of two data runs conducted at bromine pressures of 500 and 1000 mtorr.

It was suspected that the smoothing trend depicted in Figure 4-6 resulted from an
overall decrease in the [CO,)/[Br,] ratio as Br, pressure was increased. To test this
assumption, the data for each run were plotted against the [CO,}/[Br,] ratio and
compared. In all cases this modification resulted in a very close agreement between the

shapes of the curves, as illustrated in Figure 4-7. It is thus evident (and not surprising)
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that the [CO,]/[Br,] ratio determines the degree of CO,' quenching, rather than the CO,
pressure alone. Since this modification amounts only to a rescaling of the pressure-axis,
the functional form of the model proposed in Equation (2-35) is not changed, and a fit of
Equation (2-36) to the data should still be possible.

In order to isolate the unknowns and simplify the evaluation of the fit results, it is
desired to fit Equation (2-35) directly to the experimental data, rather than the generic
form of Equation (2-36). This poses no problem, as the curve-fitting software allows
complex user-defined functions, incorporating fixed constants and multiple fit
parameters. Equation (2-35) includes two rate coefficients for which no established
values exist: kqp and ky'. In addition, the unknown proportionality constant K’ relates
the measured emission intensity to the concentration [CO,f]. These three unknown
factors constitute the fit parameters for the model. If a good fit to the data is obtained,
wherein the fit parameters assume reasonable values, the form of the model is validated.
Before such an assessment can be made, however, expected ranges for the fit parameters
kgg; K¢', and K’ must be identified.

The rate coefficient for Br, quenching of [CO,'] is not well-established.
However, based on a table of collisional quenching rate coefficients compiled by
Tate %), an expected range of 1 x 1016 <kgp <3 x 10-10 cm? molec-! sec'! (approaching
the gas-kinetic limit) seems reasonable. The collision-free deactivation rate of [CO,] is
known to be much slower than the V-V transfer rate (kyy[CO,]; ¢ 1orr = 4-33 x 106
sec'! 9)), leading to an estimated expected range of 1x 102<k, <1x 106 sec!.
Although an accurate estimate of K’ is not attempted, this scale factor contributes little to
the shape of the function, and thus does not impact the overall assessment of the model.

The previously reported values for kg, , kco,, and k;, are now substituted into
Equation (2-35), along with the known values kg, = 5.6 £ 2.8 x 10-12 cm? molec'!

sec! @0), kyy =1.3 x 1010 cm? molec! sec! ©), k= 0.697 cm? J-! (Equation (2-22)),
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and I, = 57 W cm2 (the laser intensity at the center of the cell for 1.0 torr Br,), where k,

and I, have been calculated using the measured value of 6,45. TableCurve2D is

employed to fit this function to an experimental data set, as shown in Figure 4-8, and

assign values to the fit parameters.
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Figure 4-8. Evaluation of kinetic model for CO, quenching of CO,' at
1000 mtorr Br,. Note the greatly improved SNR attained with the InSb
detector.

A qualitative view of Figure 4-8 clearly indicates a discrepancy between the
proposed kinetic model and the actual system. Notable differences between the depicted
curves are apparent in the shape of the peak and the limiting value as CO, pressure
increases. The measured fluorescence rises more quickly and peaks more sharply than

predicted by the model. Further, as seen in Figures 4-6, 4-7, and 4-8, the fluorescence
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approaches a non-zero limiting value with increasing CO, pressure, rather than decaying
to zero as the model dictates.

The quantitative view also indicates a problem with the model. The numerical
values obtained for the fit parameters are K'~2.05x 10-11, kop = 6.14 x 10-11, and
ko' ~2100. While the latter two fall within the expected ranges established earlier, there
is substantial uncertainty in these values. TableCurve2D reports an r2 coefficient of only
0.90, with standard errors of 9.98 x 10+ for kyp and 3.32 x 1 0'! for k' -- obviously there
can be little confidence in the reported nominal values!

Clearly a revision in the mathematical model is called for. The most obvious
problem with the current form is its prediction that CO, concentration decays to zero as
CO, is increased, when it is observed that 4.3 um fluorescence -- and thus [CO,1] -- in
fact approaches some non-zero value. However, the model as presently formulated
reflects the best current understanding of the significant kinetic processes, as outlined in
Equations (2-27) to (2-32). According to this theory, the only significant production
channel for CO,! is via E—V transfer from Br*. Initially, added CO, leads to the
production of CO,' as Br* is quenched. When CO, concentration is increased beyond a
certain level, rapid V-V self-quenching of CO,T becomes dominant, and the steady-state
CO, concentration is reduced. Here a primarily downward cascade through lower
vibrational energy states is postulated for CO,, ultimately resulting in total depletion of
CO, at high CO, concentrations. What is lacking in this theory is a mechanism by
which the CO,(101) state can be populated by some means other than the E—V channel,
as is apparently observed in the experiment. The nature of this mechanism must be
understood before a mathematical model can be applied.

It has been suggested that if lower vibrational states are sufficiently populated, as

is likely the case under continuous V—V quenching of CO,1, it may be possible for a
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reverse process to occur wherein these states interact to repopulate the CO,(101)

state. 19 For example, the reaction

CO,(101)+ CO,(000)—— CO,(100) + CO,(001) (1-1)
is a known quenching channel for CO,*. (© Perhaps this can be rewritten

CO,(101)+ CO,(000)«—> CO,(100) + CO,(001) (4-6)

implying a V—V equilibrium exists. The introduction of a reverse reaction, with

associated rate-coefficient k., leads to an additional term in the rate equation (2-33)

d[co,n
dt

= kgy [Br][CO,}-kyy [CO, NCO -k, [CO, T4k, [100][001  (4-7)

where ki’ now includes kqp[Br,].

If Equation (1-1) describes the only production channel for (100) and (001), the
above modification changes only the effective value of kyy;, leading to no revision in the
functional form of Equation (2-36). However, if other production channels for these
states are allowed (a reasonable assumption), the form of Equation (2-36) is modified as

follows

A[CO,] , DI100]1001]

[CO," =
(B[CO 1+ D(C[CO,]+1) C[CO,]+1

(4-8)

Although the first term in this equation decays toward zero as before, the presence
of the second term makes possible the decay of [CO,'] toward some non-zero value. The
behavior of this term in the limit of large CO, concentrations depends on the functional

relationship between [CO,] and [100], [001], which may involve several intermediate
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reactions. While no attempt is made in this work to identify this relationship exactly, for
illustrative purposes the simple relation [100][001] < [CO,] is assumed. This yields the

functional form

Ax Dx

Y Br+1)Cx+1)  Cr+l (4-9)

where decay to a constant non-zero value now occurs as x (representing [CO,] as before)
increases. This revised form is fit to the data of Figure 4-8, resulting in the improved fit

shown in Figure 4-9.
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Figure 4-9. Evaluation of revised kinetic model for CO, quenching of
CO,t. Note the improvement over the previous fit, with 12 =0.96 in this
case, cf. 2=0.90 in the case of Figure 4-8.
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Equation (4-9) still represents an imperfect description of CO, quenching
kinetics, but a clear improvement over Equation (2-36) has been made, suggesting
progress in the right direction. It must be emphasized that the revised model of Equations
(4-6) to (4-9) is largely speculative, and certainly simplistic. The exact details of the
proposed V>V CO,! production mechanism, or any other conceivable mechanism, are

not addressed.

D. Steady-State Signal Decay

When the originally proposed kinetic model failed to accurately predict the
outcome of the CO,' quenching experiment, the possibility was considered that some
underlying time-dependent reaction was skewing the experimental results. Although
quenching data is reported via a graph in the pressure-domain, it is collected in the
pressure-time domain, as a continuous slow leak of CO, is employed rather than a series
of discrete fixed-pressure measurements. It was thus desired to observe the time-
evolution of CO,' emissions at fixed cell pressures, to see if some long-term change

occurs which might affect the shape of the [CO,] vs. [CO,] curve.

1. Time-Decay Observations

In all cases, a time-decay in the steady-state fluorescence, like that depicted in
Figure 4-10, was observed, resulting in an average reduction in emission intensity of
approximately 10 % after the first ten minutes. This effect was judged not to have a
significant impact on the shape of the CO,t quenching graphs, particularly where higher
flow rates are employed, since the initial sharp peaks are recorded in the space of 1-2
minutes, and the tofal suppression of the signal due to quenching ranges from 50-75 % at
the end of a run. Further, adjusting the quenching data for time-decay only worsens the
agreement with the original theoretical prediction; thus offering no salvation for that

model.




Although not significant to the quenching rate studies, the steady-state decay effect
could have considerable impact on the construction of a CW laser device if it implies that a
continuous decline in output power would be experienced in a similarly closed system.
For this reason, an attempt was made to isolate the mechanism responsible for this
phenomenon. Several different explanations were proposed, and experiments were

devised to test each hypothesis, the details of which are presented below.
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Figure 4-10. Graph of 4.3 um emission intensity vs. time for a 1000 mtorr
Br, and 100 mtorr CO, mixture. Sharp rise in intensity corresponds to
unblocking of the photolysis laser. Gap in data is due to 1-min pause in
data collection, while photolysis continued.

2. Mixing

The first possibility considered was that mixing of the two gaseous constituents

was slow, and that signal decreased as mixing became more thorough. Since the cell was
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always first filled with bromine, then CO, introduced from one end, it was thought that
slow diffusive mixing along the length of the cell might explain the long time-scale of the
decay. Some support was given to this notion by the observed lag of 10-20 seconds
between the introduction of CO, and the observed rise in CO, emissions, as shown in

Figure 4-11.
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Figure 4-11. CO, pressure and 4.3 um signal vs. time for mix with 1000
mtorr Br,. Note 10 sec delay between pressure and signal rise, 15 sec
between pressure and signal peak.

Clearly there is some diffusive delay before CO, reaches the region of the CaF,
viewing window. However, the majority of evidence indicates mixing is complete within
less than five minutes, and is not a factor in the long-term signal decay. To begin with, for
mixing to reduce the signal intensity, it must be assumed that some very low CO,

concentration is optimum, and that any increase in CO, concentration, as with more
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less than five minutes, and is not a factor in the long-term signal decay. To begin with,
for mixing to reduce the signal intensity, it must be assumed that some very low CO,
concentration is optimum, and that any increase in CO, concentration, as with more
thorough mixing, leads to reduced fluorescence. This assumption was tested by adding
small amounts of CO, to a fixed 1000 mtorr of Br,. As in all the fixed-pressure
experiments, five minutes were allowed for the gases to mix before the start of photolysis,
as explained in Chapter III. Figure 4-12 shows that higher concentrations of CO, yielded
stronger emissions -- clearly each mixture was of less-than-optimum CO, concentration --

yet signal decay was still observed. Only in the case of zero added CO, did the signal

rise, and this is attributed to outgassing of CO, from the cell walls.
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Figure 4-12. 4.3 pm signal vs. time for 1000 mtorr Br, and small
concentrations of CO,.
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the same rate under photolysis, as illustrated by Figure 4-13. If mixing were responsible
for the decay, lower starting intensities would be expected after longer delays. Many data
runs of this type were conducted, all of which were consistent with the results reported

here.
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Figure 4-13. 4.3 pm signal vs. time for various delays before initiation of
photolysis. Two runs with zero delay are shown to demonstrate
consistency. Note that no decay occurs in the absence of photolysis.

3. Br, Concentration

Now the possibility of changes in molecular bromine concentration is addressed.
A change in [Br,] due to leakage, adsorption, slow recombination, chemical reaction, or
some other effect could lead to reduced Br* production, and thus reduced CO, emissions.
But any change large enough to produce the 50 % decrease in signal seen in Figure 4-10

would certainly be detected as a change in total cell pressure or 488 nm transmittance.

4-21




some other effect could lead to reduced Br* production, and thus reduced CO,}
emissions. But any change large enough to produce the 50 % decrease in signal seen in
Figure 4-10 would certainly be detected as a change in total cell pressure or 488 nm
transmittance. Figure 4-14 shows typical pressure and transmitted intensity traces from a
delayed-photolysis run as described above. In this case, photolysis was initiated at 19
minutes, at which point the transmitted signal trace begins. Note that the system pressure
is quite stable, varying by no more than the noise level of + 3 mtorr before the laser is
unblocked, indicating no significant leakage, adsorption, or outgassing occurs. With the
laser unblocked, the pressure slowly increases to a stable equilibrium about 15 mtorr
above the starting pressure, indicating only a 1.5 % average loss of Br, throughout the
cell due to photolysis. The transmitted intensity likewise increases by no more than a few
percent, and some of this increase is due to a systemic drift, as explained earlier. It is
thus apparent that no large change in Br, concentration occurs.

Although no large excursions in Br, pressure were observed, the role of
recombination in the decay process was still in question. While establishment of an
initial equilibrium between photolysis and diffusion/recombination processes is
effectively instantaneous on the time-scale of Figure 4-14, the subsequent rise in pressure
depicted indicates a gradual shift in the equilibrium point toward some long-term limiting
value. This secondary equilibrium process may be due to a slow decrease in the wall
recombination rate, possibly related to the displacement of some fraction of the adsorbed
Br, molecules by Br atoms. In addition to the pressure rise, the association of some other

long-term effect with recombination dynamics seems feasible.
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Figure 4-14. Total cell pressure and Si detector signal vs. time. Note that
transmitted intensity is reported, rather than the L/, ratio. Modulation in
the transmitted intensity is due to laser power fluctuation.

If signal decay were related to photolysis or recombination in some way (other
than simply the steady depletion of Br,, which has apparently been ruled out), it could
conceivably be halted or reversed by the cessation of photolysis. This idea was tested by
blocking and unblocking the laser during the course of several data runs, with the typical
outcome presented below in Figure 4-15. This data shows that signal decay occurs only
during periods of photolysis, consistent with the results of Figure 4-13 above.
Significantly, no recovery of signal intensity is seen after a twenty-minute break; however,
Figure 4-15 also shows that cell pressure eventually returns to its original level in the
absence of photolysis, as recombination continues. These findings indicate that
recombination, while apparently a slow process, is not a factor in the decay of the 4.3 um

emission.
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Figure 4-15. 4.3 um signal and cell pressure vs. time. Note that cell
pressure returns to its starting value in the absence of photolysis, whereas
emission intensity is not restored.

4. Br* Quenching

The next possible decay mechanism examined was quenching of Br*. The
preceding experiments showed that signal decay is related in some way to photolysis. If
photolysis leads to the irreversible production of some species which quenches Br*, a
steady decay in both Br* and CO,! emissions would result. This unknown quenching
species could come from a reaction or combination of reactions involving Br,, Br, CO,, or
some contaminant in the system, but its production could not lead to a significant net
change in system pressure, as none was detected. To test for quenching of Br*, the 2.71
um emission was monitored for both 1000 mtorr of pure Br, and a standard 1000/100

Br,/CO, mix. While the Br* emission was reduced with the addition of CO, as expected,
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no time-decay in the emission intensity was observed in either case, eliminating Br*

quenching as a decay mechanism. Results of these trials are shown in Figure 4-16.
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Figure 4-16. 2.71 pm emission intensity vs. time for 1000 mtorr Br, and
1000/100 mtorr Br,/CO, mix. Best-fit straight lines depicted are level to
within standard error. Note the reduced signal due to quenching by CO,.

5. CO, Loss

With Br, and Br* loss seemingly eliminated as candidate decay mechanisms,
attention is now turned to CO,. As Figure 4-6 shows, the peak CO,' emission occurs for
a mixture of approximately 100 mtorr CO, with 1000 mtorr Br,, the standard used in this
work. Thus, a decrease in CO,' emission could signify either an increase or a decrease in
CO, pressure, where such a change could occur for any of the reasons mentioned earlier
for Br, (save recombination). From Figure 4-6 it is clear that CO, pressure would have to

decrease by about 50 mtorr or increase by about 1.2 forr in order to effect a 50 %
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reduction in emission intensity. In either case, this pressure change would be easily
detectable, and is not observed. Further evidence that CO, concentration is essentially
constant is given in Figure 4-16, where no change is observed over time in the rate of Br*
quenching by CO,.

6. CO,! Quenching

It has been established up to this point that no significant change in Br,
concentration, Br* production, CO, concentration, or CO,! production (via Br*
quenching) is observed. The only remaining mechanism for the time-decay of 4.3 pm
emissions seems to be the quenching of CO,' by some species other than CO,. This
unknown species would have to fit the description proposed earlier for a possible
quencher of Br*. Since no reaction is expected between Br, and CO, @D, the most likely
progenitor of such a species would be a contaminant in the system. It is hypothesized
that this contaminant changes via an interaction with 488 nm light, and possibly one of
the lasant gases, into a species which strongly quenches CO,t but not Br*. This reaction
is not reversible under the conditions which normally obtain in the cell, necessitating a
purge and refill after sustained photolysis to restore fluorescent emission intensity. While
this scenario appears somewhat unlikely, it is the only one among those considered which
fits current observations. Due to time limitations, no further attempt was made to isolate

this suspected contaminant nor characterize its interaction with the Br,/CO, system.

E. Chopping Frequency Dependence

As the goal of this work was to collect data relative to the construction of a
continuously-pumped (ie CW) photolytic laser device, it was desired to know how side-
fluorescence observations might differ under modulated pumping, as employed
throughout this research. This understanding is necessary if results are to be related to the

CW case. To this end, a simple experiment was conducted to measure emission intensity
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as a function of chopping frequency. The results of this test were surprising, and may
have bearing on the construction of a CW device. Two possible explanations for the
results are considered, but due to time constraints verification via detailed modeling or
further experimentation was not attempted.

Due to the very short time scales for quenching of Br* and CO,1, equilibrium

concentrations are expected to be reached within microseconds, assuming Br, and
CO,(000) concentrations remain essentially constant. Thus a chopping rate of 200 Hz,
with a half-period of 2.5 milliseconds, should be equivalent to continuous pumping as far
as these kinetic processes are concerned. That is, the only effect of chopping at relatively
low frequencies should be to reduce the average fluorescent intensity by 50 %,
corresponding to the 50 % duty cycle of the chopped pump beam. Varying the chopping
frequency up to several thousand hertz should have no effect on the fluorescence, since
equilibrium should still be achieved during each pumping cycle. As Figure 4-17 shows,
the experimental results differed considerably from this expectation. A pronounced
dependence on chopping frequency was seen for the 4.3 pm side fluorescence, such that
an increase in chopping rate from 20 Hz to 3000 Hz caused nearly a ten-fold reduction in
signal strength. Figure 4-18 shows the flat frequency response of the
detector/preamp/lock-in amp combination with a white light source, indicating that the
signal attenuation observed in Figure 4-17 is not due to detector response.

Possible explanations for this effect begin with discarding the earlier assumption
that Br, and CO,(000) concentrations remain more or less constant. Within the volume
of the pump laser beam, Br, is depleted by photolysis and replenished either by three-
body recombination or diffusion from the surrounding reservoir constituted by the
remaining cell volume (which is itself ultimately replenished by wall recombination).

Since photolysis and diffusion/recombination are slower than quenching, equilibrium
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Figure 4-17. 4.3 um signal vs. chopping frequency for standard 1000/100
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Figure 4-18. Detector signal vs. chopping frequency with 4.3 um filter
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drainage in the source over the S min run. The same decay was seen in a
run starting at 3000 Hz and decelerating to 20 Hz.
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between these processes may not be achieved during the chopping cycle, even at
relatively low frequencies. Without speculating on the actual mechanism, it is suggested
that increasing the chopping frequency results in a lower average concentration of Br,
within the pump region, thus decreasing the production of Br*. This hypothesis could be
tested by observing 2.71 pm emission intensity as a function of chopping frequency, an
experiment not performed in this work.

Another possibility is that CO,(000) is being depleted within the pump beam
region. It has been shown that ground state CO, rapidly quenches both Br* and CO,t,
ultimately resulting in the production of CO,(100) and CO,(001), among other
vibrationally excited states. If these lower vibrational states are not rapidly quenched,
they may contribute to a bottlenecking effect within the pump region (for example,
CO,(001) has a radiative lifetime of 5.6 sec). (1D If this is the case, increasing the
chopping frequency may exacerbate the effect by reducing the recovery time between

pump cycles. Again, no precise mechanism for such a relationship is offered.
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V. Conclusions and Recommendations

A. 488 nm Absorption

The result obtained for the absorption cross section of Br, at 488 nm was accurate,
agreeing with the previously reported value to within experimental error. This suggests
Beer's Law could in principle have been employed to provide an accurate Br,
concentration metric, although this attempt was unsuccessful in practice due to apparent
equipment limitations. Transmitted laser intensity was used in previous AFIT work @® to
Ieasure g4, but not to measure Br, concentration. Because the Art laser used did not
have an intensity control (it had only a current control), its power output may not have
been stable enough for the transmittance measurement. While using the normalized
intensity I/I, was supposed to compensate for laser output drift, this apparently didn't
work. It is suspected that slight nonlinearity in the response of the Si detectors caused the
measured intensity ratio to drift with laser power fluctuations.

If 488 nm transmittance is to be used to monitor [Br,] in future work, it is
recommended that a laser with an intensity control (ie an output feedback loop) be
employed. Further, both Si detectors should have the same neutral density filters installed
(an option not available in this experiment), and these should be selected to ensure linear
response. Finally, the Si detectors should each measure scatter from the same type of
surface, which could be achieved by placing the chopper before the first turning prism
and aiming the detectors at the prism faces (see Figure 3-1).

If adequate stability cannot be achieved via these modifications, another
alternative is to use a white light source as employed by Johnson. Using a high intensity
halogen lamp and 409 nm filters, Johnson reported a [Br,] measurement sensitivity of

3 mtorr with his dedicated absorption diagnostic system. (11



B. CO, Quenching of Br*

The most significant finding of this experiment was the validation of the form of
Equation (2-24) for the steady-state Br* concentration as a function of CO, pressure.
This result, also demonstrated in previous AFIT work (11.28)_indicates that the underlying
Br* production and loss processes have been adequately described, and helps narrow
down the search for the unknown mechanisms affecting steady-state CO,' concentration,
as discussed in the next section.

The measurement of a fairly rapid collision-free quenching rate (k,) was also
significant in that it illustrated the dependence of certain kinetic processes on device
construction. The fact that the k, measured for this apparatus was an order of magnitude
larger than that reported in earlier work (!1) is reasonable considering the differences in
cell geometry and the form of Equation (2-15).

The precision of the k, value obtained by fitting Equation (4-4) to the
experimental data was limited by the low SNR of the 2.71 um signal. The SNR, and thus
the fit, could be improved somewhat by using a lens system to collect and focus the
fluorescent emissions onto the detector element, a technique employed successfully in
previous AFIT work. (11.14.28) A higher SNR would also facilitate use of the linear fit
technique described by Equation (2-25), which might further enhance precision. The k,
value could be refined by taking measurements over the course of several days, as

Johnson did, which would also provide a measure of the stability of the system.

C. CO, Quenching of CO,!

The data collected in this experiment defined curves of the same shape described
by Tate in his Br*-CO, quenching experiment, confirming Johnson's explanation of Tate's
results, ie that Tate had observed CO,! rather than Br* emissions. (11.28) This fact
explains why Tate's attempt to model his results was unsuccessful. Even with this

knowledge, however, it was still not possible to successfully model the experimental
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results, leading to the conclusion that additional CO,' production channels (other than
E—V transfer from Br*) must be sought. This conclusion is based in part on the
recognition that the Br* production/loss processes have been adequately identified, as
pointed out in the previous section, leaving CO,! production processes as the likely
source of the discrepancy. Further evidence that modifications to the kinetic model for
CO,T production are needed exists in the difficulty encountered by Perram and Johnson in
modeling the output pulse shapes seen in Johnson's CO, laser as a function of CO,
pressure. (13,19)

A related finding of this study was that the concentration of CO,t in the system
apparently depends on the ratio of CO, and Br, pressures, rather than simply the CO,
pressure alone. While this result is intuitively satisfying, it had not been explicitly
recognized by previous workers. Pastel et al and Johnson each reported 4.3 um laser
pulse energy as a function of CO, pressure, noting that output decreased due to V-V
relaxation above a certain pressure. The steady-state data from the present work suggest
an optimum Br,:CO, ratio of approximately 10:1, determined by the emission peaks in
Figure 4-7. This finding is consistent with the laser operating range of 1:1-20:1 ratios
reported by Pastel (corresponding approximately to the half-maximum points in Figure
4-7), and the maximum pulse energy at a 6:1 ratio reported by Johnson. (11, 13) This
consistency also indicates that, lacking a complete theoretical model, the empirical data
from steady-state experiments may be useful for predicting laser device performance.

The revised kinetic model of Equations (4-7) to (4-10) represents only a
hypothetical example, and a demonstration of a possible approach to improving the
current model. Before a new [CO,] model may be formulated, a detailed search of the
literature for likely V—V (or other) production channels, reaction rates, and state
lifetimes must be accomplished. Due to the number of previous studies of E—=V transfer

kinetics and CO, lasers, sufficient information may already exist to construct a model
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which completely describes the current experimental results. If this is not the case,
further experiments, such as using different IR bandpass filters to monitor the steady-state
populations of other CO, vibrational levels, may be necessary.

Another possibility is that the steady flow of CO, employed in this experiment,
coupled with the slight mixing delay depicted in Figure 4-11, acts to distort the shape of
the [CO,1] vs. [CO,] graph. If this is so, collecting data for several discrete CO,
pressures, particularly in the region of the emission peak, may lead to a curve shape that
yields more readily to mathematical modeling. In any case, the non-zero limiting

behavior for higher CO, pressures will have to be accounted for in any revised model.

D. Steady-State Signal Decay

Despite several attempts, the source of the steady-state signal decay could not be
conclusively isolated. Several explanations were apparently ruled out, including mixing,
loss of Br,, quenching of Br*, and loss of CO,. This leaves only loss of CO,?, due either
to increased quenching or decreased production over time. While the precise mechanism
is not known, this effect seems to depend on photolysis, and may involve a reaction with
some contaminant to produce a CO, -quenching species, while maintaining total cell
pressure. As noted in Chapter I, Peterson, Wittig, and Leone reported a similar decay in
the output power of their laser apparatus with continued use of a single gas fill, attributing
this to the leakage of Br*-quenching contaminants into the system. @) However, this
explanation is not consistent with the current observation that the Br* signal suffers no
temporal decay. While Peterson et al concluded that the recombination of Br, and
nonreactive nature of CO, should allow for closed-cell operation, the implication of the
current findings is that, unless some avoidable contaminant is identified, a gas flow, or at

least regular cell replenishment, may be necessary for sustained operation. It should be




noted that even if a gas flow is required, it would be at nothing near the rate employed in
chemical lasers, based on the slow rate of signal decay observed.

Because of its possible implications for the fielding of practical E—>V laser
devices, further efforts to explain and ultimately control the signal decay are
recommended. To begin with, a significant potential source of contaminants may be
eliminated by following the bromine sample purification procedure described by
Johnson. (11D This process, incorporating several additional steps beyond those outlined in
Chapter 111, leads to a more complete removal of CO,, H,O, and other atmospheric
constituents from the Br,. Next, all components of the apparatus should be thoroughly
cleaned before assembly, and the system should be routinely and thoroughly purged
before use (ie every night). This will necessitate the reseasoning of the cell before each
day's work, but will avoid the problem of a steady buildup of adsorbed contaminants over
time.

In addition to the above procedures, several experiments are suggested to further
characterize and/or isolate the decay mechanism. Monitoring the decay rate as a function
of pump laser power will help clarify the connection between photolysis and decay.
Studying the effects of adding CO, after some period of photolysis will indicate whether
signal decay occurs in the absence of CO,, and whether adding CO, to the system will
restore lost signal. Finally, using a mass spectrometer to directly identify the reaction cell
constituents before and after photolysis will determine whether significant levels of

contaminants are present, and whether photolysis-initiated chemical changes take place.

E. Chopping Frequency Dependence
The dependence of emission intensity on pump source chopping frequency was
not expected, based on back-of-the-envelope-style estimates of the time to steady-state

equilibrium between production and quenching processes. However, this effect, which
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was also noted (but not published) by Johnson (13), clearly does occur, and is in fact quite
dramatic. Since the time-scale for quenching processes is much shorter than the period
for even a 3000 Hz chopping rate, other, slower processes such as diffusion and
recombination must be involved, and these processes may be still slower than previously
believed. What is evident is that the equilibrium concentration of CO,' is dependent on
the chopping rate of the photolysis source. How this might impact the construction of a
CW laser is not clear, since it is not known whether the limit of very slow or very fast
chopping rates is most analogous to CW operation. In either case, this finding indicates a
difference in the response of chopped and unchopped systems is expected, and this
difference must be characterized in greater detail if the performance of one system is to be
related to the performance of the other.

Further experiments are suggested to address the preceding concerns. To begin
with, as mentioned in Chapter IV, the 2.71 um emission should be monitored as a
function of chopping frequency to determine whether a reduction in Br* concentration is
at the root of the observed CO,' signal attenuation. Monitoring the 488 nm transmittance
would also indicate whether the Br, concentration in the pump region (and thus Br*
production) depends on chopping frequency, which might imply a
diffusion/recombination-related effect. If the signal attenuation is related to diffusion,
adding a buffer gas to slow the diffusion rate should exaggerate this effect.

Time-resolved fluorescence techniques could be employed to directly observe the
rise and decay of fluorescent intensity during the chopping cycle. This would show
whether the signal attenuation is driven by the system's behavior during the laser on-time,
off-time, or both, which would help answer the question of whether faster or slower
chopping rates are most like continuous pumping. IR bandpass filters could be used to
monitor the populations of different vibrational levels of CO,, indicating whether a shift

in these populations with chopping frequency contributes to bottlenecking at some level,
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as considered in Chapter IV. Depending on the relationship between chopped and
continuous pumping, this could imply that CW lasing is not possible, or might only be
possible with a slowly chopped pump source.

Finally, an attempt should be made to model the attenuation effect based on
currently understood kinetics. If Br* loss is found by experiment to be the source of the
attenuation, construction of an analytic or numericallmodel should be possible by taking
into account known production, quenching, axial diffusion, and recombination processes.
If CO,t loss is the source of the effect, construction of such a model may depend on (or

assist) the identification of suspected V—V production channels.

F. Other Recommendations

As indicated in the preceding discussion, the question of how the chopped system
compares to a continuously-pumped system is central to extending the findings of this
work to the development of practical laser devices. It would therefore be beneficial to
repeat some of the experiments under continuous photolysis, chopping only the side-
fluorescence signal. This would require modification of the apparatus and greater
awareness of background noise sources, as explained in Chapter III, but would have the
advantage of most accurately representing a CW laser system. Some of the questions
raised above, such as the chopping frequency limit which approximates CW operation,
and the steady-state populations of various CO, vibrational levels, could thus be directly
addressed.

The remaining obvious question, which can only be definitively answered by
- direct experimentation, is "will it lase?" As mentioned earlier, time constraints did not
allow reconfiguring the apparatus and proceeding with this line of investigation. It is
therefore recommended that attempts to observe CW lasing, testing the effects of various

gas mixtures, total cell pressures, and continuous/chopped pump source, be undertaken.




It is also suggested that a simple modification may improve the efficiency of the laser
apparatus. Since only the region of overlap between the lasing axis (defined by the cavity
mirrors) and the pump beam acts as a gain medium, the gas cell does not need to be much
longer than this region. Any additional length through which the pump beam must travel
only serves to attenuate the beam, due to absorption by molecular bromine. If the extent
of the overlap region is calculated, and the gas cell shortened accordingly, this will allow
the use of higher bromine and carbon dioxide pressures (since it is the ratio between the
two which determines the steady-state CO, population) without undue absorption losses,

increasing the power and efficiency of the device.

G. Summary

Several kinetic effects which may be relevant to the construction of E—V lasers,
and in particular CW devices, have been investigated in this research. The non-
collisional deactivation rate, ko, is device-dependent, and may represent a significant
counter-productive loss rate of electronically excited bromine. For maximum operating
efficiency, the geometry of a laser device should be chosen so as to minimize this term as
much as is practicable. A better kinetic model for the steady-state concentration of
CO,(101) is needed, since suspected unknown production channels for this vibrational
state will surely affect the performance of both pulsed and CW laser devices. Lacking a
theoretical model, empirical studies of [CO,] pressure-dependence may be useful (or
ultimately best) for finding the optimum parameters for CW operation. The steady-state
decay of 4.3 um signal observed under photolysis may prohibit the use of sealed-off gas
cells in Br,- CO, E-V laser systems, if it is determined that this decay is an inherent
rather than inadvertent limitation. The chopping frequency dependence of fluorescent

emissions may indicate Br, recombination and diffusion processes are slower than




previously thought, possibly limiting the cell pressures and/or pump rates which can be
employed in bromine-based E—V laser systems.

Further experiments have been proposed, many of which were planned but not
executed due to time limitations, and some of which occurred purely as afterthoughts in
the process of analyzing results. Most-notably, the discrete-pressure CO,' quenching,
mass spectrometry, Br* emission versus chopping frequency, and time-resolved
fluorescence studies hold promise for a wealth of interesting future results. The
potentially most exciting experiment, demonstrating a CW E—V laser, will be attempted
in the near future. Whether or not this attempt is successful, the results of this experiment

will undoubtedly pave the way for still more rewarding follow-on work.




10.

11.

Bibliography

Anderson, Elmer E. Modern Physics and Quantum Mechanics. Philadelphia:
W.B. Saunders Company, 1971.

Banwell, C. N. Fundamentals of Molecular Spectroscopy (2nd ed). London:
McGRAW-HILL Book Company (UK) Limited, 1972.

Boriev, I. A. and others. "Determination of the Emission Cross Section for the
2P, - ?P;, Transition of the Bromine Atom," Optical Spectroscopy (USSR), 54:
233-237 (March 1983).

Donovan, R. J. and D. Husain. "Chemistry of Electronically Excited Atoms,"
Chemical Reviews, 70: 509-516 (1970).

Excel. Version 5.0a, MS-DOS/Windows, disk. Computer software. Microsoft
Corporation, Redmond WA, 1985-1993.

Finzi, J. and Bradley Moore. "Relaxation of CO,(1001), CO,(02°1), and N,0(10°1)
vibrational levels by near-resonant V>V energy transfer," Journal of Chemical
Physics, 63: 2285-2288 (September 1975).

Hariri, A.B., Peterson and Wittig. "Electronic-Vibrational Energy Transfer from
Br(4?P,,) to HCN, and Deactivation of HCN(001)*," Journal of Chemical Physics,
65: 1872-1875 (September, 1976).

Hariri, A.B. and C. Wittig. "Electronic to Vibrational Energy Transfer from
Br(4?P,,,) to CO,, COS, and CS,," Journal of Chemical Physics, 67: 4454-4462
(November 1977).

Haugen, H. K., E. Weitz, and S. R. Leone. "Accurate Quantum Yields by Laser
Gain versus Absorption Spectroscopy: Investigation of Br/Br* Channels in
Photofragmentation of Br, and IBr," Journal of Chemical Physics, 83: 3402-3412
(October 1985).

IR Spectroscopy Tutor and Reference. Version 1.0, MS-DOS/Windows, disk.
Computer Software. Perkin-Elmer Corporation, 1992-1993.

Johnson, Ray O. Excited Atomic Bromine Energy Transfer and Quenching
Mechanisms. PhD Dissertation, AFIT/DS/ENP/93-05. School of Engineering, Air
Force Institute of Technology (AU), Wright-Patterson AFB OH, August 1993.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Johnson, Ray O. and others. "Atomic Bromine-Nitric Oxide Electronic-to-
Vibrational Energy Transfer Laser," Proceedings of the International Conference on
LASERS "93, STS Press, McLean VA, 1994.

Johnson, Ray O. Research Scientist, Wright Laboratories (AFMC), Wright-
Patterson AFB OH. Personal Interviews. July-September 1995.

Katapski, Steven M. Electronic-To-Vibrational (E—V) Energy Transfer From Br*
to CO, & (E—V) Laser Feasibility Studies. Masters Thesis, AFIT/GEP/ENP/92D-
07. School of Engineering, Air Force Institute of Technology (AU), Wright-
Patterson AFB OH, October 1992.

Leone, S. R. and F. J. Wodarczyk. "Laser-Excited Electronic-to-Vibrational Energy
Transfer from Br(42P, ,) to HC1 and HBr," Journal of Chemical Physics, 60: 314
(January 1974).

Mulliken, R. S. "The Interpretation of Band Spectra, Part IIL," Reviews of Modern
Physics, 4: 1-88 (January 1932).

Okabe, H. Photochemistry of Small Molecules. New York: John Wiley and Sons,
1978.

Pastel, Robert L. and others. "Efficient Br* Laser Pumped by Frequency-Doubled
Nd:YAG and Electronic-to-Vibrational Transfer Pumped CO, and HCN Lasers,"
Chemical Physics Letters, 183: 565-569 (September 1991).

Perram, Glenn P. Professor, Air Force Institute of Technology (AU), Wright-
Patterson AFB OH. Notes and personal interviews. January-September 1995.

Petersen, Alan B., Curt Wittig, and Stephen R. Leone. "Infrared Molecular Lasers
Pumped by Electronic-Vibrational Energy Transfer from Br(4?P,,): CO,, N,O,
HCN, and C,H,," Applied Physics Letters, 27: 305-306 (September 1975).

Petersen, Alan B., Curt Wittig, and Stephen R. Leone. "Electronic-to-Vibrational

Pumped CO, Laser Operating at 4.3, 10.6, and 17.1 pm," Journal of Applied
Physics, 47: 1051-1054 (March 1976).

Sedlacek, A. J., R. E. Weston, and G. W. Flynn. "Br* and CO, revisited: An
investigation of E-V energy transfer with time-resolved diode laser spectroscopy,"
Journal of Chemical Physics, 93: 2816-2818 (August 1990).

Seery, D. J. and D. Britton. "The Continuous Absorption Spectra of Chlorine,
Bromine, Bromine Chloride, Iodine Chloride, and Iodine Bromide," Journal of
Physical Chemistry, 68: 2263-2266 (August 1964).




24.

25.

26.

27.

28.

29.

30.

Struve, Walter S. Fundamentals of Molecular Spectroscopy. New York: John
Wiley and Sons, 1989.

Summers, Donald B. Chemistry Handbook (2nd ed). Boston: Willard Grant Press,
1975.

Svanberg, Sune. Atomic and Molecular Spectroscopy. Berlin: Springer-Verlag,
1991.

TableCurve2D. Version 3.0 (32-bit), MS-DOS/Windows, disk. Computer
Software. Jandel Scientific, San Rafael CA, 1989-1995.

Tate, Ralph F. Steady-State Production and Quenching of Br(?P,,,). MS Thesis,
AFIT/GE/ENP/91D-01. School of Engineering, Air Force Institute of Technology
(AU), Wright-Patterson AFB OH, October 1991.

Verdeyen, Joseph T. Laser Electronics (3rd ed). New Jersey: Prentice-Hall, Inc.,
1991.

Wodarczyk, F. J. and P. B. Sackett. "Electronic-to-Vibrational Energy Transfer
from Br(42P, ;) to HF," Chemical Physics, 12: 65-70 (1976).




Vita

Captain Stephen J. Karis iNNNSSNRAGhakisuaidiserininy
REMVIRID. He grew up in San Francisco, CA, where he attended J. Eugene McAteer
and Lick-Wilmerding High Schools. In July 1985, he received an Associate in Science in
Electrical Engineering from City College of San Francisco, where he was class
valedictorian. He graduated from San Francisco State University in May 1988 with a
Bachelor of Arts in Astrophysics, Magna Cum Laude, and as an AFROTC Distinguished
Graduate. He was awarded a (delayed) regular Air Force commission in June 1988, and
worked as a software analyst for WordTech Systems in Orinda, CA uptil entering active
duty in April 1989. He then attended Euro-Nato Joint Jet Pilot Training (ENJJPT) at
Sheppard AFB, TX, followed by Lead-In Fighter Training (LIFT) at Holloman AFB, NM,
and F-16 Replacement Training Uit (RTU) at MacDill AFB, FL. His first operational
mgnment was 1o stawa AB, Japan from November 1991 to April 1994, where he
served as a ﬁghter ptlot w:th the 14th Fighter Squadron (Fightin' Samurai), and Wing Life
Suppon Oﬂicu with the 432nd Operations Support Squadron. He accepted an
’ assngnment to the Graduate Applied Ph) sics program. School of Engmeenng Air Force
Institute of Technolog)' in May 1994, with a follow-on assignment ' to Phillips Laboratory,
~ Kirtland AFB, NM in January 1996.

ADAZQel 24




Form Approved
REPORT DOCUMENTATION PAGE OMB N ors. 0188

Public reporting burden for this coliection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and compieting and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, inciuding suggestions for reducing this burden. to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) | 2. REPORT DATE

27 November 1995

3. REPORT TYPE AND DATES CQVERED
Masters Thesis

4. TITLE AND SUBTITLE
Steady-State Kinetics of Br(*P,,) —» CO,(101)

Electronic-to-Vibrational Energy Transfer Laser System

5. FUNDING NUMBERS

6. AUTHOR(S)

Captain Stephen J. Karis

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

AFTT/ENP

2950 P Street

Wright-Patterson AFB, OH 45433-7765
Advisor: Major Glen Perram

8. PERFORMING ORGANIZATION
REPORT NUMBER

AFIT/GAP/ENP/95-11

9. SPONSORING /MONITORING AGENCY NAME(S) AND ADDRESS(ES)

PL/LID

3550 Aberdeen Ave SE

Kirtland AFB, NM 87117-6008
POC: E. A. Dorko and G. D. Hager

10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for public release; distribution unlimited

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

Steady-state photolysis experiments were conducted to gain information relevant to the
construction of a continuous-wave electronic-to-vibrational pumped infrared laser. An Ar* laser
(A = 488 nm) was used to produce the electronically excited state Br(?P,,) (Br*) via photolysis of
molecular bromine. Energy was then transferred to the near-resonant vibrational state CO,(101)
(CO,") via the collisional quenching of Br* by CO,. The dependence of the 2.71 pm Br* and
4.3 um CO,! emissions on CO, pressure was measured, as well as the dependence of the 4.3 pym
emission on pump laser chopping frequency. Unexpected results were obtained in both cases,
indicating more detailed modeling of kinetic processes is called for. Additionally, an unexplained
long-term decay in the 4.3 um signal was observed, which may have bearing on the construction
of closed-system laser devices. Recommendations are made for further research.

14. SUBJECT TERMS

15. NUMBER OF PAGES
105

photolysis of Br,, E-V transfer, gas laser kinetics, Br*:CO, laser 16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION
OF REPOBT OF THIS PA(.iE
Unclassified Unclassified

19. SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRACT
OF ABSTRACT

Unclassified UL

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. 739-18
298-102




GENERAL INSTRUCTIONS FOR COMPLETING SF 298

The Report Documentation Page (RDP) is used in announcing and cataloging reports. It is important
that this information be consistent with the rest of the report, particularly the cover and title page.
Instructions for filling in each block of the form follow. It is important to stay within the lines to meet

optical scanning requirements.

Block 1. Agency Use Only (Leave blank).

Block 2. Report Date. Full publication date
including day, month, and year, if available (e.g. 1
Jan 88). Must cite at least the year.

Block 3. Type of Report and Dates Covered.
State whether reportisinterim, final, etc. If
applicable, enter inclusive report dates (e.g. 10
Jun 87 - 30 Jun 88).

Block 4. Title and Subtitie. Atitleistaken from
the part of the report that provides the most
meaningful and complete information. When a
report is prepared in more than one volume,
repeat the primary title, add volume number, and
include subtitle for the specific volume. On
classified documents enter the title classification
in parentheses.

Block 5. Funding Numbers. Toinclude contract
and grant numbers; may include program
element number(s), project number(s), task
number(s), and work unit number(s). Use the
following labels:

C - Contract PR - Project
G - Grant TA - Task
PE - Program WU - Work Unit

Element Accession No.

Block 6. Author(s). Name(s) of person(s)
responsible for writing the report, performing
the research, or credited with the content of the
report. If editor or compiler, this should foliow
the name(s).

Block 7. Performing Organization Name(s) and
Address(es). Self-explanatory.

Block 8. Performing Organization Report
Number. Enter the unique aiphanumeric report
number(s) assigned by the organization
performing the report.

Block 9. Sponsoring/Monitoring Agency Name(s)
and Address(es). Self-explanatory.

Biock 10. Sponsoring/Monitoring Agency
Report Number. (If known)

Biock 11. Supplementary Notes. Enter
information not included elsewhere such as:
Prepared in cooperation with...; Trans. of...; To be
published in.... When areportisrevised, include
a statement whether the new report supersedes
or supplements the older report.

Block 12a. Distribution/Availability Statement.
Denotes public availability or limitations. Cite any
availability to the public. Enter additional
limitations or special markings in all capitals (e.g.
NOFORN, REL, ITAR).

DOD - See DoDD 5230.24, “Distribution
Statements on Technical
Documents.”

DOE - See authorities.

NASA - See Handbook NHB 2200.2.

NTIS - Leave blank.

Block 12b. Distribution Code.

DOD - Leave blank.

DOE - Enter DOE distribution categories
from the Standard Distribution for
Unclassified Scientific and Technical
Reports.

NASA - Leave blank.

NTIS - Leave blank.

Block 13. Abstract. Include a brief (Maximum
200 words) factual summary of the most
significant information contained in the report.

Block 14. Subject Terms. Keywords or phrases
identifying major subjects in the report.

Block 15. Number of Pages. Enter the total
number of pages.

Block 16. Price Code. Enter appropriate price
code (NTIS only).

Blocks 17.-19. Security Classifications. Self-
explanatory. Enter U.S. Security Classification in
accordance with U.S. Security Regulations (i.e.,
UNCLASSIFIED). If form contains classified
information, stamp classification on the top and
bottom of the page.

Block 20. Limitation of Abstract. This block must
be compieted to assign a limitation to the
abstract. Enter either UL (unlimited) or SAR (same
as report). Anentry in this block is necessary if
the abstractis to be limited. {f blank, the abstract
is assumed to be unlimited.

*U.8.GP0:1993-0-336-043

Standard Form 298 Back (Rev. 2-89)




	Steady-state Kinetics of Br(2P1/2) yields CO2(101) Electronic-to-Vibrational Energy Transfer Laser System
	Recommended Citation

	tmp.1695070627.pdf.0DCG6

