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Abstract

The radiative and collisional dynamics in the B 3H(O+)
state of bromine monochloride have been studied using time-
resolved and steady-state, spectrally-resolved laser induced ,
fluorescence techniques. Radiative lifetimes and rate
constants for electronic quenching, state-to-state vibrational
transfer, and total rotational removal were obtained from

observed BrCl(B-X) emission in the presence of Cl He, Ne,

2’
Ar, Kr, Xe, N2, and 02 buffer gases. Vibratlional states
v“’=0-7 were probed and emission observed from states v~ =0-6,
Energy transfer processes in BrCl(B) are strongly coupled due

to similar energies for vibrational spacing and average

translation.

The BrCl(B) radiative lifetime 1s 38.7 +/~ 1.7 us,
independent of vibrational state for v°<6. The electronic
quenching of a thermalized BrCl(B;v”) distribution 1is
fnefficient with rate constants ranging from .

-14 13

7.8 x 10 cm3/molec-s for Neon to 4.3 x 10 cm3/molec-s

for C12. The electronic quenching due to O2 collsions 1is
anomolously fast with a rate constant of

6.5 x 10—12 cm3/molec-s. The quenching of nonthermal
vibrational distributions is considerably more rapid and due \

to both ro-vibrational ladder climbing to predissociated “

states and resonant electronic transfer to excited electronic

x1ix /

o
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$$ states of C12. The 012 quenching rate constants vary from
\N’
4.3 x 10-13 cm3/molec-s for v7'=0 to 1.4 x 10.-10 cm3/molec—s

for v =6,

Vibrational transfer in BrCl(B) is rapid, as expected
from the small vibrational energy spacing. The fundamental
rate constant for vibrational transfer from v“ =1 to v“=0 with

chlorine as the collision partner is 1.3 x 10-11 cm3/molec-s.

|
.5
!
5
a
j

Scaling of the vibrational rate constant with vibrational
quantum number obeys a power law with an exponent of 0.63.
Vibrational transfer with the noble gases 1s less efficient

with fundamental rate constants ranging from

12

4 x 10~ cm3/molec-s for helium to 2.0 x 10—12 cm3/molec-s

for krypton.

Rotational transfer in BrCl(B) is very efficient with

total removal rates ranging from 1.6 x 10.10 cm3/molec-s for

-10

chlorine to 2.43 x 10 cm3/molec-s for argon. Rotational
transfer rates scale linearly with the square root of the
reduced mass of the collision pair, as predicted by classical

angular momentum considerations.

2 ) - X IZ + laser has been
g

demonstrated. Spectroscopic assignments have shown that

B dnco *
u

A dye laser pumped Br
lasing occurs from 10 £ J° £ 63 in 12  v” K17 using Rhodamine
590 dye. The output appeared limfited to the 79-81 isotope of

Br.,. By utilizing stimulated emission as a monitor for laser

2

.

A0 excitation spectra, dramatic {increases in the resolution were

-
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e obtained that exceed the normal resolution of the dye laser.
The Bt2 laser operated at Br2 pressures of up to 60 torr,
despite severe natural predissociation and self quenching. A
simple model to explain the characteristics of the Br2 laser

is decsribed,
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I. INTRODUCTION

A, Historical Perspective

The earliest chemical laser:sl—5 were based om the
establishment of an inversion between vibrational states as g
proposed by Polanyi6 in 1965. Exothermic reactioans,
liberating their energy iInto the stretching of newly formed
chemical bonds can provide both complete and partial
vibrational population inversions. These early chemical
lasers were pulsed, low power devices used primarily to study
chemical kinetics. Only after Cool and Stevens7 demonstrated
an HF chemical laser requiring no electrical input, were high

power, highly efficient chemical lasers envisioued.8 :

The subsequent development of chemical lasers such as

,9-12 ,11’13 C02’14-17 and C018“20 was rapid and .

extensive. High power, pulsed and continuous-wave (CW)

HF DF

devices with high mass flow efficiencies and wavelengths

) 0 0 @

ranging from 126.5 um to 2 um were developed.8

There are many important potential applications for short

wavelength high power chemical lasers. Several of these

applications depend on higher mass flow efficiencies and
shorter wavelengths than the vibrational transition laser can

provide, however. Visible chemical lasers have been \

N considered as fusion drivers.21 Efficiencies greater than '
o ‘.
b 4




w-,. -‘.1_ -
DU it e N )

-

l1kW/kg may be possible. CW visible chemical lasers with
outputs greater than 1 watt would provide an advance in highly
tunable laser radiation for use in laboratory experiments.z1
The many ro-vibrational transitions from excited electronic
states would provide excellent tunability and a chemical
pumping source may provide powers greater than those currently
available from cw dye lasers. Space based lasers are being
strongly considered for strategic defense agalnst nuclear
ballistic missile attack. There are several advantages of
visible chemical lasers for such an application. The higher
energy per quanta of electronic transitions would provide
higher mass efficiencies. 1In addition, shorter wavelength

radiation propogates with less divergence. Indeed, there 1is

great Interest Iin the development of a visible chemical laser.

B. Visible Chemical Lasers

To achieve lasing in the visible portion of the spectrun,
the higher energies of excited electronic states are required.
The advantages of a visible chemical laser are clear: high
energy storage (1 MJ/kg), high photon energy (1-6 eV)
and short wavelengths (200-1000 nm), wavelength tunability
from the many ro-vibrational states, lightweight deployment,

high gains, and low pump thresholds.

The requirements for the development of an electronic
transition chemical laser are rigorous. Of course, a highly

exothermic reaction is required to populate the excited .
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electronic state, Additionally, the radiative lifetimes of
the excited states, shapes and relative positions of the
exciteda ana ground potential energy curves, rates tor
vibrational-translational, vibrational-vibrational, and
rotational-translational energy redistribution within both
electronic states, quenching, deactivation and loss
mechanisms, and the relative pumping rates into the excited
states are all important parameters. In short, the complete
radiative and collisional dynamics of both electronlic states

must be favorable.

The general features of a visible chemical laser are
shown in figure 1, The excitation mechanism may consist of a
direct chemical reaction or transfer from a highly energetic
metastable specie. Regardless of the excltation mechanisn,
the energy will be distributed nonthermally within the excited
electronic state. For the most efficient laser operation, a
rapid thermalization process should pool the energy into the
lowest vibrational level, v°=0, To prevent bottlenecking, a
rapid removal from the lower laser level is required. 1loss
mechanisms such as electronic quenching and predissociation

will reduce the population Iinversion and system efficiency.

Recently, much research has been conducted to develop

- 7
electronic transition lasers, including work on 12,22 24
25-27 2 9- - *
Naz, 32' 8 L12,2 30 Br2,31 IF,32 33 Te,34 1 ,35 and
N036. Three Iimportant aspects of thils research are
2
3
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(1) optically-pumped laser demonstrations, (2) investigations

of potential excitation mechanisms, and (3) studies of the

radiative and collisional dynamics of potential lasing

species.,

CHEMICAL
EXCITAT.ON
OR

ENERGY TRANSFER Kp — EXCITED STATE'
FROM CHEMICALLY \ 1/“//,,.——"‘ EHCITED STATE
EXCITED SPECIES V2

Vel

Va0

LASING GROUND STATE"

Figure 1. General features of a visible chemical laser.

Optically-pumped laser demonstrations provide a test of

laser dynamics. Observations of pressure dependence, output

power as a function of time, and saturation and threshold
conditions provide a measure of collisional transfer rates
affecting the lasing process. Efficiencies and optlical gains
can be related to theoretical predictions. Estimates of
chemical pumping requirements can be established. Several
reviews of optically-pumped electronic transition lasers may

* 3. be found in the literature, 29730
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Chemical excitation of electronic transition laser
species may be accomplished by direct chemical reaction or
energy transfer from highly energetic metastable specles.
Exoergic reactions are likely to populate many electronic
states unless some selection rule forces the distribution to a
specific state. The total electronic spin quantum number {s
generally conserved in reactions involving low mass molecules.
Thus, selective chemical excitation of an upper laser level
may be achieved for molecules with a difference in total
electronic spin between the excited and ground electronic
states. Such an excited state would be metastable with
respect to the ground state, however. Since metastable states
are poor laser candidates, the metastable energy must be
transfered to a sultable lasing specie. The best example of
such a chemical transfer laser is the Chemical Oxygen-lodine
Laser (COIL) where the metastable 02(1&) produces excited
atomic iodine, I*. However, the COIL laser operates in the
infrared at 1.315 ym and does not classify as a visible

chemical laser.

Other metastables including NZ(A)’ NF(a) and NF(b) have

been 1dentif1ed.38 NO(A~X) and CO(a-X) lasers have been

38

proposed based on transfer from NZ(A). IF(B-X) and BiF(A-X)

lasers have been suggested using excited NF as the metastable

transfer partner.38

A e Y AN N N N N

‘*\' ‘-)\ '-\;,'-".\




| g A third important area of chemical laser research is the
search for good lasing species. The radiative and collisional
dynamics of the ground and excited electronic states are of

fundamental interest. Many energy transfer studies have been

39-47 48-53 54-56
2° Naz, Liz,

,61-64 OH,65 Ba0,66 IF,67-71 nd Br272-78.

conducted on molecules including I

57-58 59-60
’

S NO HF

2’

The search for a visible chemical laser remains an
elusive venture. Despite the extensive research to identify
| good laser candidates, no chemical laser operating at
wavelengths less than 1.3 um has been demonstrated. One
particular class of molecules that has a good potential for
such a demonstration is the diatomic halogen and interhalogen

molecules.

C. The Halogens and Interhalogens

Since the demonstration of an optically-pumped molecular
iodine electronic transitiom laser by Byer et 3122, the
halogen and interhalogen diatomic molecules have been studied

as potential visible chemical lasers. These studies include

spectroscopic and kinetic work via chemiluminescence,79-88

absorption specttoscopy,sg.102 laser induced

fluorescence,lo3 -124 optical pumping studieslzs-128 and laser

demonstrationszz-za’31‘33,129.

Tne two most studied transitions are the D“-A” and B-X

systems with emission in the ultraviolet and visible,

-
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respectively. Both systems are interesting as potential
chemical lasers. All the diatomic halogens and most of the
interhalogens have been shown to lase on the D“-A” tramsition

with electrical excitation.130-l33 Optically-pumped 12,22-24

31 32-33

Btz, and IF B-X lasers have been demonstrated.

The potential for a chemically pumped B-X transition
halogen or interhalogen laser is particularly good for several
reasons., First, there exist possible chemical pumping schemes

134

for the B-states of 12, Brz, ci, ,IF, BrF, and BrcCl,

2
Secondly, the equilibrium internuclear separation of the
excited B-state is much larger than that of the ground state.
This allows for the establishment of a population inversion
between the pumped electronically excited ro-vibrational
states and the relatively unpopulated, high-lying
ro-vibrational levels of the ground state. Thirdly, the
halogen and interhalogen B states have relatively long
radiative lifetimes (.2 - 80 yus) and low quenching rates
(10"14 - 10"'10 cc/molec-s),134 both of which are important to
maintain a large popoulation inversion, Finally, pulsed and

CW optically pumped (B-X) halogen and interhalogen (IZ,BrZ,IF)

lasers have been demonstrated.

For these reasons, the Alr Force Weapons Laboratory,
Kirtland AFB, New Mexico has a great deal of interest in the
halogen and interhalogen B-X transition chemical laser.

Recent experiments at AFWL have shown that IF holds particular
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promise as a visible chemical laser. Optically-pumped IF(B-X)
pulsed and CW lasers have been demonstrated and chemically

pumped laser demonstrations are being considered.

Bromine monochloride also appears to be a good candidate
for an electronic transition chemical laser.121 BrCl has an
advantage over the labile molecule IF, BrCl is stable and may
be stored in sealed containers whereas IF is thermodynamically
and kinetically instable and rapidly forms higher
fluorides (IFS)' Several hundered torr of BrCl(X) can easily

be produced but even a few torr of IF(X) i{s difficult to .

generate,

Basic kinetic studies remain to be accomplished for many
of the halogens and interhalogens including BrCl. Radiative

lifetimes are known, but quenching rates, V-T, V-V, and R-T ’

P
transfer rates, and the effects of predissociation are not
well established, especially on a detailed (v“,J”) basis. The
radiative lifetime of BrCl(B) is 40.2 Us.122 This lifetime is E
independent of vibrational level for v <7. At v’=6, J7=42, ;
the BrCl B state is greatly perturbed due to the intersystem ?
crossing of a repulsive state.122 The collisionless lifetimes ?
of these predissociated states are less tham 1 us for v’>6.122 i
The electronic quenching of the BrCl(B) thermalized .
distribution 1is slow, 3.9 x 10-13 cc/molec-s.121 A rapld s
quenching from high v” is observed and "as been attributed to :
vibrational ladder climbing to predissociated states.123 As
r'd
8 .
.
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part of this thesils, it will be shown that such an

[P W Sge a Y

interpretation {s not consistent with detailed balancing,

however. No state-selective lifetimes nor time-resolved

emission from individual, collisionally-populated vibrational

¥

states has been previously observed in BrCl. The only

spectrally-resolved LIF work on BrCl(B) has been accomplished

in a CW experiment under thermalized conditions.128 Many

important questions remain regarding energy transfer within
the B state of BrCl and must be resolved prior to evaluating

the potential of BrCl as a chemically pumped laser system.

D. The Study of Molecular Energy Transfer

Since the 19307s, the flield of chemical physics has been
particularly Interested ia the problem of inelastic energy
transfer among molecules in the gas phase.las-136 Many
studies, both theoretical and experimental, have been
conducted to better understand the important elementary

processes of energy transfer. Desplite the extensive effort,

many lmportant questions remain.

The mechanisms for psuedo-first-order gas phase reactions
have been studied by observing the pressure dependence of the
rates of reaction. The Stern-Volmer technique137 has been
used extensively. Often experimental {investigations measure
cross sections that are averaged over many parameters such as

collision energies and quantum states. Important features of

the collision process are obscured by such averages. For

- e
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ng example, logrithmic plots of V-T transfer rates versus
pressure over several orders of magnitude of pressure are
often inadequate to test even greatly different functional
forms that may be predicted for unimolecular reactions.138 In

addition, many-quanta systems in general do not decay as a

simple, single exponential and state~averaged lifetimes often

a_®_=_a

yleld 1ittle or ambiguous information about rates and

mechanisms.139

There has been much progress iu the theoretical

LIR LU

development of quantum resolved energy transfer
processes,136’139-152 but the corresponding experimental
determination of the state resolved cross sections, 0(q), are 1
lacking. The fairly recent advent of narrow-linewidth laser
sources has provided the potential for such experiments.
Important measurements of these cross sections and thelir
dependence on quantum state, reduced mass, polarizability, )

temperature, and energy spacing have been and are currently

being made. '

Detailed cross sections can lead to information such as
the determination of intermolecular potentials governing atom-
molecule and molecule-molecule collisions. Experimentally
determined dependencies on vibrational quantum number and
reduced mass of the collison palir are of fundamental and i
practical importance and can be compared to scaling theories J

U
such as the Landau-Teller153 and SSH theories.lSA

e

WA
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%ag Energy transfer studies have wide application including
the fields of atmospheric phenomena, laser physics, sound
absorption, and shock wave propogation. Especially {n the
field of laser physics, energy transfer studies and laser

development have grown hand-in-hand.

It is on this basis of practical and scientific need that

the following research effort was conducted.

E. Problem Statement

Steady-state (CW) and temporally-resolved (pulsed),
spectrally-resolved laser induced fluorescence techniques and
optically-pumped laser studies will be used to examine the
fundamental physical properties of bromine monochloride (BrCl)
and molecular bromine (Brz) that are relevant to chemical

laser development.

Energy transfer studies in the B3ﬂ(0+) state of BrCl will
be the primary focus of this thesis. Specifically, the
following energy transfer processes will be investigated:

(1) determination of radiative lifetimes for all the
stable vibrational states,

(2) measurement of electronic quenching rates of the
thermalized distribution for atomic and molecular buffer
gases,

(3) measurement of state-to-state vibrational transfer
rates,

(4) measurement of total rotational transfer rates,
rotational distributions, and the effects of V,R-T
processes,

11
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(5) determination of quenching mechanisms and
predissociative losses, and

(6) investigatation of other important energy transfer

processes.

Conclusions based on these observations will be made,
including:

(1) the suitability of BrCl(B) as the excited state for
an electronic transition chemical laser,

(2) the scaling of vibrational and rotational transfer
rates with quantum number and reduced mass,

(3) the mechanism for quenching and removal from BrCl(B),
and

(4) the applicability of known energy transfer models to
BrCl(B), where the vibrational energy spacing is nearly
kT.

Questions regarding the importance of spectral response in LIF

experiments and the synergy between steady-state and time- r

resolved experiments will be addressed.

An optically-pumped molecular bromine laser will be

et

demonstrated and used to:

(1) study the instabilities of Br.(B) due to self
quenching and natural predissocia%ion,

(2) obtain laser parameters such as gain and threshold,
(3) test known kinetic rates under lasing conditions, and
(4) compare lasing operation with other halogen and

interhalogen lasers.

This important bromine laser work will be presented in

appendix A,

12
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II. BACKGROUND THEORY

A, Spectroscopy

The halogen atoms have ground state electronic
configurations with outer shells szps, yielding 2P3/2 and
2P1/2 atomic states. Molecular orbitals for the diatomic
halogens may be established from linear combinations of the
atomic states. The lowest energy molecular orbital arises
from the configuration (og)Z(ﬂu)A(“g)é(ou)O’ abbreviated 2440,
This configuration provides the 12 g+ ground electronic state.
Excited electronic states are obtained from the promotion of

1,3

an electron to the unfilled ¢ u orbital. The Hu states

1,3

are obtained from the 2431 configuration and the Hg states

from the 2341 configuration,

A correlation diagram for these states with momentum
coupling of Hund”s case (a), A - £ coupling, and Hund’s
case {(c), J-J coupling, is given in figure 2. On the
left-hand side of the diagram, case (a) coupling is shown.
The right-hand side of the diagram provides case (c) coupling
and only the electronic angular momentum projected along the
internuclaer axis, &, i{s defined. States with the same
symmetry are correlated and shown by a solid line connecting
the two states, Typical interhalogen potential energy curves
for the electronic states given in the correlation diagram are

Lt shown in figure 3.

Ay
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Figure 2. Correlation diagram for the lowest electronic
states of the difiatomic halogen molecules.
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For the interhalogens, the assignment of X(ZP ) and

1/2
2 2
P3/2) is unique and known as C1( Pl/2) + Br( P3/2) for
134

v(?

BrCl. No inversion symmetry exists for the interhalogens
and the u,g labeling does not apply. Note that the B3H(0+)
.
state crosses a repulsive 3h(() ) state in the correlation

diagram,. In general, states of the same symmetry and total
angular momentum do not cross, but rather are greatly
perturbed near their intersection. As a result of this
perturbation the interhalogen B state correlates to two 2P3/2
separated atom states by way of a potential energy maximum.

At muderate vibrational levels, a molecule may predissociate
across the unstable maximum, and thus, the collisionless
lifetimes of the B state vibrational levels near the potential
maximum are shortened.

163 and is typical of the interhalogens.

This type of predissociation belongs

to Herzberg case I(c)

The spectroscopy of the BrCl B-X system has been studied

80,101,164

via chemiluminescence and absorption100

experiments.
00

?

The absorption spectra carefully recorded by JA Coxon1
provide the best reported spectroscoplic constants, RKR

potential energy curves and Franck-Condon factors.

+
The perturbation of the B3X state by the repulsive O
state I{s strong in BrCl and a typical least-square fit to a

Dunham expansion does not provide a satisfactory

100

representation of Coxon”s spectroscopic data. Coxon has

15
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Qﬁt shown that the shift {n vibratfonal energy (Av) due to the

perturbation is gliven by

2 2,1/2
p=(Wy e 1D~ 2 (1)

where
W. =matrix element representing the strength of the

be interaction

8 v=separation between unperturbed levels

+
For the interaction 3H and 0 states to be equally
displaced from the interaction energy, the separation of the

unperturbed vibrational states must be

6= T, - T°(v”) (2)

where

Tp=the crossing point energy

(o]

0 -y o - N o - 2
T (v )-Te +ue (v +1/2)+uexe (vo+1/2)"+...

These states, their interactions, and energles are depicted in

figure 4.
By fitting the data to
T(v7)=T(v")-t . (3)

with parameters W

b and T , in addition to the normal
c %

vibrational Dunham expansion coefficients for the unperturbed

state, the constants of table 1 were derived.100

s
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Figure 4. Perturbed BrCl(B) state and interaction energies,
from reference 188.

Table I.
Spectroscopic Constants for BrCl X and B states
79Br35Cl BIBrBSCl
X-state B-state X-state B-state
Yo 444,28 222.68 442,59 221.87
LeX @ 1.843 2.884 1.829 2.848
weY o 0.0040 -0.0673 0.0039 -0.0653
wbo ------ 359.7 eee--- 367.1
T 0 16879.91 0 16881.19
Tg 0 18936.36 0 18945,20

No completely adequate fit for rotational constants of
the BrCl B state was found by Coxon. Experimental values for
the rotational constants Bv’ were reported100 and are listed
along with the ground state rotational constants in

appendix B.
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63) While the spectroscopic description of the BrCl X and B
states by Coxon 1Is the best found in the literature, it 1is
insufficlent for the energy transfer studies of this thesis.
The study was done in absorption and therefore was limited to
v"<8. Many of the strongest B-X emission transitionmns
terminate at 7§v"15. To extend Coxon”s work to higher v",
transition wavelengths and Franck-Condon factors were
calculated from an RKR program using Coxon”s X-state constants
and B state classical turning points for 0§v"¢30 and 0Kv~°(8,

see appendix B. This method provided agreement with Coxon”s

Franck-Condon factors to within 10%Z. The derived potential
energy curves are shown in figure 5 and the resulting
transition wavelengths and Franck-Condon factors are listed in

appendix B.

The nature of predissociation in BrCl(B) can be further

studied by state selective collisionless lifetime measurements

as has been done by M. A, Clyne and coworkers.166 All the

respect to predissociation and have radiative lifetimes of

122 .

;

) BrCl(B) energy levels below v =6, J =42 are stable with

\

' about 40 us. At v’=6, J"=42 the collislionless lifetime

drops immediately to 8.8 us and continues to fall

‘ monotonically to 4.3 us for J’=50.122 All the rotational

. levels of v“=7 and 8 have lifetimes less than 1 us.122 Since
predissociation Is a nonradiative depletion process,

} fluorescence intensity from predissociated states i{s reduced.

18
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635 The interaction of the repulsive 0+ state with the B3H
J'

state in BrCl has important implications for the excited state
spectroscopy. Even more interesting are the effects of this
predissociation on the kinetics and energy transfer within
BrCl(B). The methods of laser induced fluorescence and the
kinetic background required to study these processes will be

described in the following two sections.

B. Laser Induced Fluorescence Techniques

Laser induced fluorescence (LIF) is an experimental
technique based on the population of a specific quantum state,
or set of states, by a narrow linewidth laser source and the

detection of the subsequent emission from that state or

kinetically related states. The range of application for LIF
techniques vary from the assignment of molecular spectra to

the determination of internal state population distributions

of chemical reaction products.165 The method was first used

53,173

by Zare et al. Since then, LIF has been used by many

groups to study energy transfer In such molecules as Na 48-53

2)
2,54_56 N059-60, and 5257-58. MAA Clyne and coworkers have

used the methods extensively to study the halogens and the
166

Li

interhalogens.

The basic method is 1llustrated in figure 6. A laser f{is
used to populate the quantum state N. Collisional energy

transfer can then redistribute the population among other

'.
L4
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states such as N-1 and N+1. The spectrally-resolved

/
«

&

fluorescence intensity from these states yield parent
transitions that originate from the initally populated state
and satellite transitions that originate from collisionally
populated states. The fluorescence intensity of a given
transition is proportional to the number density of the

excited state (Nv)163:

I %" (64.2/3)cv. g

IR
vw vw VW e

where

emm
I

- =emission intensity from state v to state w

\%w=transition frequency from state v to state w

q. =<v/w>=Franck-Condon factor overlap for states v,w

vw

‘Re|= electric dipole moment

SJ=rotationa1 linestrength factor.

TRANSFER

En 11 re—— PARENT LINE
En-t
ﬂSA‘ELL”E LINES
‘/

ENH
coL LISIUNAL/

FLUORESCENCE INTENSITY

Aied AN Ak-1
WAVELENGTH

NN Figure 6. Basic laser induced fluorescence technique.
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23, The portion of the emission intensity actually observed
will depend on the experimental detection system. If the
detectivity as a function of frequency, D(v), is included, the

observed emission intensity {is

obs_ emm
va _va D(va) (5)

Thus by measuring the relative steady-state intensity of
various spectral features the relative steady-state number

density of these states can be obtained:

NV/NU=(Iv°bS/Iu°bS)(v /v )4

uw vw (q

suea, ) (D, D)) (6)

The relative CW number densities can in turn be related to

rate constants as will be shown in section IIC.

Total fluorescence intensity is also proportional to the

total excited state density:
_ obs _ 4 4 2
If_v):wxw -Vzw(stm [3)ev, o R TDCv, N (7)

If the spectral response of the detection system is relatively
"flat” so that D(vvw) 1s roughly independant of vV for the

region of significant emission, then

I.= C N (8)

C = a proportionality constant
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Often, experimental detection systems are not spectrally
flat and the total fluorescence intensity depends on the
distribution of population among vibrational levels and the
relative detection efficiency for each level. However, {f a
thermalized distribution Nv exists, the fluorescence intensity
will be directly proportional to the total excited state
density regardless of detection efficiencies. The problem of
detection efficiency is addressed in further detail in section

IV and appendix C.

Laser induced fluorescence techniques can be enhanced by
adding temporal resolution to the experiment. The general
approach 1Is shown in figure 7. A pulsed laser is used to
initially populate the excited quantum state. The
fluorescence from that state or related states Is then
monitored as a function of time. By applying an essentially
delta-function excitation pulse, the time evolution of a set
of coupled quantum states can be observed under various
initial conditions. The equations to be derived in
section IIC can then be used to extract rate constants for the

radiative and collisional processes affecting the excited

states,.

The pulsed and CW LIF experimental techniques provide
similar information about the kinetic processes within the

excited electronic state, but are complimentary in nature.
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! Figure 7. Time-resolved laser induced fluorescence technique.

The steady state experiments are important for measuring

relative number densities directly. The CW studies generally

have larger average signals and therefore allow for greater
spectral resolution and the study of rotational processes.,
| Finally, the CW experiments provide data that is usually

easier to interpret than data from pulsed experiments.

The pulsed experiments measure lifetimes directly and
provide the only information on the basic time scales for the
energy transfer events, The addition of spectral and temporal

resolution provides a great deal of information detailing the

full time evolution of given quantum states with specific

{nitial conditions.

)
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C. Kinetic Analysis

1., Introduction

The kinetic analysis used to interpret the results of
laser induced fluorescence experiments and to determine the
mechanisms and rate counstants for collision induced energy
transfer within the B3ﬂ0+ state of BrCl are presented in this
sectlon. The master rate equation for all the radiative and
kinetic processes affecting BrCl(B) will be developed.
Solutions to this equation under steady state and time
dependent conditions will be examined. The particular problen
of extracting state-to-state vibrational transfer rates from
pulsed LIF experiments for strongly coupled vibrational states
will be discussed. Theories describing the scaling of
vibrational transfer cross sections with vibrational quantum
number and reduced mass of the collision partner are described

in appendix D.
2., Master Rate Equation

Consider a dilute system of non-interacting molecules
with many accessible quantum states, BrCl(B;v~,J”), that may
interact with a chemically-inert heat bath, Y, consisting of
one or more atomic or molecular species. The BrCl(B)
concentration must be dilute in the bath gas to insure the
kinetic processes are first order with respect to BrCl(B) and

to maintain the heat bath at the initial equilibrium

25
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temperature (300 K). Both radiative

&

transitions are to be considered. A
symbols used in this analysis may be

and notation table on page xiv.

The fundamental energy transfer

Optical Excitation:

k

T UV OOV RTINS  TOIMOE OV OT

and collision induced
summary of the terms and

found in the terminology

processes are:

" " D ”»~ ”~
131'01(x;v0 I, ) + hv——.BrCl(B;vo I ) (9)

Spontaneous Emission:

A

BrCl(B;v”,J” )—=BrCl(X;v",J") + hy (10)

Stimulated Emission:
Bio

BrCl(B;v-,J”) + hy——-BrCl(X;v",J") + 2hv (11)
Predissociation:

BrCl(B;v~ J')—rPi—Br(zp ) + c1(%p,,.) (12)

’ ’ 3/2 3/2

Electronic Quenching:

K
BrCl(B;v-,J”) + Yy—=4oprc1*

+ Y (13)
Resonant Electronic Exchange:
k e %
BrCl(B;v~-,J") + Y—e—>BrCI(X;vo"JO") + Y (14)
Ro-vibrational Transfer (V,R-T):
L ) VT -~
S BrCl(B;v",J") + Y —=BrCl(B;v +av”™,J+2J7) + Y (15)
et
26
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gg& Vibrational-Vibrational Transfer (V-V):
kVV
BrCl(B;v',J')+Y2(w)——’BrC1(B;v’+Av',J’+AJ’)+Y2(w+Aw) (16)
The specie "Y" is used in equations (13-16) as an arbitrary

collision partner,

Process (9), optical excitation, is the means by which
the system is perturbed from its equilibrium. Energy 1is
selectively applied to the system via absorptlion of
monochromatic laser radiation. The specific quantum state

rd

(vo ,Jo’) excited is the initially populated state, or parent

state. The pumping rate is proportional to the ground state

BrCl number density and the pump rate constant

kp= (BOIIo/c)[a(v) gp(v) dv (17)

where

BOI= Einstein coefficient for stimulated emission

—
]

incident pump laser intemnsity

0
[

speed of light
gp( v)= pump laser linewidth function

a(v)= absorption transition linewidth function

To insure selective pumping of a single quantum state,
the pump laser linewidth,Avp, given by gp(v) must be smaller
than the the absorption transiton 11new1dth,&va, given by

a(v). Under these conditions the convolution integral in
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equation (17) insures kp will be non-zero for only one

absorption transition.

The process of stimulated emission (11) is the inverse of

process (9). The two rates may be combined into a single

term:
Sév’vo 53,J = (BOIIO/C)[N(X;Vo ,Jo )=
(g,/8 IN(B;v =, J )]csv’vo ch,Jo (18)
where
81185 = the degeneracies of the excited and ground states
N(X;v ",J ") = concentration of BrCl ground electronic
° ° state, vibrational level vo“, rotational
state Jo"

N(B;vo',Jo’) concentration of BrCl excited electronic

P d

state, vibrational 1level Vo s rotational
state Jo"

éij = Kronecker delta function

These rates are labeled S, since they are the net pumping
rate or source term, Because the BrCl B-X transition moment
1s so small, very little population is removed from BrCl(X) to
BrCl(B) and N(X;vo",Jo") > N(B;vo’,Jo’). The source term {is
then proportional to the total BrCl concentration. Note that
the net pump rate would be zero for a saturated transition,.

If the transition remains saturated (CW condition), the
pumping process will dominate all kinetic processes. Any
collisional removal from BrCl(B;vo’,Jo') would immedi{ately be

offset by an enhanced pumping rate. Thus the BrCl(B;vo’,Jo’)

28

T P T

R

W N oY

Yy r_w_»

- s s . _a

e

L AR




-

S

) . - . ‘J - - s..\
VR

population would be held artificlially high. Clearly,

saturation must be avoided in a CW LIF experiment.

Spontaneous emission, process (10), is simply the
radiative decay from the excited state. The rate is
proportional to the number in the excited state and the

Einstien A coefficient

A(ve, 37 >y, J")= (647°/3nc>) IReI 2qv,

v SJ/(2J+1)

The radiative lifetime, T from state v~ 1is
llTr(v')= A(v7)= Z;é v ,J7> v",J")
v
The final collisionless transfer process 1s the
nonradiative loss via predissociation. As was described in
section IIA, BrCl(B;v”">6) may dissocliate to two ground state
atoms by way of a potential energy maximum. There is no
shortening of the radiative lifetime due to predissociation
for states below v =6, J“=42 in BrCl(B). Above this level the
lifetime 1Is drastically shortened by rapid predissociation.

The collisionless lifetime, ro, for such states 1is given by

= l/Tr + Ibd (20)

These collisionless lifetimes have been measured for various

v°,]” states by MA Clyne and co-workers. 20 123

The first collisional processes to be considered are

those of electronic quenching (13) and resonant electronic
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exchange (14). Electronic quenching refers to the removal of
thermalized BrCl(B) to any lower electronic state, BrCl+

Such rates are generally slow and nearly independent of v’ for
the 1nterhalogens.67-69’l64 Resonant electronic exchange
refers to the direct exchange of the BrCl(B) energy to a
nearly resonant excited electronic state of the collision
partner, Y*. Rates for resonant transfer can be nearly gas
kinetic and depend strongly on vibrational state. With
respect to the rate equation these processes are
indistinguishable. Both processes must be considered when

interpreting measured rates, however. The total electronic

quenching rate is defined as
k =k + k (21)

A third mechanism is avalilable for the quenching of
BrCl(B;v”). Vibrational transfer to predissociated states
followed by a rapid dissociation to ground state atoms may be
an important process. Such a mechanism would have a unique
pressure dependence since {t would depend on the full ro-
vibrational distribution within the B state. The rate
constant kQ will be defined as the sum of rates due to

electronic quenching, resonant electronic exchange, and

vibrational ladder climbing to predissociated states.

The thermalization of the B state is controlled by the
vibrational and rotational transfer processes of equations

(15) and (16). Pure V-T transfer i{s obtained from

30
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equation (15) when AJ=0, and pure rotational transfer is .
Y )

obtained when Av=0. The rates will depend on the population
distribution among the full set of ro-vibrational states. The
rate constant will depend on the collision partner, quantum
state, and size of the quantum jump. Vibrationmal-vibrational
(V-V) transfer is possible with diatomic buffer gases. The
rates for V-T and V-V transfer have the same form and may be

combined so that
k., = k.. + k (22) ;

The total vibrational transfer out of a specific
vibrational state, v, includes the transfer to all other
vibrational states (all Av). The rate constant for total
vibrational removal from state v, KVY(V), is defined by
equation (23). The total rotational transfer out of the
parent rotational state, J, includes the transfer to all
satellite rotational states (all 2£J) within the parent
vibrational band. The rate constant for total rotational

removal from state J, KJY(J), is defined by equation (24). 3

~
—
<
~
[}

YT ok (wverv, JoJ+ ) (23)

vy, 2]

)3 kVY(J»J-r[J) (24)

s s

=
—~
(59
~
'}

The total removal from a given vibrational state v, or from a
given rotational state (v,J) includes quenching losses as well

as the removal as defined in equations (23-24). The rate

31
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o, constants for these total removal rates are defined in

equations (25-26).

KRY(V) - KVY(V) + qu(v) (25)

Ko (v, 3) = K T(v) + & T (26)

J

Using these fundamental transfer processes, rates, and

definitions, the master rate equation is

dN(B;v,J)/dt = S ‘vao 5”0

- z:qu(v,J) Y N(B;v,J)

Y
-ZZZ ka(w v+rv,J+J+ AT) Y N(B;v,J)

Y Av AJ

4222:2;ka(v+Av+v,J+AJ*J) Y N(B;v+av,J+2J)
v

The summation over Y indicates the 1inclusion of all buffer

- ro(v,J) N(B;v,J) (27)

species Y. This master rate equation can be rewritten in a

more conclise form by making the following definitions:

p = (v°,J7), label for the observed quantum state (28)
P,= (vo',Jo’), label for the parent quantum state
q = (v7+rv7,J7+4J7), label for the indexed quantum state
==§:k Y(q--»p) Y, the vibrational transition rate
Pa Y v constant from state q to state p
®pa T ¥pq T Spq (Z/--”p *orte) +;qu(p) o

the energy transfer rate matrix connecting state
q to state p.

5 = Kronecker delta function

* EZ""'I!f’A""
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;GB Applying the definitions of equation (28) to the terms of the
.&4
master rate equation (27) provides the relationships of
equations (29). Note that the right hand side of these
equations are Iin tensor notation and repeated subscripts imply
a summation over all values of that subscript.
S & =S54 (29)
ViV, PP,
Y
ZZZRV (v w+pv,J>J+pJ) Y N(B;v,J) = ZHI 6Pq N
Y Av A T 1P q
] . =
r (v,J) N(B;v,J) = T (p)s N
; o' ? ' o Pq q
b
Z k Y(v,J) Y N(B;v,J) = k Y(p) Y § N
Y q q P9 q
Y ka(v+Av—>v,J+AJ->J) Y N(Bjvtov,J+8J) = w__ N
Y Av A3 P 1
The resulting master rate equation in tensor notation {is
4
d
dN /dt = S + R N 30
P/ GPP P9 9 (30)
. (o}
I In order to present the elements of the R rate matrix
: independent of pressure, the following definition is provided:
E "
R =R"__ Y+ (T +k_ Y +K 6 30
Pq Pq (To * keq v (P)° o4 (302)
3. Steady-State Solutions
For a CW laser pump source the BrCl system reaches a
steady-state condition. The population of any excited state
o
33
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is independent of time and

dN(B;v,J)/dt = 0 (31)

This condition will now be applied to the master rate

equation with various additional assumptions.

a. Electronic Quenching

The simplest CW experiment is that of measuring total
fluorecence at various buffer pressures in order to obtain
quenching rates. Fluorescence Intensity is proportional to
excited state densities as was described in section IIB.
Thus, by deriving equations relating relative number density
to buffer pressure, a method of experimentally determining

kinetic rates will be established.

Summing the master rate equation over all states and

applying the steady state condition equation (31) yields

0=S-Zfo(p)N -ZZRY(p)YN (32)
5 P 4G5 4 P

-}:Z(Zka(p+q) Y N - Zka(q ») Y Nq)
Yp ¢ P q

The thermalization processes do not remove any BrCl molecules

from the B state because, for any bath specie Y,

Y Y
};'%"kv (p»a) Y N “;%“v (a-p) ¥ N (33)
Thus the fourth term in equation (32) is zero. If it is

assumed that Fo and qu are state independent, then

%
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4%} equation (32) can be solved for the total steady-state excited

-y
state density,
_ _ Y
N —ZNP = S/(ry 4 k) (34)
P Y
If To and qu are not state independent, equation (32) does
not reduce to a simple result and quenching may exhibit unique
pressure effects, This issue will be addressed again 1in
section IV,

Two cases of bath gas composition may be consldered.
First, the BrCl is produced in a C12:BtC1:Br2 mixture., The
concentration ratios are fixed and this condition may be
considered the "self-transfer” case. An overall self-
quenching rate for the mix 1Is defined as

M Cl BrCl Br
k M =k 2{cC1 + k BrCl] + k 2[{Br 35
o M=k Cl20c1, ]+ k PTENBro1) + k PT2(Br,] (35)
where

[X] = concentration of specie X

M = total mix concentration
Vibrational and rotational rates for the mix are defined 1in
the same manner. Equation (34) can be rewritten for the self
transfer case as,

M
1/N, (r,/8)(1 + kq M/T ) (36)
35
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The second bath gas composition is for a fixed BrCl mix
pressure and varying pressure of a second buffer specie, Y.

This will be termed the buffer transfer case, and

M Y
NT=-S/(1"O+1<qM+kq Y) (37)

Ratiolng to the zero buffer pressure condition ylelds,

Y M

NT(Y=O)/NT(Y) =1 + kq Y/(ro + kq M) (38)

The assumption that IB 1s state independent requires
limiting the state sum to stable v (v°<7) and requiring the
radiative lifetime for these state to be independent of
vibrational state. This assumption is often required to make
the energy transfer equations tractable (see section IIC4e for
more details). If there are no resonant electronic exchange
reactions, one would also expect kq to depend only slowly on
(v°,J°) quantum state. Any measured quenching rate will be
the vibrational state average of such rates. These
assumptions have been applied successfully in the case of
Il“(B).67-‘69 In the case of BrCl(B), the assumptions must be

verified by the experimental results.

A second caveat must be made to this analysis. The total
fluorescence will be directly proportional to total B state
concentration only if all vibrational states are detected with
equal efficiency or a thermal vibrational distribution exists
(see section IIB). This issue is addressed for the BrCl(B)

experiments in chapter III and appendix C.
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b. Vibrational Transfer .

Spectrally-resolved steady~-state LIF data provide
information on state~to-state vibrational transfer rates.
Again, a relationship betwen the steady-state number densities

and total pressure is needed to reduce the data.

The master rate equation, equation (27), under the

steady-state conditon, equation (31), can be averaged

rotationally by summing over all rotational states. Assuming

Ty and qu are independent of rotational state and defining

the total population coancentration of vibrational state v,

N(v), as the sum of the population in all rotational states J,

N(v) =) N(v,J) =3 N(v,J+5J) (39)

J aJ

provides

0 =56, =T _(v) N(¥) -}; qu(v) Y N(v) (40)

pRRN}

Y Aavad J

+L12Y

Y AvAT J

ka(v+v+Av,J+J+AJ) Y N(v,J)
Y(v+av+v,J+1U*J) Y N(v+ov,J+4T) .

If it is assumed that the rate for V,R-T transfer {s

independent of intial rotational state, then

0 =S § - T (v) N(v) (v) Y N(v) (41)

Y
vvo ) -qu
Y
'ZYKVY(V) Y N(v)

+ZZK$

Y Av

(v+#av) Y N(v+av)
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equation (41) for the number density in a satellite band, v
(with vivo), compared to the number density in the parent

band, vo, provides

N(O/NCv) = J Tk (vhawev) ¥ [NGv ) /N(v,) (42)

r,(v) + :i(kqi(v) + Ky (v)) Y

Loy
wix where KVY(V) is defined by equation (23). Solving i

Equation (42) provides the basis for extracting state-to-state
vibrational transfer rate constants, ka(v+v+Av) from data of
relative populations, N(v)/N(vo), as a function of the buffer

concentration, Y.

If the buffer pressure is sufficiently low, the sum in
the numerator may be limited to v+Av =v,- This 1s true for
single collision conditions because the ratio N(v+ &)/N(v) is
significant only for v+Av=vo. To insure single collision
conditions, the collisional frequency, W must be less than

the collision free decay rate, I 0" For this case,

N(v)/N(v_) = _Z“VY("J v) ¥ (43)

: Y Y
L(v) + Zykq (v) Y + ;Kv (v) Y

It should be noted that the denominator is the reciprocal of

the lifetime of the vibrational state v,

/r, = T (v) + gqu(v) Y o+ ZYKVY(v) Y (44)
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oA
‘% so that
Y -
= 4
N(v)/N(v ) TszkV (vrv) ¥ (45)
For the self-transfer single collision condition,
equation (45) reduces to
_ M
[N(v)/N(vo)]Y=0 =T, kv (vo*v) M (46)
The buffer transfer case Is simplest when the vibrational
transfer due to the base mix pressure iIs neglected. In this
case equation (45) becomes
N(v)/N(v ) = T_ ky'(v>v) Y (47)
o v 'V o
Due to low signal intensities, this condition cannot
always be achieved experimentaly. The general case is more
difficult since the population in satellite bands that was
transferred by self collisions can be reduced by vibrational
removal due to the buffer gas.
The general buffer transfer case for a single buffer gas
|
1 under single collision conditions is best handled by
subtracting the relative number N(v)/N(vo) at zero buffer
| pressure, equation (46) from equation (45),
|
‘ ) ) ) y X
N(v)/NCy =[N /NCy D]y o = [0 (Y)= 1 (¥=0) ]k, (v > V)N
Y -
Tv(Y) kv (vo v) Y (48)
The lifetime of state v at a given buffer pressure is given by
o
N
39
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“ ejuation (44) and therefore the lifetiame differeace is
G
' 1‘:4'
Y
TV(Y) -1 v(Y=0) = - TV(Y) tv(Y=0) KR (v) Y (49)

The definition of equation (25) has been used for KRY(V).

Substituting this into equation (48) yields
Y M
N(V)/N(VO)‘[N(V)/N(VO)]Y=0 = 'TV(Y)TV(Y=O)KR (v)YkV (v&’v)M

Y
+Tv(Y)kV (vo+v) Y (50)
Using equation (46) provides the final result,

N(v)/N(vo)-[N(v)/N(vo)]Y=0 =

v (DKW > VY- [N /NG )y TR T 7k V(v s v) 1} (51)

The application of this equation to spectrally-resolved
LIF data is not simple. 1In addition, the assumptions needed
for its derivation and application may not be easily

fulfilled. Further discussion of these results will be

presented in section IV,
¢c. Rotational Transfer

Rotational transfer within the parent vibrational band
will now be considered. The master equation (27) in steady-

state, equation (31), for the initially populated state is

Y
0 =5 -T(v ,J) - Zqu (v ,3.) Y N(v_,J) (52)

Y Y .
- ;KV (v,) Y N(v_,J) —YX K3 (3) ¥ N(v_,J)

o)

Y T,
+§§ ZAJKV (V°+Av-*vo,J°+AJ +Jo) Y N(vo+Av’Jo+A‘J) ;
v

s
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The last term of equation (52) represents mutliple
collisions that return population to the parent state. Due to
the many accessible rotational states, this process is
unlikely and may be neglected. This is particularly true when
vibrational transfer strongly competes with rotational
processes. Neglecting the last term of equation (52), the

steady state number density {s,
N(v_,J )=S/[T (v ,3 )+ k Y(v ,3 )1+ &_Y(v )y+ .V(J )] (53)
o’ o o' 0’ o q o’ o v 0 J 0

Identifying the denominator as the reciprocal collisional

lifetime of state (vo,Jo) provides,
N(vo,Jo) = § T(VO,JO) (54)

The total number density of the population in vo’ is obtained
from equation (41)

N(vo) = rv(vo)[SZXQZKvY(v+Av*V) Y N(v+av)] (55)
\'4

The population ratio is then given by

[N(VO,JO)/N(VO)][T(vo)/T(Vo,Jo)] =1 - (56)
r(voﬁzz:ka(V+cw+V) Y [N(v+av)/N(v )]
Y Av

Defining the quantity £ as

e =t(v Y kg (vHivrv) Y [N(v+Av) /N(v )] (57)

Y Av ©

provides

[N(vo)/N(vo,Jo)](l-g) = r(vo)/T(vo,Jo) (58)
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Gﬁ; The lifetime of (vo,J ) is
. (o]
(v ,J.) = 1/ (v ) +§ KRY(JO) Y (59)
And finally,
[N(v )/N(v_,3 )](1-€) = 1 = t(v )gjx Y1) v (60)
o o’ o o J o

Applying equation (60) to the self transfer case,
_ M
[N(v ) /N(v 3 D1(1=) =1 = w(v ) kM3 ) (61)

The buffer transfer case is again handled by subtracting
from equation (61), the same equation evaluated at no buffer

pressure:

N(v ) /NQv L3 ) = [NGv )/NGv 3 )1y = (62)

{5N(vo)/N(v°,Jo) - &(Y=0)[N(vo)/N(vo,Jo)]Y=0}
+ K M(J Y M (t. - 1. (Y=0)) + K Y(J ) YT
J 0 v v J o v

If the effects of back vibrational transfer are neglected

(£=0) and the definition of equation (63)
- M _ -
Ly = Ky (Jo) M (Tv TV(Y 0)) (63)

is applied to the buffer rotational transfer equation (62),

the result of equation (64) is obtained.

N(v ) /NGy _,3) = [N(v )/NCGv 3 )]y o = 8, = (64)

Y
KJ (Jo) Y T,
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Gﬁt Equations (36), (38), (46), (51), (61), and (64) are the
RS
basis for the reduction of CW LIF energy transfer data. Once
the rate constants have been established, the matrix qu can

be formed and the master rate equation (30) can be solved with
the CW conditfon (31) for the population distributions Np.
This can be accomplished without approximation and the results
compared to the experimental data. Such a consistency check
is an important test of the assumptions described in this

section.
4. Time-Resolved Solutions

For a pulsed laser exclitation source with a duration very
short compared to the shortest excited state lifetime, the
source term in the master equation may be approximated by a
delta function with amplitude S, centered at time t=0. An
equivalent statement Is to let the source term go to zero and

apply the initial condition

N(v™,37) t=0 ~ Svv, %37, N(vo o ) t=0 (65)
By normalizing the number densities to the number
fnitially pumped up to vo’,Jo’ the master rate equation in
tensor notation, equation (30), becomes
dx /dt = R X x (0) = §& 66
p PG g P PP, (66)
where
PN x = N /N (t=0) (67)
N R
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I The well known Stern-Volmer plot is based on
equation (71). By observing the characteristic decay of the

fluoresecnce intensity, I the lifetime is obtained from

f’

T = =5t/ Aln(If) (72)

By plotting 1/ 1 versus concentration Y, a linear plot with
intercept Fo and slope qu is obtalned. This method 1is a well
established technique that has been applied successfully to

many energy transfer problems.

Often the requirement of a state independent TO and k
is not fullfilled. The Stern-Volmer analysis may still be
applied 1f single collision conditions prevalil. In this case

the master equation for state p becomes

Y Y
= -[T
dx /dt = =[T (p) + ] k "(p) Y +7 K, (p) ¥ 1 x| (73)
Y Y
which again has the solution (71) with lifetime

1/+<(p)

To(e) + T [k (p) + &, T(p)] Y (74)

ro(p) +§ KRY(p) Y

Equation (74) may apply to p=(v,J), a specific
ro-vibratlonal state or to p=(v), a rotationally-averaged
state, Thus, by observing spectrally~resolved emission from
parent state under single collision conditions, the collisionr

free lifetime and total removal rate from that state can be

obtained.
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In order to obtain state-to-state vibrational transfer
rates, more sophisticated techniques are required. These
methods will be presented in section IIc4e-g. First, some
general remarks regarding the vibrational transfer problem

will be considered.

b, Radioactive Decay Analogy

The problem of radioactive series decay167 is similar to

that of vibrational energy transfer. Consider the decay
series

d1 d2 d5

Y —=Yo—>Y3 ceceer YoV (75)

The system of equations governing such a decay is

dyildt = Dij Y5 yi(O) = 8, yl(O) (76)
where
-di i1=j
D, = di i=3-1 (77)
J 0 elsewhere

This reaction mechanism and rate equation is very similar to

that of the vibrational transfer problem, equation (66).

The form of the transfer matrices Dij an qu

different, however. The radioactive series decay matrix, D

may be quite

ij°
is bi-diagonal and has no nonzero elements omn its upper

triangle. This is an artifact of the decay being essentially

irreversible. As a result, the eigenvalues for the
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systen, 21’ are identically equal to the decay rates, d The

10
vibrational transfer matrix, qu, may have many more nonzero
elements. The reverse reactions, or transfer up the

vibrational manifold, can be quite probable and will obey

detailed balance,

R = R - k_ T 78
- 4P exp( Aeqp/ B ) (78)

where
At = ¢ ~ ¢ 1s the energy difference between states
qp q p and q
kB is the Boltzmann coanstant
T is the bath gas temperature (300 K)

The matrix qu i1s at least tri-diagonal and the
eigenvalues are no longer equal to the individual removal
rates. That 1s, the system of differential equations may be
strongly coupled. Only {if Aeqp/kT >> 1 will the system be
decoupled. In the limit AEqp/kT + o, the radioactive series

decay analogy 1s exact.

The solution to such a decoupled set of equations 1s

simple. For the case of a two step radioactive decay, the

solution {is
y,(t) = y (0) [d;/(d,=d;)]lexp(-d t) -exp(~d,t)] (79)

This solution provides the general features of spectrally-

resolved, temporally resolved LIF spectra. For a satellite
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band, the spectra will exhibit an initial exponential rise
followed by an exponential decay. The rise i{s due to the
faster kinetic process, usually the rate of transfer into the
observed state. The subsequent decay is characteristic of the
slower kinetic process, usually the removal from the observed

state.

The radioactive series decay analogy has been used to
study energy transfer in HF, where the vibrational spacing
is Agpq/kT = 20.168 For V-T transfer in IF(B) where &cqp/kT=2

the analogy was found to be inadequate.69

For strongly coupled vibrationmal manifolds, Aeqp/kT(l,
the problem of extracting rate constants for state-to-state
vibrational transfer from spectrally-resolved, temporally-
resolved data becomes quite difficult., This general problem
will be discussed shortly. First some basic properties of the

master equation will be presented.
¢c. The Eigenvalue Problem

The master equation is a coupled set of first order,
linear differential equations with constant coefficients.
Such a system can be transformed to a system of Volterra

169

Integral Equations of the Second Kind. The solutions are

thus unique and depend continuously upon the data. The

density distribution xp(t) may be written as an expansion in
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the complete set of orthonormal eigeuvectors170:
i
Yy =
x, (e Z‘C‘ V,o explrt) (80)
where
i

Vp is the p-th element of the i-th eigenvector
21 is the eigenvalue associated with eigenvector Vi

Ci are the initial condition constants

A complete description of the eigenvalue problem may be found

in appendix E.

The matrix qu is real but not symmetric, due to the
detalled balance property. Since the matrix is non-Hermitian,
complex eignvalues might be expected., But the population
densities do not oscillate in time. The matrix qu does
indeed have real, nonpositive eigenvalues as shown in
appendix E., It is the detailed balance property that assures

exponential decay.

Since the qu matrix is at least tri-diagonal, the
eligenvalues of the system will be a convolution of kinetic
rates and no eligenvalue will be equal to the total removal
from any state. For a strongly coupled vibrational manifold
the convolution will be severe. Equation (74) has already
demonstrated that a population in a parent band will decay
exponentially with a lifetime given by the total removal rate.

This result was derived for single collision conditions.
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TS Under these conditions, the eigenvalues combine in such a way

that the decay from the parent band 1s exactly the rate for
total removal. A proof of this statement 1s given in

appendix E,.

Due to the strong convolution of kinetic rates to produce
elgenvalues for a manifold with Aeqp /kT < 1, the scaling of
elgenvalues with vibrational state can be quite different from
the scaling of vibrational transfer rates or total removal
rates. In fact, the eigenvalues can scale strongly with
vibrational state even for the case of no vibrational rate :
scaling. This occurs when the quenching from one state is
much greater than all other states. An example illustrating

this point may be found in appendix E.

To summarize; under single collision conditions, the
population of a parent band will decay with a lifetime
characteristic of the total removal rate from that state.
Under multiple collision conditions the decay from a given
state reflects the elgenvalue of that state. Such eigenvalues
can be a strong convolution of kinetic processes and be
completely unrepresentative of the total removal rate from
that state. This effect i{s accentuated for strongly coupled

vibrational manifolds.
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@? d. Pressure Scaling

Since the master equation (66) is first order, a simple
pressure scaling for distribution xp might be expected. This
is true for the case when the collisionless lifetime, Tor is
indepedent of quantum state, p. If the following change of

varlables is applied to the master equation

t” = tk Y k” = k/k z(t) = x(t) exp(t/To) (81)

then the master equation becomes

. .Y .Y
dz /dt” = -ZYk q @)z, - );k v (p) z, (82)

+ ZZk’VY(q-»p) 2
Ygq

The solution zp now depends only on the product

t” =t k Y (83)

This scaling law can be used as a test of the independence of

To of quantum state p.

e. The Inverse Problem

The previous discussions have centered on what the
distribution xp(t) looks like for a given rate matrix qu.
The problem of experimentally determing V-T transfer
probabilities is the inverse of this problem. In this case,
we wish to find a transformation that will take observed

population distributions xp(t) into the transition
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probabilities of qu. This inverse problem is much more

difficult than the previously described problem.

A mutli-level system has many more transition
probabilities than it does have states. The distributuion
among n states has as many as nz-n transition probabilities.
For a weakly coupled system, many of these probablities are
nearly zero. But as the coupling increases, so does the
number of transitionm probabilities. That is, multi-quantunm

transfer becomes important.

In order to obtain enough information to determine all
n2-n transition probablities independently, the emission from
every state for each initially populated state must be
observed.171 In temporally-resolved spectra it may be
possible to substitute a lack of information on certain

”

(vo’,v’) emissions with the emission of a given (v° ,v7) at

widely different times.171

Note that this problem requires
using a large number of noisy spectra all at one time to make

a universal fit to the elements of qu.

T. Carrington has studied the general features of the
inverse problem and has found that a much greater degree of
precision in the data is required for the inverse problem.171
Carrington applied his analysis to a typical vibrational
manifold with six states and V-T transfer limited to Av 2.

For this example, the accuracy required in observed temporal

spectra 1s approximately ten times greater than the desired
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accuracy in the rate constants.171 P. Wolf experimentally

studied the accuracy required in observed temporal spectra for
V-T transfer in IF(B). He found a 10X scatter in observed
temporal spectra yielded a 50% uncertainty in V-T rate
constants.69 Carrington has also found that the assumption of
state-~independent collisionless decay rates, ro, is often

required to reduce the problem to a tractable form.

The inverse steady-state and pulsed energy transfer
experiments are essentially the same problem, with the steady-
state experiment being the time-averaged pulsed experiment.
The time average 1s over the complete range of lifetimes for
the excited state, This can easily be seen by integrating the

pulsed master equation over all time,

o0

/(dxp/dt) dt = [qu xq(:) dt (84)
[o]

The conditions

xp(o) = appo xp(°° ) =0

N 5% = [x (t) s dt
P P

can be used to rewrite equation (72) as
N = =S & (85)

Equation (85) is identical to the steady-state master
equation (29) and thus the steady-state condition is

equivalent to a time averaging of the density distributions.

53




| L b i AlaidR b Rha Jhe o Bl o erfl - @le Al SE AR _MEa dal S Lo MAL kP At 2R ZAT S R SAS ok i VAT AL SRl R¥ac Al A - ete RE. At —Sle S3o Ak, At A, A% AR Ste A% A% 2. AU 43 AY

f. The Montroll Shuler Model

Theoretical solutions to the inverse problem have been
obtained under assumptions that relate the individual
transition probabilities to each other and thus reduce the
number of independent transition probablities to be extracted
from the spectrally-resolved data. One such solution is the
model developed by Montroll and Shuler.172 Transitions
involvingl|av|= 1 only are included, the scaling of probability
with vibrational quantum number is based on the Landau -Teller
Model,153 and detailed balance is used to relate all the
vibrational transfer rates to the single fundamental rate
constant ka(l-O), the rate constant for transfer from v“=1 to
v“ =0, The closed form solution for the population in state p,

zp [see equations (81) and (67)], after initially populating

state q 1s

5] 8 -t +
2 (1) = (1-e® o8° o787 - 1| P F(-p,-q,13u%)  (86)
(e-t - e % e ¢ —e8
where
6 = h\)olk'l‘

vy = the fundamental vibrational frequency
t7= k, (1-0) t (1-e™)
u = sinh(6/2)/sinh(t”/2)

F = hypergeometric function

The Montroll Shuler Model has the distinct advantage of

requiring only one temporal spectrum (the emission from one v~
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after initially populating a single vo’) to obtain the rate

constant ka(l-O), and thus the full rate matrix R A

Pq’
detailed description of this model is given in appendix D.

The Montroll Shuler model has been applied to vibrational
transfer in IF(B) and found to be a satisfactory description
of the energy transfer processes.69 The Javl= 1 only
assumption is valid since th/kT = 2 and mutli-quantum
transitions are unlikely. The low lying levels of IF(B) are
nearly harmonic, We Xo /we = 0.007, and the Landau - Teller
scaling should be appropriate. All the vibrational levels in
IF(B) for v“<9 are stable and radiative l:fetimes vary only

approximately 20 Z.69 In addition, the electronic quenching

rate 1s roughly independent of v'.69 The assumption that TO

and keq are independent of quantum state Is justified.

The situation in BrCl(B) is not as promising. The
vibrational spacing 1is less (Aeqp /KT = 1), the anharmonicity
is larger (“exe/w e = 0.013), and the state independence

of oo and kq may be completely 1ncorrect.120_123 Clyne has

observed that kQ(v) varies expomentially with v° for v'>3.123
In addition predissociation sets in at v"=6, J“=42 and the
collisionless lifetime drops from 40.2 us to 8 .s in one

rotational 1eve1.122 Indeed, the Montroll-Shuler model may be

a poor description for vibrational transfer within v~ levels

of BrCl(B).
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g. Numerical Integration Methods

No closed form solution to the inverse energy transfer

problem for the case of strong vibrational coupling has been

found in the literature. This case is difficult theoretically

since interactions are strong and the tools of perturbation

theory are inappropriate.

The option of guessing a rate matrix qu and numerically

integrating the rate equations (or solving the eigenvalue
problem exactly) is always available. By systematically
varying the elements of qu, a best fit to the experimental
spectra can be achieved. ©No assurance for the uniqueness of
the solution is provided and computational costs could be

excessive for large data samples.

Vibrational energy transfer in BrCl(B) is a complicated
process and all the methods for data analysis described in
this chapter will be necessary to interpret the experiments.
Numerical solutions will be required and based omn the
eigenvalue solution described in section IIC4c. Further
discussion of these numerical methods will be presented in

chapter IV as needed.
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III., EXPERIMENTAL SECTION

A. Steady-State Experiment

The experimental arrangement for the steady-state
experiment is shown in figure 8. The excitation source was a
Spectra Physics Model 380A Single Frequency Ring Dye Laser
pumped by a Model 171 argon ion laser. The dye laser provided
up to 440 mW power with a less than 100 MHz linewidth,.

Exciton Rhodamine 590 dye was used to cover the wavelength
range 570 to 600 nm. This facilitated pumping v~ = 4, 5

and 6. The output of the dye laser was focused to an
approximately 2mm diameter inside the BrCl cell. A Burleigh
model WA-20 wavemeter was used to record the dye laser output

frequency to an accuracy of approximately 0.01 cm-l.

The BrCl fluorescence cell was a 3 inch diameter by 9.5
inch long pyrex cylinder with ! inch Brewster windows on both
ends. The exterior of the cell was painted black to eliminate
stray room light from the fluorescence signal. A 2 inch
window was mounted at the center of the cell to view the
fluorescence. The pressure in the cell was measured with
MKS #310 1 torr and #220 10 torr capacitance manometers. The
manometers were calibrated using a Veeco RG75K 1ionization
gauge., Vacuums of 10-6 torr were achieved with a
Varian HSA 2 inch diffusion pump. The leak plus outgassing

rate for the cell was less than 0.01 mtorr/min.

e
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Figure 8. CW spectrally-resolved LIF experiment.

BrCl was produced in a gas handling manifold by mixing

Cl, and Br

2
constant for the reaction Br2 + C12:::::Q BrCl is Keq=9.6.120 J

The approach to equilibrium is slow and the gases were allowed

, gases in a ratio of 15:1. The equilibrium

to react for at least fifteen hours. Once produced, the Brc(Cl
mix was stored Iin a pyrex bomb and was stable for greater than

four weeks. Since Br, absorbs and emits in the same spectral

2
region as BrCl, excess C12 was used to minimize the :
equilibrium Bt2 concentration. For the 15:1 initial C12:Br2 3

concentration, the resulting equilibrium mix {s calculated to

be C12:BrC1:Br2 = 1,0 : 0.14 : 0.002, In such a mixture, the

predominant collisional process 1is BrCl(B) + C12(X).

e
“}‘
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o Control of the cell pressures for the BrCl mix and/or .
buffer gases was achleved with a Granville-Phillips Variable
Leak Valve. Since the fluorescence chamber is a static cell,
large back pressures (approximately 50 torr) were used to leak

in the buffer gases but prevent the loss of BrCl mix from the

cell, 1In this way, a3 fixed BrCl mix pressure could be .

maintained for various buffer gas pressures. Using this ]

procedure, buffer gas pressures as low as 1 mtorr could be

added with the leak valve. The cell was sealed off with a i

teflon valve during emission wavelength scans. E
5

Optical excitation of BrCl(B) is difficult due to the
large shift in equilibrium internuclear scparation of the
excited (B) with respect to the ground (X) electrounic states.
The absorption coefficient for the BrCl v"=1 to v7=6

transition 15121’100

o = l.8x10-7 cm-lmtorr—l

i With the cw ring dye laser used in these steady-state

} experiments, total B-state densities of roughly 108 molec/cc
| were achieved. Fluorescence signals were indeed found to be
quite small and required sophisticated signal averagling

techniques.

Total fluorescence was observed with a cooled RCA

C31034A-02 GaAs photomultiplier tube (PMT) placed normal to

the dye laser beam at the back of the fluorescence cell. The

i
NNNRN' ]
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PMT was cooled to -30 C and a 1400 volt photocathode bias was
applied. Dark current was about 0.1 nA and typical signal
strengths were 0.2 nA to 5 uA. The PMT current was observed
on a Keithley model 414S picoammeter and recorded on an

HP7100B strip chart recorder.

It was lmportant to monitor the total fluorescence
intensity during the spectrally-resolved experiments to
correct for mode changes and wavelength drifting of the ring
dye laser. Small corrections to pump laser frequency were
made by varying the alrspace between the mirrors of a Fabry-
Perot etalon (FSR=75GHz) within the dye laser cavity. The
transmitted power of the dye laser was measured at the output

window of the BrCl cell to monitor the dye laser performance.

The spectrally-resolved fluorescence was recorded by
dispersing the focused BrCl(B) emission with a
McPherson model 218 0.3-meter scanning monchromator with a
1200 grooves/mm grating blazed at 500 nm onto a second
RCA C31034A-02 GaAs photomultiplier tube cooled to -30C. The
BrCl emission was collimated with a 50 mm focal length
aspheric 2 inch diameter lens and focused on the 200 micron
slit of the monochromator with a 250 mm lens. The 200 micron
slits provided a 0.6 nm instrumental resolution. These
monochromator slits were chosen to maximize the observed
BrCl(B) emission intensity and still provide sufficient

resolution to isolate vibratfional emission bands and each
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branch of the P-R doublet arising from the parent rotational

P
Y A

~

>

state.

Due to the very small resolved fluorescence signal

R PP

intensities, a PARC photon counting system was used to record
the emission spectra. The system consisted of a model 1121
amplifier-discriminator and a model 1112 photon
counter/processo;. Dark current was about 10 cps and typical .
signals were > 100 cps. The monochromator scan rate was -
usually 1 nm/min and the photon counts were summed for a one

second interval. Spectral resolution was limited by the

monochromator, not by the time constant of the averaging

process.

The photon counts were recorded on an HP 7100B strip
chart recorder as a function of dispersed emission wavelength
for a given pump laser wavelength. The relative intensity of
these emission bands provided the information necessary for
extracting energy transfer rate constants. The emission
spectra for initially populated states vo’= 4, 5, and 6 and

BrCl mix pressures of 2.0 mtorr to 10 torr were observed.

Research grade buffer gases He, Ne, Ar, and Xe at pressures of :
Y
5.0 - 200 mtorr were used. Initially populated BrCl N
“u
‘ rotational states ranged from Jo’= 15 to 46.

vteady state excitation spectra were also obtained by
v+t the pump laser frequency over 30 GHz intervals and ,
.!'2 the PMT current from the undispersed total ®
61 K
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fluorescence. A sample excitation spectrum showing the
resolution of the ring laser is given in figure 9. Note that
a single ro-vibrational state of a given BrCl isotope may be

excited without interference from Br2 absorptions.

171266.26 17266.35

P00 195,350, 795,81,
(5.1) P(12) (14,1) P(19)
<
E 400 |
z
@
o
z
S 200 b “*{I™ RESOLUTION FwHM ~0 02cm”
x
2
a
E|
: UL

17266.00 17266.50
FREQUENCY(cm 1)

Figure 9. CW excitatlion spectrum, The 0,02 c:n"l resolution
is established by the Doppler width. The scan lengths were
limited by the ring dye laser etalon. The (5,1) R(10)
transition was observed in a different scan region.
Calibrations of the experiment {ncluded spectral
response, monochromator wavelength and resolution, and
linearity of fluorescence {ntensity as a function of {ncident
dye laser power. Details of these callbrations are presented

ir appendix C. The spectral response of the system includes

the response of all optics, monochromator zZrating, and
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photomultiplier tube. In order to relate inteansity to number
1@& density via equation (6), relative detection efficiencies must
be ccnsidered. These relative detection efficiencies are

reported in appendix C,

The pump transition must not be saturated in the CW
experiment as was shown in section II., The linearity of
fluorescence fntensity with incident dye laser power {s quite
good and displayed in appendix C. As expected, the BrCl B-X
transition Is not saturated under the conditions of these

experiments.

B. Pulsed Experiment

The experi{mental arrangement for the temporally-resolved
experiment is shown in figure 10. The excitation source was a
Quanta Kay PDL-]1 dye laser pumped by a frequency doubled or
tripled Quanta Ray DCR-1 pulsed Nd:YAG laser., The laser
output conslsted of 8 ns pulses of less than 80 mJ/pulse at a
10 Hz repetition rate. An intracavity etalon was used to
narrow the dye laser bandwidth to -0.03 cm-l. With this
etalon output energies were limited to 40 mJ/pulse, Exciton
Coumarin 500, Rhodamin 590, Kiton Red 620, and DCM dyes were
used to cover wavelengths of 500-550 nm, 550-580 am, 570-

600 nm, and 600-670 nm respectively. This facilitated pumping
v =0 through 8. The output of the dye laser was focused to an

approximately 2mm diameter inside the BrCl fluorescence cell.
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Figure 10. Temporally-resolved, spectrally-resolved LIF )
experiment. .
The fluorescence cell, vacuum system, and gas handling A
system were essentially identical to those described for the 2
€
)

steady state experiment. BrCl was produced in the same manner
as for the CW experiment. :
Fluorescence intensities in the nulsed experiments were )
very weak. Figure 11 i{llustrates a typical result. The :
photon spikes from a C31034 PMT amplified by an HP461A :
amplifier are observed on a Model 7884 Tektronix oscilliscope ;
after initially populating v'=6 at 560.0 nm and resolving the :
emission from v“=0 at 855.7 nm. Total mix pressures are N
indicated. In order to obtain usuable, temporally resolved ;
E?, fluorescence spectra, 103- 104 shots were averaged, ¢

o
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Figure 11, Single-shot BrCl(B) temporally-resolved,
spectrally~resolved emission from v =0 as recorded on an
oscilliscope. Total mix pressures are (a) 0.00 torr, (b) 0.27
torr and (c¢) 1.80 torr.
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The averaging was accomplished with a Model 6500 Biomation

" waveform recorder and Nicolet LAB80 computer.

Since at least some of the BrCl energy transfer processes

will have nearly gas kinetic rates, a high degree of time ;
1

resolution was necessary. The Biomation waveform recorder .

provided 1024 channels with a resolution as high as 2

ns/channel., Digitized PMT currents were then passed from the
waveform recorder to the Nicolet LAB80 computer for signal
averaging and data reduction. Shot-averaged data was recorded
on floppy disk and eventually transferred to the AFWL CRAY 1II
Computer Common File System for extensive data reduction and
manipulation. A copy of the shot-averaged signal was also

recorded on an HP 7004B x-y recorder.

The waveform recorder was triggered optically by the
doubled-YAG output via a Ge photodliode. The amplified output
from the photodiode was used to trigger a pulse generator
which in turn provided a sufficient trigger for the Biomation
recorder. The diode was used to {solate electrical nolse from
the DCR-1 flashlamp circuits. The Biomation recorder
pre—-trigger mode was used to establish baseline signals before

the laser pulse. Approximately 100 channels were used to

v

obtain the average baseline and this baseline was subtracted
from the entire waveform. The Nicolet LAB80 processor was
used to fit single exponential decays to the waveforms,

integrate the waveforms, and perform three-point smoothing
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averages. ‘ihe AFWL CRAY II Computer was used for more
sophisticated data reduction techniques. The Biomation -
LAB80 time scales were calibrated and found to be accurate to
within two percent. The details of this calibration are given

in appendix C.

Two types of spectra were recorded with the Biomation
waveform recorder, First, the decay of total fluorescence was
observed by focusing the undispersed emission onto a filtered
photomultiplier tube. Two PMT s with differenf spectral
responses were used; an RCA C31034 and an EMI 9558QB S$-20,.
Several long pass optical filters were used to block scattered
pump laser radiation and to vary the spectral response of the
detection system, These filters included 600 nm and 750 nm
Corion interference long pass filters and 630 nm and 670 nm
Oriel colored glass long pass filters. The spectral response
of the system with either PMT {s given in appendix C.
Secondly, spectrally-resolved, temporally-resolved spectra
were observed by dispersing the BrCl(B) emission with the
McPherson model 218 0.3-meter scanning monochromator with a
1200 groove/mm, 500 nm blazed grating. Generally, 800 micron
slits were used to provide a 2.5 nm resolution. These
monochromator slits were choseu to maximize the observed
BrCl(B) emission intensity and minimize vibratlonal emissfon
spectral overlap. The degree of spectral {solation achieved

in this apparatus is demonstrated in appendix B,
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The energy transfer processes affecting BrCl(B) were
studied by observing both of these types of temporal spectra
for various initially populated states (vo,Jo), for varlous
observed states (v”~,J”) and for various BrCl—Cl2 and buffer
pressures. For the total fluorescence spectra, initially
populated states of v°’=0-7 and pressures 0.2 mtorr to 10 torr
were studied. The spectrally-resolved studies included
initially populated states of v = 0-6. Initially populated
states were observed for pressures of 5 mtorr to 10 torr.
Collisionally populated states were observed for pressures of
50 mtorr to 10 torr. These pressures cover the range from
collision-free to thermalized conditions. Emission from all
the stable vibrational states (v'=0-6) was observed. Buffer

and N, (research

gases included Cl 29 2

20 He, Ne, Ar, Kr, Xe, O

grade).

In order to make pump transition assignments, traditional
excitation spectra were obtained by scanning the dye laser
wavelength and observing the boxcar-averaged total
fluorescence signal. For these experiments the Biomation-
LAB80 system was replaced with a PARC Model 162 Boxcar
Integrator, and the intracavity etalon of the pulsed dye laser

was removed to permit vxtensive scanning (20 nm).

In order to make emission transition assignments and t
evaluate the degree of vibrational emisslion overlap,

"psuedo-CW" spectra were obtained by selecting a fixed pump
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wavelength and resolving the resultant emission intensity. By
selecting the boxcar to integrate over several BrCl(B)
lifetimes, an essentially steady-state emisslon spectrum could
be observed under pulsed conditons. Examples of the

"psuedo-CW" spectra are given in appendix B,

Diffusion effects can be very important in lifetime
measurements, especially when the states are relatively long-
lived and the collision frequency 1is low. The case of ClZ(B)
with a radiative lifetime of 305 yus 1is a classic example of
how diffusion may effect lifetime measurements.109 Clyne and
McDermid have calculated the effect of diffusion on BrCl(B)
lifetimes under conditions very similar to our experiments and
they conclude 1t {is negligible.114 No lengthening of measured
lifetimes of BrCl(B) for total mix pressure of 0.2 - 2,0 mtorr
has been observed in our apparatus when small amounts of He
are added to increase the collision frequency and reduce the

mean free path, or when the of .ical system is defocused to

observe a larger spatial region.
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ﬁ IV. RESULTS AND DISCUSSION

A. Introduction

The study of energy transfer within the B 3110+ state of
» BrCl was found to be quite difficult. A number of
experimental problems (see section III) limit the signal
intensities, spectral and temporal resolution, and collision
frequency. In addition, the effects of predissociation, small
vibrational energy spacing, and significant anharmonicity of
the vibrational manifold greatly complicate the transfer
processes. Certainly the most difficult issue to handle {is
the small vibrational spacing, which strongly couples the
kinetic processes affecting the B-state vibrational manifold.
In order to unravel these processes and obtain values for the
rate constants, both the steady-state and pulsed LIF
experiments are necessary. The results from one experiment
are required to interpret the data of the other experiment.
This complementary nature of the experiments will be
1llus.rated throughout this chapter and i{s a significant

finding of this thesis.

The presentation of results will begin with preliminary
data and general features of the transfer processes and
proceed to the more detailed extraction of state-to-state
energy transfer rates. Occassionally, the discussion of one

experiment will be interrupted while some results of the other
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experiment are presented. This chapter is divided into four "

sections: (1) preliminary steady-state results (Section B),

(2) 1ifetime studies (Sectionm C), (3) spectrally-resolved, >
temporally~-resolved data (Section D), and (4) steady-state ro- N
vibrational transfer results (Section E).
B. Preliminary Steady-State Results
1. Quenching Studies 3
Electronic quenching is best investigated at relatively
high pressures where a thermalized ro-vibrational distribution %
exists., Under these conditions the total fluorescence is .
directly proportional to the total B state density regardless :
of the relative detectlion efficiencies of the various quantunm E
states. In addition, the effects of predissociation are g
minimized since the distribution lies mostly in low v~. h
v
Figures 12-14 {llustrate the electronic quenching of ¢
BrCl(B) by the C12 + BrCl mix after initially populating ~
v°'=4,5, and 6 in the region of 0.5 - 10 torr total mix
pressure. The plots are very linear and follow the expression ;
of equation (36). The ratio of the {intercept to the slope ‘
establishes the ratio of the electronic quenching rate to the ;
radiative rate. Using a radiative lifetime of 38.7 us (this \
, radiative lifetime will be established in section IVC) "
provides the electronic quenching rates as listed in Table II. E
The quoted errors are based on the standard deviation in three ;
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measurements. The state-averaged value for the electronic

-13 cm3/molec-s.

quenching of BrCl(B) is keqn-6.7 +/- 1.1 x 10

Clearly, the electronic quenching process is inefficient with
respect to gas kinetic collision rates. Due to signal
intensity limitations, initially populated states v <4 were

not investigated.

Table II.
Electronic Quenching Rates from CW Experiments
M -13

- 3
v, keq ( 10 cm /molec~-s)

5.1 +/=- 1.5
6.4 +/- 0.7
8.4 +/- 1.2

The proof that a thermal distribution exists for the
conditions of figures 12-14 requires the analysis
spectrally-resolved data such as shown in figures
discussion of section IVC will establish that the BrCl(B)
ro-vibrational distribution i{s nearly thermal for total mix
pressures above 1-2 torr. The extraction of electronlc
quenching rates from pulsed, spectrally unresolved
fluorescence lifetime data will also be described in

section IVC.

The quenching process is not as simple as the high
pressure data indicates. The quenching rate slope of Stern-
Volmer plots is strongly dependent on pressure as shown {n
figure 15. The observed quenching rate rises rapidly as the

total pressure is reduced, indicating a secondary removal
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Figure 15. Pressure dependent quenching of BrCl(B) total
fluorescence by the mix for Iinftfally populated state vo’=5.
mechanism, The quenching for nonthermal distributions is
greater tnan the electronic quenching of a thermalized
distribution. The rates of table Il should therefore be
consldered as upper limits to the electrounic quenching rate
for a thermalized BrCl(B) distribution. The fact the curves
of figures 12-14 are quite linear over an order of magnitude
in mix pressures indicates that the quenching rate at these
pressures Is nearly constant and the approach to a thermal

distribution must be nearly complete.

The pressure dependent quenching process {s consisten:
with vibrational ladder climbing to predissociated states
suggested by MA Clyne.l“-123 Predissocfaticn {s a non-

radiative loss mechanism and population in such sta:e-
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€E§ dissociates to two ground state atoms. The rate of transfer ]
to predissociated states depends on the population in high-
lying vibrational states and therefore has a unique pressure

dependence. '

There are other possible explanations for the pressure

. -

dependent quenching, but the removal mechanism must certainly
be dependent upon the vibrational distribution. Similar
pressure dependent effects have been observed for the self-

quenching of Brz(B).75-77’175

In this case, the collisionless
lifetimes are rotational state dependent due to rotational
predissociation. The quenching rate for BrZ(B) thus depends

on the rotational distribution and has a unique pressure i

dependence.

The quenching of total fluorescence at very low pressures
after initially populating a high-lying vibrational state
(v°=5,6) provides information regarding the rates for total
quenching, kQ. Single-collision, ro-vibrational transfer to }
predissociated states is described by the rate constants
kVM(po—qu) where qu indicates a predissociated state. Since
the fluorescence intensity from a predissociated state is
greatly reduced, such processes contribute to the quenching of )
total fluorescence intensity. The rate constant for total
fluorescence quenching under single-collision conditions may

be written as

)

M M M M
Q}y kQ (po) keq (po) ke (po) + z:kv (p0+qu) (87)

qu
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’ﬂ Figure 16 illustrates the total quenching from v°’=6 at :
pressures from 0.2 - 10 mtorr and indicates a rate of

10 cm3/molec-s, a nearly gas kinetic rate.

kQ"(s) = 2.5 x 10°
The removal mechanism may be rotational transfer to

predissociated rotational states (J"242) within v7=6,

Resonant electronic exchange reactions (kee) may also
contribute to this rapid rate. The rate for BrCl(B;v”) ,
removal varles more than three orders of magnitude for

‘ pressures in the range of 1 mtorr to 1 torr. Clearly, it is
essential to identify this pressure dependent quenching
mechanism. Unraveling the quenching process will depend on :
the analysis of the pulsed experiments presented in

sections IVC-D. ;
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1.00

1/INTENSITY (1/nA)

0.50

0.00 hd 1 1 1 1 \
0 1 2 3 4 5 -
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Fligure 16. Total quenching of BrCl(B;v“=6) by the mix. Total
NI fluorescence is monitored after pumping v°'=6.
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It 1s difficult to measure the self-transfer total

quenching rates under the single-collision conditions of the
CW experiments. The rate depends omn both the intercept and
slope of plots similar to figure 16. The intercepts are very
small and sensitive to small errors im pressure and
fluorescence intensity measurements. Uncertainties in
measured intensities and pressures are magnified since the
reciprocals of these quantities are plotted. Pulsed
experiments are required to accurately measure these very low

pressure total removal rates.

Quenching due to buffer gases can be more accurately
obtained. The buffer gas quenching rate is obtained directly
from the slope of a plot based on equation (38) and is
independent of the plot intercept. Total quenching with
helium as the buffer gas for v°’=6 and 5 are shown in figures
17 and 18. The rate counstants obtained from equation (38)

~-11

are kQHe(6) =1.25 x 10 cm3/molec-s and

12 cm3/molec—s. The denominator of

kQHe(S) = 3.2 x 10°
equatior (38) was evaluated from the pulsed lifetime
measurements of section IVC. The fast removal from v°'=6 is
consistent with rotatlional transfer to predissociated J levels
within v°=6, The somewhat slower removal from v“=5 is
consistent with vibrational ladder climbing to predissociated
states, If predissociation is responsible for the removal
mechanism, the V,R-T transfer rates must be rapid,

approximately 10_11 cm3/molec-s.
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Figure 17. Total CW quenching of BrCl(B;v“=6) by helium.
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The determination of the mechanism for quenching requires
the data from the pulsed e  >eriments. Before discussing these
experiments, the general features of the steady-state

spectrally-resolved data will be presented.
2, Spectrally-Resolved Data

A great enhancement in spectral resolution at low
pressures over previously observed BrCl(B) CW LIF vibrational

transfer spectra119

has been achieved in the steady-state
experimental apparatus described in section IIIA. Full scans
of emission wavelenghts (900 nm - 550 nm) after pumping v°'=6,

J°’= 37, for mix pressures of 1 torr and 50 mtorr are shown in
figures 19-20. The ring dye laser 1s operated at a fixed
frequency while the emission from the BrCl(B;v”) sample {is

resolved with the scanning monochromator (see Section III).

The strongest transitions in the 1 torr spectrum of X
figures 19-20 originate from v =0-2. In addition, the
rotational structure appears roughly thermal and well formed
vibrational bands are apparent. Clearly, the V,R-T transfer
rates must be rapid to obtain these distributions at the

relatively low pressure of 1 torr.

The lower pressure scan (50 mtorr) indicates many
transitions from all the stable vibrational levels of BrCl(B).

Note that no interferrence from Br, emission {s observed.
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CW LIF emission spectra of BrCl(B;v').

Continued from figure 19.
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Figure 20.
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The rotational structure of v°'=6 is clearly not thermal.

Note that the emission from BrCl(B) is widely dispersed with
emission from high v° greater at short wavelengths and from
low v° greater at long wavelengths. About 60% of the emission

is beyond 900 om and thus is unobservable in the present work.

The higher resolution scans of figures 21-22 provide
detaliled information on state-to-state vibrational transfer
and total rotational removal rates. In figure 21, v°'=5 is
initially-populated at a total mix pressure of 73 mtorr. Band
heads for emission from v°=3,4,5, and 6 are indicated. The
emission from vo’=5 to v"=6 (5,6) is termed the parent band
since it arises from the initially populated state. A
significant population is observed in the satellite bands

(v°=3,4 and 6) indicating rapid vibrational transfer rates.

The double splke in the parent band is the emission from
the single, initially populated rotational state, J°’= 39.
This doublet is the typical P- and R-branch emission structure
for the B-X system of the halogens and interhalogens. The
satellite vibrational levels show no obvious memory of the
enhanced population in Jo’= 39, indicating a high probability

for large rotational quantum jumps in V,R-T collisions.

The emission at the very low pressure of 2 mtorr after
pumping vo’=6 1s shown {in figure 22 and indicates very little
vibrational or rotational transfer. Almost all the population

is in the parent vo’=6, Jo'= 37 state. This spectrum almost
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Figure 21. Typical high resolution CW LIF emission spectrum.
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certainly represents single collision conditions for
vibrational transfer. The relative population in the

satellite state v°=5 is given by equation (6)

[N(5)/N(6)] = [A(5)/A(6)1(aq ¢/ag ¢)[D(v=6)/D(v=5)]

* g glg g) (6)
where
A(v”) = the area of the v~ emission band
L the Franck-Condon Factor for v”~ to v"
D(v”) = relative detection efficiency for band v~
Vv',v"= transition frequency for v~ to v"

Equation (6) establishes the relative number density for the

spectra of figure 22 as [N(5)/N(6)] = 0.099.

Based on the single collision analysis of equation (46),
the state-to-state rate constant for vibrational transfer from

v’ =6 to v°=5 can be estimated as
ky(6-5) = [N(5)/N(6)1C1/M)[1/x (v=6)1, o (88)

Using the lifetime r(v=6)2mT = 20 us from section IVC, the

-1l cm3/molec-s.

rate constant is estimated as kVM(6-5)=5.6x10
This simple example is presented to indicate that the
vibrational transfer rates are very rapid. This is consistent

with the nearly thermalized distributiom at 1 torr in

figures 8-9.
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The analysis of equation (43) can be used to relate

LA N

observed relative number densities to the total pressure and
extract state-to-state vibrational transfer rates and total

rotational removal rates from data similar to that shown in

U F_B_E o

figures 21-22, However, the basic time scale for the energy

transfer events, or the denominator of equation (43), cannot :
be established by the CW analysis. This time scale depends on e
the quenching mechanism, The extraction of vibrational and
rotational rate constants from the CW data will be delayed

until section IVE. .

03

3. Rotatlional Spectra

Figure 23 illustrates the rotationally resolved v'=0 to

55 &N S

v"=12 emission band after initially populating vo’=6 at
15 torr total mix pressure. The resolution appears :

particularly good due to a near overlap of P(J) and R(J+6)

lines.

F - g v e _5_v®

<

The Boltzmann distribution for a thermal population among
163

rotational states, J, {s given by

[ S SR

N(J)/NT = (thv,/kBTR)(2J+1)exp[-Bv,J(J+1)hc/kBTR] (89)

where .
N(J) = the population in rotational state J '
NT = the population in all rotatiomal states within v
J = the rotational state quantum number
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Figure 23. Rotationally-resolved CW LIF emission spectrum.
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Figure 24. Rotatlional temperature of v™ =0 for inftlially
populated state v0’=6 at a total mix pressure of 15 torr.
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#&? and

B . = rotational spectroscopic term value for state v~

v
h = Planck”s constant

c = speed of 1light

kB = Boltzmann constant

TR = rotational temperature

Fluorescence intenslity (IJ) is proportional to the number

density and thus,
1n (IJ/2J+1) = C - (Bv,hc/kBTR) J(J+1) (90)

where C is an arbitrary constant. The slope of a plot of

1ln (IJ/2J+1) versus J(J+1) provides the rotational
temperature. Such a plot is given in figure 24 and the
resulting rotational temperature is 261 +/- 11 K. Under these
conditions, BrCl(B,v"=0) is rotationally in equilibrium with

the heat bath.

The plot of figure 24 is limited to J”>30 since the
spectral resolution is poor near the band head. Relative
fluorescence Iintensitlies were obtained from the peak heights
of the rotational features Iin figure 24. The rotational

temperature measurement 1s only approximate since the spectral

features are due to the convolved population of J” and J +4

states.

Signal intensity does not allow for the same degree of

5

)
]

spectral resolution at lower pressures. Some information is

|
t
b
|
I
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avalilable from rotationally convolved spectra, however, A
computer model has been developed to predict convolved
emission from a set of states observed under finite
resolution. This model is presented in detail in appendix G.
By comparing the computer predicted and experimentally
observed spectra, approximate values for rotational
temperature can be extracted. Figure 25 shows a comparison of
the observed data and predicted spectra for initially
populating v°'=6, J°'=37 at 30.8 mtorr. The continuous, solid
line running through the experimental data is the predicted
coanvolved spectra. The agreement iIs good except on the tale
of the v“=6 band. The descrepancy is do to a small population
in v°=3 excluded from the computer model. The stick spectra
in the figure 25 indicates the emission spectra under infinite
resolution. Note the rotational predissociation that occurs

for J°>41 in the v”“=6 band at approximately 657 nm.

The thermal portion of the parent band, v°’=6 (J ¢ Jo),
has a modeled temperature of 1000 K. The modeled temperature
of the satellite v“=5 band is 500 K. The elevated temperature
in the satellite band may be a result of a slight rotational
memory of the initlally populated rotational state, Jo’= 37.
The maximum population for a distribution at 300 K is at
J =32,

One additional preliminary observation from the CW
experiment {s I{mportant to the interpretation of the pulsed

experiments. The quenching of total fluorescence by heliunm
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Figure 25. Simulated and observed CW LIF emission spectra.
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Figure 26. Quenching of BrCl(B) for initially-populating the
predissociated state J “=44 in v _“=6, indicating stabilization

of the predissociated population? Mix pressure i{s 6.6 oT.

after initially populating a predissociated rotational state,
J°'= 44 {n vo’=6 is shown in figure 26. For added helium
pressures less that 100 mtorr, the fluorescence intensity
increases. Rotational transfer to stable states (J7<42) and
the subsequent fluorescence from these states enhances the
emission intensity. The solid curve {n figure 26 is the
calculated intensity including this stabilization effect and
will be discussed further in appendix F. The important
conclusion to be drawn from this data is that predissoclated

states are not completely unstable and V,R-T transfer from

predissociated states to stable states plays an important role

in BrCl(B) energy transfer processes.
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4, Summary of Preliminary Conclusions

Electronic quenching from the thermalized BrCl(B)

=13 cm3/molec-s). There

distribution is slow (approximetely 10
exists a pressure dependent quenching mechanism with rate
constants for removal from BrCl(B) ranging from

10—13 cm3/molec-s to 10-10

cm3/m01ec-s. This unique pressure
dependence indicates a ro-vibrational distribution dependence
of the quenching mechanism. Pulsed experiments are needed to
identify this quenching mechanism. The thermalization process
is rapid with vibrational transfer rates of approximately
10-11 cm3/molec-s. Rotational transfer is very efficient and ;
little or no rotational memory 1s observed in satellite

vibrational bands. V,R-T transfer from predissociated states

to stable states is an important stabilizatlon process for the

BrCl B state. R
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C. Lifetime Studies

Excitation spectra, electronic quenching rates, and the
rates for total quenching and total removal are readily
obtained from the pulsed experiments described in section III,
Spectral resolution is not required for the total fluorescence
lifetime studies described in this section. State-to-state
vibrational transfer studies require the full temporally-
resolved, spectrally-resolved experiments and will be

described in section IVD,
1. Excitation Spectra

Laser excitation spectra are used to make pump transition
assignments and observe the relative total fluorescence after
initially populating various v” states., By scanning the
output wavelength of the dye laser and observing the boxcar
averaged total fluorescence signal, the excitation spectrum of
figure 27 was obtained. Additional excitation spectra
covering wavelenghts from 570 nm to 675 nm and vibrational
states v =0-7 are presented in appendix B. The resolution is
limited by the linewidth of the pump dye laser and is
approximately 0.3 cm—l. Band heads for (v”,v") emission are
indicated and the pump wavelengths used to populate various v

states are given in appendix B,

Note the observation of emission after populating v =7 {n

the excitation spectrum of figure 27. The v =7 state {is
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Figure 27. Pulsed excitation spectrum. Total fluorescence {is
observed as a function of pump laser wavelength at a total mix
pressure of 1.5 torr. (v°,v”) band heads are indicated for
pump transitions. Excitation spectra provide essentially the
same Information as absorption spectra,.

completely predissociated with collisionless lifetimes less
than 1 us. The observed fluorescence intensity does not
originate from v =7, but rather from the stable states of
BrCl(B), v~<6. This observation provides further evidence

for the collisional stabilization of predissociated

distributions.

2. Electronic Quenching

Electronic quenching rates are measured in the pulsed
experiment using the Stern-Volmer analysis of section IIC4.

The decay of total fluorescence establishes the BrCl(B)
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lifetime at a given pressure (see equatfonm (72)). The

variation of this lifetime with pressure yields the electronic
quenching rate from equation (71). A typical total
fluorescence decay curve is shown in figure 28. The upper,
linear curve is the logarithm of the lower, fluorescence decay
curve and demonstrates that the fluorescence decays as a
single exponential. Decay curves were typically observed for
time intervals greater than three collisional 1lifetimes. For
experimental conditions where a thermalized distribution 1is
not rapldly attained and the fluorescence Is due to the
population of many vibrational states, the decay 1s not a
simple single exponential. However, at "long times™ the

distribution does become thermal and the decay is exponential.

INTENSITY (ARBITRARY UNITS)

0 i0
TIME (u8)

Figure 28. Typical total fluorescence decay curve. Total
fluorescence is observed after initfally populating v “=5 at
2 torr total mix pressure, In this spectra a C31034 BMT with
a 750 nm long pass filter has been used to detect the
fluorescence,
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These "long time”, thermal distribution fluorescence decays
were used to obtain the lifetimes for the electronic quenching

rates.

Several Stern-Volmer plots for electronic quenching are
given in figures 29 and 30. Note that the electronic
quenching rates have been observed for a wide range of
conditions including many different pumped vibrational states.
The average resulting rate constant is
keqM = 4.3 +/- 0.7 x 10"13 cm3/molec-s. The quoted rate
constant and error is based on the average and standard
deviation in twelve rate measurements. A complete description
of the error analysis may be found in Appendix H. This rate

agrees favorably with the rates measured by Wright et. 31.119

13 cm3/molec-s) and by Clyne and McDermidlz1

(3.4 x 10
(3.9 x 10—13 cm3/molec-s). The different symbols in figure 29
indicate various conditions under which the electronic
quenching rate has been measured. In some cases, the decay of
spectrally-resolved emission has been used. It is f{mportant
to note that even v =3 decays at long times as predicted by
the electronic quenching rate for pressures as low as several
torr. This indicates that v“=3 rapidly attains a thermal
distribution with v'=0 and {s consistent with the thermal
distributions observed in figures 19-20, In addition, the

quenching for v“<3 must be roughly independent of vibrational

state.
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Figure 29a. Stern-Volmer plot for electronic quenching of
BrCl(B) by the mix. Initially populated states and observed
states are: () v “=1, v°=1, (0) v "=6, v°=0, (+) v_"=2, v'=2,
(Aa) vo'=6, vo=1, ° ° °
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Figure 29b. Stern-Volmer plot for electronic quenching of
BrCl(B) by the mix. Total fluorescence {s observed with the
€C31034 PMT and 600 nm long pass filter. 1Initially populated
states are: (+) v°’=0, (8) vo’=1, and (@) vo’=2.
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Figure 30a. Stern-Volmer plot for electronic quenching of
BrCl(B) by the mix. Total fluoresence is observed with the
C31034 PMT and 750 nm band pass filter. Initially pumped
states are: (0O) v, =6, ) v, =5.
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Figure 30b. Stern-Volmer plot for electronic quenching of
BrCl1(B) by the mix. Total fluorescence was observed with the
€C31034 PMT and a 750 nm long pass filter. 1Initially populated
states are: (+) vo’=6, Q) v°'=5.
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The electronic quenching rate obtained from these pulsed
lifetimes applies to the thermalized BrCl{(B) distribution, as
shown in figure 31, The relative populations N(v =1)/N(v~=0)
are obtained from the data of figures 19-20 and similar data
using the equation (6). The intensity of the v =0 to v"=12
and v'=1 to v"=11 transitions is used to establish the
relative populations. Figure 31 illustrates the variation of
this relative population as a function of total mix pressure.
The population ratio for a Maxwell-Boltzmann thermal
distribution at 300 K would be N(l)/N(O)=exp(—Ael,olkBT)=O.36.

This thermal distribution is attained for mix pressures

greater than approximately 2 torr.

1.2 +
l'OP
, o 0.8
LU
>
~ . 4
P-4
~ 0.6 ®
W
> ° THERMAL N(1)/N(0)=0.36
Z 0.4 o rd
s 4
o ® [
0.2
| i 1 1 1 | i 1
0 2 4 6 8 10 12 14 16
TOTAL MIX PRESSURE (TORR)
Figure 31. Steady-state vibrational populations indicating a

thermal distribution for pressures above about 2 torr.
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Of course, there Is some transient perliod before this
thermal distribution is attained. The pulsed lifetime data
show this transient period as a bend in the logarithm of the
total fluorescence decay curves. By establishing the
lifetimes at "long times", this transient period iIs neglected.
In this sense, the pulsed lifetime measurements apply only to

thermalized distributions.

The Stern-Volmer plots of figure 30 support the
thermalized electronic quenching rate just described. The
total fluorescence lifetimes of this figure were measured with
a 750 nm long pass filter in front of a C31034 PMT. As shown
in appendix C, this filter limits the fluorescence primarily
to v°<3. The electronic quenching rate constant obtained fron

-13 cm3/molec-s and i{s consistent

figure 30 is 3.6 +/- 0.4 x 10
with the above reported rate. The quoted error in this rate
constant Is based on the standard deviation In three
measurements and 1s described in further detail in Appendix H.
Note that the plot of figure 30b is linear to pressures as low
as 50 mtorr and the electronic quenching constant remains at
3.6 +/- 0.7 cm3/molec-s. At these low pressures the
distribution is highly nonthermal. Thus, the lowest
vibrational states (v”<3) decay with the electronic quenching
rate regardless of vibrational distribution, indicating the

quenching rate for these states is independent of vibrational

state.
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At mix pressure below 50 mtorr, the lifetimes in

LY
]
v figure 30b decrease as the pressure is further reduced. Under

these conditions very little population exists 1n v“<3 and the

weak fluorescence from v >3 dominates the decay curve. The

quenching from these higher lying states 1is more rapid than

the electronic quenching and thus the lifetimes decrease.

The pulsed electronic quenching rate for a thermalized

distribution, keqM = 4.3 +/- 0.7 x 10'-13 cm3/molec-s, is .
slightly less than the same rate obtained from the CW .
experiment ( 6.7 +/- 1.1 x 10—13 cm3/mole-s). The CW E
experiment 1Is more susceptible to the effects of a nonthermal :
distribution and the CW electronic quenching rate is slightly

affected by the greater removal from states v“ >3, Most of the

data points in the CW plot of figures 12-14 are for pressures '
less than 2 torr where a slight deviation from a thermalized E
distribution exists. In addition, the reciprocal of the 5

pressure is used as the independent variable and the low
pressure data points are more favorably welighted than the high
pressure data polints. Therefore, the electronlc quenching

rate 1ls best measured in the pulsed experiments, and the rate

coefficient obtalned from the CW experiments should be

considered an upper limit.

Electronic quenching rates for buffer gases, He, Ne, Ar,

Kr, Nz, and 02 have been determined and the results are listed

in table III, The rates are obtained by applying the

W
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Stern-Volmer analysis of equation (71). The quoted errors are
the expected uncertanties In the slopes and do not reflect
systematic errors. Some representative plots are given in
figure 32, All the electronic quenching rates are slow

-13

(-~10 cm3/molec—s) except that of oxygen. The fast O

2
quenching rate may be due to a resomant electronic exchange
reaction. Possible products of such a quenching reaction
would include BrCl(X), BrCl(A) and BrCl(A”). Oxygen quenching
of the interhalogen IF(B) is also anamolously fast and has

6
been attributed to the resonant electronic exchange reaction 9

IF(B) + 0,(X)—=IF(A") + Oz(lAg) (91)
A similar mechanism may be responsible for the rapid oxygen

quenching of BrCl(B).

Table III .
Buffer Gas Electronic Quenching Rates ’
Gas Rate keqY (10-'13 cm3/molec-s)
012 4.3 +/- 0.7
He 1.5 +/- 0.2
Ne 0.78 +/- 0.19
Ar 0.81 +/- 0.30
Kr 0.98 +/- 0.14
N2 1.6 +/- 0.3
02 65. +/- 5.7

3.Pressure Dependent Quenching

The pressure dependent quenching observed in the CW
experiment 1is confirmed by the lifetime studies of the pulsed

experiment. Figure 33 1llustrates Stern-Volmer plots for the
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" total removal from BrCl(B,v”) after initially populating vo’=6

SR
for four different spectral response conditions. These
Stern-Volmer plots are based on the initial decay of

fluorescence at low pressures.

The pressure dependent quenching Is most readily observed
in the bending of the curve labeled (¢) of figure 33. This
pressure dependence 1s due to a vibrational state dependent
removal rate. As the population distribution among

vibrational states changes, so does the average removal rate.

By observing the removal rate for populations in specific
quantum states, the nature of this pressure dependent

} quenching can be observed.

The curve labeled (Q) in figure 33 has a removal rate
equal to the mix electronic quenching rate and was obtained
from total fluorescence lifetimes using a 750 nm long pass
filter. This is the same data as presented in figure 30. The
750 nm filter has the effect of predominately observing states
v“<3. Thus, even at very low pressures, the low v~ states
decay slowly as defined by the electronic quenching rate.

The upper most curve, labeled ([J), was obtained by observing
the spectrally~-resolved emission from v“=6. The total removal
from v =6 1is very rapid, KRM(6) = 2.7 x 10-10 cm3/molec—s.

This rate includes V,R-T transfer to states v =6 as well as

the total quenching rate. The large magnitude of this rate {is

.
o
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due in part to rotational transfer to predissociated

3

rotational levels within v =6,

The two intermediate curves are obtained by observing
total fluorescence with a 600 nm long pass filter and an RCA
€31034 PMT (A) or an EMI 9558QB S-20 PMT (¢). The total
observed fluorescence lifetime depends significantly on the
spectral response of the PMT, The relative detection
efficier .y for each v° state using either PMT 1is given in
appendix C. The C31034 PMT detects v“<3 much more efficiently
than the $-20 PMT. The two Stern-Volmer plots (A,¢) can then
be interpreted as vibrational population distribution weighted
convolutions of vibrationally dependent removal rates. The
$S-20 PMT, detecting high v most efficiently, more nearly
approaches the total removal from v =6 (¢); whereas the C31034
PMT, with a better detection of low v°, more nearly approaches

the electronic quenching of v°<3 (A).

It Iis clear from these observations that one must be very
careful in detailing the spectral response of laser 1induced
fluorescence energy transfer experiments. The interpretation
of total fluorescence lifetimes must consider spectral
response Issues when collisionless lifetimes or total
quenching rates depend significantly on quantum state. In
such cases, total observed fluorescence is not simply

proportional to the total excited state density, but also
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depends on the population distribution among ro-vibrational

states within the excited electronic state.
4, Total Removal Rates and Radiative Lifetimes

The pressure dependent quenching mechanism is described
by distribution dependent total quenching rates. It is
therefore important to determine the full vibrational
dependence of these quenching rates. 1In doing so, the
radiative lifetimes for the stable vibrational states will

also be obtained.

Figures 34-35 illustrate typical total quenching rate
Stern-Volmer plots under single-collision and several-
collision conditions. The slope of these plots ylield the
total quenching rate constant from v7, kQM(v’), and the
intercept provides the radiative lifetime of state v~, TR(v’),
as given in equation (74). The gas kinetic collision rate,
kg’ for BrCl + Cl2 collisions is 1.23 x 10—10 cm3/molec-s and
single-collision conditions (defined as one radiative lifetime

between collisfons) are gauranteed for pressures less than

6.6 mtorr:

1 6

= (1.2x1071% (2. 1x10%%y(38.7x10°%) = 1.0 (92)

g 'R
Thus, plots like that shown in figure 35 meet the single
collision requirement for applying equation (74) and obtaining

total quenching rates and radiative lifetimes. The resulting

rates and radiative lifetimes for are listed in tables IV-V,.
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Table IV
BrCl(B) Radiative Lifetimes

v~ Lifetime ( 10-6 sec)
0 40.9 +/- 2.0
1 38.8 +/- 2.6
2 38.0 +/- 1.5
3 hhkkhhkkdkkkkk
4 38.7 +/- 1.4
5 36.8 +/- 1.2
6 40.1 +/- 1.3
Average _ 38.7 +/- 1.7 .
Clyne-st217123 45 2 4+/- 1.8 ;
Table V
BrCl(B) Total Quenching Rate
(1 x 10 is cggzmolec-s )
v~ k M(v’) C1yne's121-123 k M(v')
Q Q
0 0.042 +/- 0.001 0.039 +/- 0.012
1 0.180 +/- 0.070 0.300 +/- 0.020
2 0.270 +/- 0.060 e g o & g ok ok de ok ok ok ok ok
3 0.96 +/- 0.53 0.40 +/- 0.03
4 4.7 +/- 1.4 6.2 +/- 2.3
5 6.2 +/- 1.7 9.6 +/- 2.8
6 14.0 +/- 3.0 21.0 +/- 4.0
These results and the earlier work by Clyne and
coworkerslzo-123 agree within experimental errors. Indeed,

the complete work on BrCl(B) energy transfer by Clyne et al is
consistent with the observations of this thesls presented to
this point., However, a complete interpretation of these
observations awaits the detalled analysis of the spectrally-
resolved, temporally-resolved data which follows in

section IVD of this thesis.
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;. 5. Scaling of Total Removal Rates 1
SLQ

I The scaling of total quenching rates with vibrational

quantum number is exponential as shown in figure 36. The

total quenching rates for v°<3 were measured for pressures

h greater than 10-20 mtorr, Data at lower pressures were not

obtainable due to low signal intensities. These pressures are

in the multiple-collision regime. It has been shown in

I section IIC4 and Appendix E that observed quenching rates may

scale exponentially under multiple collision conditions even

for a system where actual quenching rates are independent of

l v?. This occurs when the vibrational manifold is strongly

v coupled and a large variation in quenching rates exists,

Strong vibrational coupling (Ae/kBT = 1) and a large variation

' in quenching rates (10-13 to 10.10 cm3/molec—s) has been

demonstrated for the case of BrCl(B). Therefore, the 1
]
1

experimentally observed scaling for v'<3 may not indicate an

exponential scaling of quenching rates,

e o o

Total quenching rates and their dependence on vibrational
state has been measured with helium as the buffer gas under
multiple collision conditions. The scaling of these observed
) rates for He is shown in figure 37 and listed in table VI.
Quoted errors are the standard deviation in three
measurements, The scaling 1s identical to the self transfer
case. The slope of both plots is 24¢/kT = 0.4. Interestingly,

this value for the slope is equal to the detailed balance
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N ratio, k(v,v+1)/k(v+1,v)=exp(-As/kBT), and may simply indicate
\:."?‘ )
a strongly coupled vibrational manifold.

Table VI
Helium Quenching Rates, kQ(v)

-11

v’ kQ(v') (10 cm3/m01ec-s)
0.015 +/- 0.003

0.10 +/- 0.02

0.30 +/- 0.04

0.42 +/- 0.05

1.03 +/- 0.06

2.65 +/- 1.0

10.4 +/- 3.8

AW~ O

6. Summary of Pulsed Lifetime Studies

The electronic quenching of a thermalized BrCl(B)

distribution by the BrCl mix is Iinefficient with a rate

constant of keqM= 4.3 +/- 0.7 x 10-13 cm3/molec—s. Electronic

2
%
:
g
|
:

quenching rates for buffer gases He, Ne, Ar, Kr, NZ’ and 02

have been obtained and all are inefficlent

(k Y < 2 x 10'-13 cm3/molec-s) except for oxygen with a rate

eq
constant of 6.5 x 10-'12 cm3/molec-s. The enhanced oxygen

quenching may be due to a resonant electronic exchange

reaction forming O2 g

The pressure dependence of the quenching rate has been

»

confirmed and explained by vibrational dependent quenching

rates, As the population distribution among vibrational

1@ Z

states changes, we also observe variations In the average

rd

quenching rate. The state dependent quenching rates have been

-10 cm3/molec—s for v'=6 to

1

. measured and range from 1.4 x 10

‘..
Fs
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13 cm3/molec—s for v'=0. The mechanism for thlils

4.3 x 107
removal process has not yet been completely defined. The
spectrally-resolved, temporally-resolved data of the next

section is required to determine the removal mechanism.

The BrCl(B) radiative lifetime is 38.7 +/- 1.7 us

independent of vibrational state for v~ <7.

The data presented in this section completely reproduces
and is consistent with the BrCl(B) energy transfer studies by

MA Clyne and coworker:s.lzo“123

The interpretation of this
data, however, awaits the more detailed data from the
spectrally-resolved, temporally-resolved experiments presented

in the following section.



*\
?ﬁg D. Temporally-Resolved, Spectrally-Resolved Studies

s

1. Time Evolution of BrCl(B;v”)

By including both temporal and spectral resolution in LIF
energy transfer experiments, a great deal of information {is
obtained that details the full time history of the vibrational
population distributions. Figure 38 illustrates typical data
from such experiments, The initially populated state 1is v0’=6
and the total mix pressure is 0.25 torr. A rapld exponential

decay from the parent state is observed. The population

raplidly cascades through intermediate vibrational states to
v =1 and v°=0, Figure 38 provides the first direct evidence
for a rapid thermalization process. Note that v =0-4 all
decay with similar rates at long times. This iandicates the
stroang coupling of the vibrational manifold and the rapid

approach to equilibrium.

Due to the strong vibrational coupling, the rise and fall
of the spectra of figure 38 cannot be simply attributed to the
rate of transfer into and out-of the given state. That is,
the radioactive series decay analogy is inapropriate. The
extractlon of state-to-state vibrational transfer rate
constants from spectra like that in figure 38 is a diffs-~ult
task requiring several approaches and {s the toplc of this

section.
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Figure 38. Typical temporally-resolved, spectrally-resolved
LIF spectra,

2. Pressure Scaling

The pressure scaling of spectrally-resolved, temporally-
resolved LIF data was discussed in sectiom IIC4d. If the
collisionless decay rate, 15, is Independent of quantum state,
then the time history of population distridbutions, zp, depends

only on the product
t” = k_ Mt (33)

A plot of the distribution zp(t) for initially populating
v°’= 5 and observing the state v'= 2 as a function of the
product variable, t7, is given in figure 39. Two different

pressure conditions are shown, one for 103 mtorr mix pressure

and a second for 780 mtorr. The two spectra are not identical
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and thus, the pressure scaling of equation (83) is
inapropriate. The assumption that the collisionless decay
rate, Fo, 1s independent of quantum state is therefore

incorrect.

This conclusion was anticipated from the observation of
collisional stabilization of predissociated distributions as
presented in sections IVB3 and IVCl. 1In order to accurately
describe the energy transfer processes of BrCl(B;v”), the

predissociated states v“>6 must be considered to have finite
decay rates and V,R-T transfer from these states to stable
vibrational levels must be included in any model. This

conclusion Is an important aspect to describing why

Inteanslty
01"

0.4
I

02

0.0

T T —
a0 [ 2] 1.0 13 2‘.0 2‘.5 3.0

ko*pressure®iime

Figure 39. Comparison of two spectrally-resolved
distributions for vo’=5, v'=2 at a mix pressure of 103 mtorr
and 780 mtorr.




previous transfer models have failed to accurately decribe

BrCl(B) energy transfer processes.

3. The Montroll Shuler Solution

The Montroll-Shuler model140 was described 1in

section IIC3f and the analytic solution of equation (86) may
be used to extract state-to-state vibrational transfer rates
from ihe temporally-resolved, spectrally-resolved emission
from a single observed v° state”s spectrum. A nonlinear leas:
square fit of equation (86) to the observed data provides the
single parameter, kVM(l—O). The curve fitting method has been

described in detail elsewhere.67

Many of the assumptions of the Montroll-Shuler model do
not apply to the full BrCl(B;v”) manifold. The small
vibrational spacing and anharmonicity of the BrCl(B) state are
not consistent with the prescription of [Av|=]1 only and the
kvM(v+v-1) = v kVM(l—O) assumption of the Landau Teller theory
used in the Montroll-Shuler Model. In addition, the
collisionless dec.y rates and quenching rates are not state
independent. These problems are much less severe for the
lowest vibrational levels within BrCl(B). For these states,
the system is far from predissocation and near the bottom of
the potential energy well where the harmonic oscillator
approximation iIs best. The effects of multiquantum transfer

are minimized at low v°., The electronic quenching rates and
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radiative 1ifetimes are state independent below v°=3 and the

Montroll-Shuler model should be applicable to such states.

An example of a fit to the data using the Momtroll-Shuler
model {is given Iin figure 40. The initially-populated state 1is
v°'=l and observed state is v“=0. The total mix pressure 1s r
4 torr. The fit for this data and similar data at other

M

pressures 1s quite good. The parameter of the fit kv (1-0),

can be converted to a lifetime by '

1/7 = kv”(l-O) M (93)

Plotting these lifetimes as a Stern-Volmer plot is a
convenlent way of presenting the data for various pressures.
The intercept of such a plot should be zero and the slope
provides the average rate constant kvM(l-O) . This type of
plot for intially populating v°’=2 and observing v =0 is shown
in figure 41, The resulting rate constant 1is
kvM(l-O) = 1.5 x 10-11 cm3/molec-s. The same procedure
applied to the vo’=1, v =0 data yields the rate constant

1.2 x 10-11 cm3/molec-s. Therefore, the average

=11

M
kV (1-0)
fundamental rate 1is kvM(l-O) = 1.3 x 10 cm3/molec-s. The
magnitude of this rate is consistent with the rapid

thermalization previously observed.

The Montroll-Shuler model applied to higher lying

vibrational states fails completely to describe the transfer

processes affecting these states. An example of a fit to the
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| Figure 40. Example fit of Montroll-Shuler model to
: spectrally-resolved distribution.
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Figure 41. Stern-Volmer plot for Montroll-Shuler fit
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data for v0’= 5 and observing v°= 0 at 217 mtorr is given in
figure 41. The fit is extremely poor and yilelds the
unrealistic rate constant of kvM(6-5) > 10-9 cm3/molec-s. It
is not surprising that the Montroll-Suler model fails at high
v®, since many of the assumptions required to derive
equation (86) are not fulfilled. The strong variation of kQ
with vibrational state for v“>2 is probably the most important
factor coantributing to the poor fit of figure 42, The effects

of predissociation are also important and are described in the

following paragraphs.

AP oo P 0.0 w0 24 0 a0 330 @b 430
Time(nec)

EJ

Fligure 42. Failure of the Montroll-Shuler model to fit the
observed data for high v° states. The initially populated
state 1is vo’=5 and the observed state {s v“=0,
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To 1llustrate the importance of the predissociated states

to the overall energy transfer processes affecting BrCl(B), a
Montroll-Shuler fit has been applied to a simulated spectrum
for the BrCl(B) vibrational manifold. A rate matrix, qu, is
established by appling the Montroll-Shuler model to a

vibrational manifold with vibrational spacing Ade= 199 cm-1 and

-11

a fundamental rate constant of kvM(1-0)=2 x 10 cm3/molec—s.

=13 cm3/molec-s and

An electronic quenching rate of 4,3 x 10
radiative 1lifetime of 38.7 us are used. Two different
assumptions regarding the predissociated states v“=7-8 are
used: (1) the predissociated states are not kinetically

connected to the stable states and (2) the predissociated

states have a finite decay rate, To(v’) = 0.1 us,

Using this rate matrix, the spectrum for initially-
populating vo’ = 5 and observing the emission from v“=l at a
total mix pressure of 100 mtorr was simulated using
equation (80). The Montroll-Shuler fitting routine was then
applied to the simulated spectrum. The simulated spectrum and
resultant Montroll-Shuler fits for the two assumptions
regarding the predissociated states are shown in
figures 43(a)-(b). The agreement using the uncoupled v’ =7-8
states 1Is excellent. This agreement is expected since the
Montroll-Shuler fit applies to a vibrationmal manifold
described exactly by a Montroll-Shuler model. The model using
finite decay rates for the predissocliated states v =7-8 {s not

so well fit by the Montroll-Shuler routine. Several
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Figure 43a. Montroll-Shuler model fit to a simulated spectra
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5 conclusions can be drawn from these observatioms: (1) the )

W) )

GL Montroll-Shuler fitting routine performs quite well when :

applied to an appropriate manifold, (2) the predissociated \

\

states v '=7-8 greatly affect the spectra of low lying v~ :

|

states when the vibrational population initially lies in high :

v” states, and (3) the predissocliated states must be

considered to have finite decay rates in any BrCl(B) energy

transfer model., These observations again i1llustrate the

{mportance of fncluding stablization of predissociated

populations in the BrCl(B) vibrational energy transfer

mechanism.

Despite the failure of the Montrol-Shuler model to
accurately describe the full BrCl(B) energy transfer
processes, the extraction of the fundamental rate comstant for
vibrational transfer from v“ =] to v'=0 is very {important,.

This rate constant 1s generally the basis for vibrational
scaling models. The rate also provides an anchor for the

numerical methods to be described in section IVCS.

4, The Interpretations of Clyne and McDermid

.-

s

Clyne and McDermid have studied energy transfer in

BrCl(B) with C12(X) collisions {in a series of papers using

pulsed, spectrally unresolved LIF experiments.lzo-123 No

spectral resolution of vibrational states was achieved. The

radiative lifetime of 40.2 +/- 1.8 us and electronic quenching

rate of 3.9 x 10-13 cm3/molec-s were determined. In addition,

X
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333 the scaling of total quenching rates with vibrational state
was observed as presented in table V. Several models were
then applied to these rates In an attempt to explain the
removal mechanism by vibrational ladder climbing to
predissociated states. Three specific models were suggested
based on increasing amounts of and accuracy in total

fluorescence data. All three of these models fail to

adequately explain the spectrally-resolved, temporally-
resolved data obtained in the current experiments. These
three models will be described in order to demonstrate the
difficulties of extracting state-to-state vibrational transfer

rates from temporally-resolved spectrally-resolved data.

The first model121 was very simple and based on an
exponential energy gap scaling. The rate constant for Av= -1
is assumed independent of v and equal to

10 cm3/molec-s. The rate constant for

e

kvM(v+v-1) =2 x 10
vibrational ladder climbing was assumed to scale exponentially

with the energy required to reach predissocliation:

11

kvM(v+v+Av)=2 x 107 exp(- Ac /kBT) av=1,2.. (94)

v,v+iy

This model adquately reproduces the total quenching results of
table V, but is 1inadequate in reproducing data like that shown

in figure 38.

The second model122 was an extension of the exponential

energy gap scaling of the first model. The rate for

b
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kvM(v»v+Av) was assumed independent of v. The observed

&
quenching rates are then attributed to vibratiomal ladder
climbing to predissociated states:
kQ"(6) = kvM(v»v+1) + kvM(v-»v+2) + kvM(v-»v+3) + ...
kQM(S) = + kvM(v+v+2) + kVM(v*v+3) + ...
kQ”(z.) - e Mvwed) + Lo (95)
kQM(3) = + ...
The vibrational transfer rates are then obtained from the
differences In quenching rates:
ky (e vl) = kM6 - kQ“<s>
k(v ve2) = kQM(S) - kQ"(a) (96)
kg (wv3) = kM) - kM3
These equations assume that states v“>6 are completely
unstable and a populatioun transferred to these states
inmmediately predissociates. 1In addition, no loss due to
rotational transfer within v“=6 is considered. The resulting
rates for vibrational transfer are given in table VII.
Table VII
Clyne”s Second Model Rate Constants
v kVM(v+v+Av) (cm3/molec-s)
+1 1.1 +/- 0.4 x 10:}(1’
+2 3.2 +/- 2.0 x 10_1
+3 5.8 +/- 2.3 x 10
This model is inadequate in predicting the temporally-
A resolved, spectrally-resolved data of the present work., If
A

»
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detafled balance 1s assumed in order to obtain the Av“ <0

rates, the thermalization process 1is much too fast (the
fundamental rate coanstant would be

-10

kvM(l-O) = 2 x 10 cm3/molec-s) and the total removal from

BrCl1(B) on the way to a thermalized v“=0 state is too slow.

The third model123 attempts to overcome these problems by

disregarding detailed balance and allowing some scaling of
vibrational rate with quantum number, v°. Specifically, only
Jevt=1 collisions were allowed, the vibrational scaling was
based on the Troe“‘l-la2 model (see Appendix D) and again,
states v >6 were assumed completely unstable. No loss due to
rotational transfer within v =6 is considered. By fitting the
rates In such a model to the observed total fluorescence decay
curves, the rates of table VIII were obtained. Note that at

v” =5 the ratio of rate constants, kvM(S-G)/kVM(é-S) = 9.4

whereas the detailed balance ratio is 0.45.

Table VIII
Clyne”s Thi Model Rate Constants
(10 1 céaamolec—s)

P M M
v kV (vov-1) kv (vov+l)
0 0 0.05 !
1 0.40 0.15
2 0.60 0.20
3 0.70 0.25
4 0.80 4.5
5 0.80 8.5 v
6 0.90 19.5
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The large violation of detalled balance allows for a
slower thermalization process and a larger removal rate than
provided by the second model. No justification for the
detailed balance violation is provided, however. The model
agaln falls to accurately reproduce the temporal spectra of
the present study. The thermalization process is too slow and

the quenching too fast.

Several shortcomings of these models may be identified
from comments previously made in this chapter and chapter II.
First, the predissociated states are not completely unstable
and collisional transfer from these states Is important,
Rotational transfer to predissociated states v™=6 J7242 is
also neglected. Secondly, the restriction of |Avf=]l only is
improbable since 2e /kT=1 and mutiquantum transfer is likely.
Thirdly, in this thesis, the fundametal rate constant kVM(l-O)

-1l cm3/molec-s from the

has been established as 1.3 x 10
Montroll-Shuler fits and the Clyne and McDermid models do not
predict a fundametal rate constant of this order of magnitude.
None of these models provide a rate matrix R whose
elgenvalue solutions predict the spectra similar to those
presented in figure 39. Finally, the great violation of

detailed balance suggested by the third model is a serious

difficulty.
120-123

The Clyne et al models assume the quenching

process is completely described by vibrational ladder climbing
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to predissociated states., Such models predict temporal

spectra inconsistent with the data of this thesis. Thus,
resonant electronic exchange reactions or other removal

mechanisms are suggested.

The apparent inadequacy of these models illustrates the
difficulty In extracting state—-to-state vibrational transfer
rates from total fluorescence lifetime measurements. The
general problem, as described In section IIC4e, requires
detailed temporally-resolved, spectrally-resolved data in
order to determine the rate matrix qu. The data of this
thesls provides this necessary information and the extraction

of rate constants from this data will now be described.
S. Numerical Method and Vibrational Transfer Rates

As previously described, the radiative lifetime (38.7 us)

-13 cm3/molec-s)

and self electronic quenching rate (4.3 x 10
are now known. While the Montroll-Shuler (MS) model was
sucessful in extracting the very Important fundamental
vibrational rate constant kVM(l-O) = 1.3 x 10-11 cm3/molec-s,
the scaling of this rate to higher vibrational levels could
not be obtalned directly from the MS model. 1In addition, the
mechanism that leads to the total removal rates given in
table V has yet to be established. The resolution of these

issues requires tae numerical methods suggested in

section IIC4g.
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For a glven rate matrix, qu, the pulsed master rate
equation (66) may be solved directly for the vibrational
distribution, xp(t), using the eigenvalue solution of
equation (80). Several features of the qu matrix are
unknown, however. The following procedure Is used to
establish the unkown qu elements. The scaling of vibrational

transfer rate constants kvM(v+v-l) is assumed to obey a power

law,
kT (vav=1) = vk M(1-0) (97)
v
For n=1, thils law corresponds to the Landau-Teller
scaling theory.153 Several other energy transfer studies have
indicated power law scaling with n#1.176—177 The variable -

will be used as a parameter for the numerical solutiouns.

The principle of detailed balance will be used to

calculate the rate constants for Av>0:

M _ M R
ky (v w+l) = kv (v+l>v) exP(°€v,v+1/kBT)

kVM(v+v+2) kVM(v+Z>v) exp (e /kBT) (98)

v,v+2

where
be , ,Tenergy difference between states v and w
14

The amount of multiquantum transfer is uncertain and
difficult to separate from the single quantum transfer.

Transfer will be limited to [AvIL2. The &w=-2 rate will be
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assumed to be a fixed percentage of the Av=-1 rate:

Ry (vav-2) = £ kM (wv-1) (99)

The variable f will be considered a parameter of the numerical
solution. The value f=0.4 will be chosen initially since the

exponential energy gap 1s
exp ( ae /kgT) ~0.4 (100)

The only remaining information needed to construct qu is
the mechanism and rates for removal that lead to the values of
table V. The detalled balance rates from equation (98) will
yield some removal from the B state due to vidbrational
transfer to predissociated states. The magnitude of these
rates will not, in general, account for the removal observed
in the total fluorescence experiments, In fact, the modeling
of Clyne et 31120-123 coupled with the data presented in this
work indicates that quenching cannot be solely attributed to
vibrational ladder climbing to predissociated states. An
additional removal process is thus postulated to account for
the required extra removal. Such a process could be resonant
electronic exchange or any other process that removes
population from the B-state with state selective rates. For

the purpose of discussion, this additional removal process

will be termed "extra removal”.

The rate matrix qu can now be constructed and will

depend on the scaling parameter, n, the multi-quantum
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fraction, £, and the extra removal rates as just described.

The values of these parameters can be varied and the
population distributions xp(t) for all states p, after
initially populating each vo’ can be obtained from

equation (80). By comparing these solutions with the
temporally-resolved, spectrally-resolved data, the best
estimate for the values of the vibrational scaling and removal

rates may be obtained.

There are two difficulties in comparing predicted spectra
and observed spectra. First, the temporally-resolved spectra
only provide relative intensities whereas the predictions, xp,
are based on the initial condition xp(0)= 6ppo' The required
normalization depends on many factors including pump
intensity, pump wavelength, detection efficlencies, Franck-
Condon factors, pump beam spot size, number of laser shots in
signal averaging, and pump laser beam attenuation (mix
pressure). The normalization varies from spectra to spectra
and cannot be accurately predicted. 1In order to compare

predicted and observed spectra, the maximum observed intensity

and calculated number density are both normalized to 1.0.

The second difficulty in comparing predicted and observed
spectra arises from incomplete resolution of individual
vibrational levels in the observed emission spectra. The
2.5 nm emission resolution used in the pulsed experiments is

insufficient to limit fluorescence intensity to a single
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vibrational state. Pump transitions, observed emission

wavelengths, and the estimated degree of spectral overlap for
adjacent vibrational states are listed in appendix B, From 6
to 26 percent of the observed emission may be due to other
vibrational states. In order to compare the predicted and
observed spectra, the predicted densities of several states
are convolved according to spectral overlap and detection

efficiency as described in appendix B.

There 1s no guarantee of solution uniqueness with the
numerical approach just described. 1Indeed, an entire set of
solutions have been identified and will be discussed in the
following section. The lack of uniqueness arises maianly from
the lack of information on the relative normalization. The
pulsed lifetime studies and the CW experiments do provide
information regarding this normalization and are required to
determine the correct rate matrix, qu. The data needed to

obtain such a solution will be presented in section 1IVd7.
6. Non-Uniqueness of the Numerical Method

Based on the numerical approach just descrided, two
substantially different rate matrices, qu, have been
identified as solutions to the BrCl(B) + C12(X) vibrational
energy transfer problem. From these two solutions, an entire
family of solutions may be inferred. By increasing the rates
for extra removal and decreasing the vibrational transfer

rates, very similar predicted temporal spectra are obtained.
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Umyt Without information regarding the relative normalization of

N

> the temporal spectra, these various rate matrices predict the
experimental data within the observed scatter equally well.
This section will describe these solutions for the rate matrix

and {llustrate the agreement between predicted and observed

spectra,

The first solutiom Is based on the Landau Teller theory

for scaling of V-T transfer rates, that is n=1. No extra

removal is allowed, except from the state v =6 where R-T
transfer to predissociated states must be considered. The
amount of extra removal from v =6 and the fundamental rate
constant kv”(l-O) are taken as parameters of the solution.
Table IX lists the values used to construct the rate matrix
qu for this first pulsed solution.

Table IX
Numerical Solution Number One

) = 2.0 x 10~ 1 cm3/molec-s

.3 x 19513 §m3/molec-s
x 1

0 cm” /molec~-s

The second solution 1s based on the fundamental V-T rate

-1l cm3/molec-s obtained from the

constant kVM(l-O) = 1,3 x 10
Montroll-Shuler model as described earlier. The vidbrational
scaling, n, is taken as the parameter for the solution and the

amount of extra removal is constrained to agree with the

quenching rates obtained from the pulsed lifetime studies.

)

é*
)

3
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Table X lists the values used to construct the rate matrix qu

for this second pulsed solution,

Table X
Numerical Solution Number Two

n = 0.625

kVM(l-O) = 1.3 x 107! cm3/molec-s
£V= 0.4 “13 3

k (v7=0-2) = 4.3 x 19, gm~/molec-s
k3(vo=3) = 4.4 x 10 7] cm3y/molec-s
k3(v-=4) = 5.5 x 10_7] em3/molec-s
kI(v-=5) = 7.5 «x 10_;, cm3/molec-s
kg(v’=6) = 1.5 x 10 cm”/molec-s

Examples of observed spectra and numerical predictions
based on the second solution (table X) are given in
figures 44-46, The agreement is quite good for a wide range
of conditions including initially-populated states v°’=6,3,
and 1, observed states v =6-0, and mix pressures from 50 mT to
10 Torr. Recall that the calculated distributions are not
fits to the data, but rather, are based on a single rate
matrix qu. In addition, states v°=0,2, and 4 are
particularly affected by emission from adjacent vibrational
bands. Note, in figure 45(a), the peak in intensity for the
observed v°=0 state at approximately 1 us Is due to emission
from v°=4, The predicted an.l observed spectra agree quite

well.

The observed and predicted spectra using the solution

nunber one also produce reasonable agreement. No significant

differences between the two solutions 1is discernable within

the noise limits of the observed spectra. H
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Figure 44. Examples of observed spectra and numerical
predictions based on the second solution of table X, Total mix
pressure 1is 244 mT, initially populated state Iis Vo,"=6, and
observed states are: (a) v7=6, (b) v°=5, (c) v =4, (d) v°=3,
(e) v'=2, (f) v°=1,.
e
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Figure 45. Examples of observed spectra and numerical
predictions based on the second solution of table X. Total
mix pressures, initlally populated states, and observed states
are: (a) p=244 aT, v _"=6, v°=0, (b) p= 4 T, v “=1, v =],

(¢) p=4 T, v _"=1, v-20, (d) p=50 mT, v, ~=6, vP=5, (e) p=50 mT,
v°'=6, v =4, (f) p=50 nmT, vo’=6, v =3,
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Figure 46, Examples of observed spectra and numerical
predictions based on the second solution of table X. Total mix
pressure is 1 torr, initially populated state is v_"=3, and
observed states are: (a) v =0, (b) v7=1, (¢) v’=2,°(d) v =3,
(e) vo=4, (f) v~=5,
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Additional solutions can be infered with parameters

intermediate between solution #1 and solution #2, The first
solution reflects the least amount of extra removal consistent
with the observed temporal spectra whereas solution #2
reflects a large amount of extra removal and is comsistent
with both the fundamental rate constant obtained from the
Montroll-Shuler model and with the quenching rates from the
pulsed lifetime studies. By increasing the amount of extra
removal (kq) and decreasing the rate for V-T transfer (nW, an
entire family of rate matrices can be obtained that adequately
predict the pulsed spectra within experimental scatter. All
of these rate matrices represent physically reasonable rate
processes and additional information is required to constrain
the parameter space. The pulsed lifetime studies of section
IVC and quenching rate constants reported in table V, as well
as the high pressure relative CW number densities of the
steady-state experiments provide this necessary information.
It 1s the Incoporation of this data that allows the

establishment of a best estimate for the rate constants.
7. Selection of Rate Matrix from Lifetime and CW Data

The non-uniqueness of the unconstrained numerical method
1s largely a result of lacking information on the relative
intensity from one pulsed spectra to another. The different

pulsed solutions arise from varying degrees of quenching,

kM

Q v)., Temporal spectra with similar profiles but greatly
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different amplitudes are obtained with these varying pulsed
solutions. The temporally-resolved, spectrally-resolved data
provide information on the relative number density profiles
and not the magnitude of the density distributions. Since the
quenching rates control the relative number densities, .hey
may be used to reduce the possible pulsed solutiomns to one
best estimate. 1In addition, the steady-state experiments
provide direct evidence for the relative number densities and
may assist in the selection of the best rate matrix. A flow
chart of the logic used to obtain the best estimate for a full
kinetic description of BrCl(B;v”™) + Cl2 energy transfer {is

given in figure 47.

The total quenching rate constants for each v” state as
experimentally observed from the pulsed lifetime Stern-Volmer
plots of section IVC and as predicted from the pulsed
solutions are shown in table XI. The minimal quenching of
solution #1 is inconsistent with the observed quenching rates.
The quenching of solution #2 agrees quite favorably with the
observed rates, however. Indeed, the second pulsed solution
{s the only solution investigated that adequately predicts all

of the observed temporal spectra and is consistent with the

quenching rates.
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Table XI
Comparison of Predictqﬁlfnd bserved Quenching Rates

(1 x 10 cm” /molec-s )

State Observed k (v) Solution #1 Solution #2
0 0.043 1 0.043 0.043

1 *hkkkk 0.043 0.043

2 *hkkk 0.043 0.043

3 *kkkk 0.043 0.40

4 4.7 +/- 1.4 0.043 5.5

5 6.2 +/- 1.7 0.94 7.9

6 14.0 +/- 3.0 16,7 17.6

The pulsed solutions of tables IX and X are also quite
different when viewed from the perspective of the steady-state
experiment. The extra removal and the slower V-T transfer
rates of the second solution yield a much higher effective
quenching of BrCl(B). Quenching during the cascade of the
population to low vibrational states reduces the percentage of
the population that eventually reaches v“=0, The ratio of the
steady-state population in v“=0 to that of the initially-
populated state vo’=6, N(0)/N(6), would thus be considerably
smaller for the second pulsed solution. This observation
provides an additional basis for differentiating between

pulsed solutions #1 and #2.

Figure 48 illustrates the relative steady-state number
density in v“=0 after initially populating v°’=6 for mix
pressures In the range 0.25 - 5.0 torr. Also displayed are
the predicted number densities based onm the two pulsed
solutions of tables IX and X. These steady-state density
predictiouns are obtained by time averaging the time dependant

distributions of equation (80) according to the procedure
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described in section 1IC4e. Clearly, pulsed solution #2

I{‘-'

NS

provides a much closer fit to the CW data. That 1s, the
population reaching v'=0 is greatly reduced due to rapid

quenching of BrCl(B;v~>2).

The prediction of the second pulsed solution does not
quite match the observed populations. The error bars
indicated in figure 48 are for the error in relative areas of
the vibrational emission bands, but do not reflect systematic
errors arising from incorrect spectral response and Franck-
Condon factors. The v“=0 to v"=12 emission is monitored at
855 nm and the spectral response of the C31034 PMT is dropping
rapidly in this region (see appendix C). Because the spectral
response curve is steep, a considerable error in the response
D( v) may exist. In addition, Franck-Condon factors for
emission bands with wavelengths greater than 700 nm are not
available in the 1literature. The Franck-Condon factors above
700 nm have been calculated from a simple extrapolation to
higher v" states (see appendix B) and may be in comasiderable
error. As a result, the absolute magnitude of the ordinate
axls in figure 48a may be Iin error by at least a factor of
two. This would allow for agreement between the predicted and
observed number densities. The low pressure CW data to be
presented in section IVE do not suffer from these problems,
since strong emission bands for v“>2 are observed below

700 nm.

R
.
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Figure 48b also shows the population in v'=0 for mix

pressures of 0 - 35 torr, The data was obtalned by observing
the intensity of the v =0 emission at 855 nm for a
continuously increasing mix pressure. Also shown in

figure 48b is the predicted population of v =0 based on the
second pulsed solution. The agreement is within the estimated

error bounds.

The second solution adequately predicts the quenching
rates as shown in table XI. In addition, the relative
population reaching v”=0 (figure 48) is satisfactorily
predicted by the second solution. The rate matrix for the
second solution provides a solution that will reproduce all
the steady-state and pulsed spectra. The full rate matrix for
this solution is given in table XII. This rate matrix
provides the best estimate for the complete description of the

energy transfer processes affecting BrCl(B) with Cl_, as the

2
collision partner and is the final solution for the {inverse
problem of the pulsed experiments. The mechanism leading to

the extra quenching rates has not been established, however.

Table XII

Final Pulsed Solution, R’pq ( 10-11 cm3/molec-s )
q= 0 1 2 3 4 5 6 7 8
p= 0 0.0 1.3 0.8 0.0 0.0 0.0 0.0 0.0 0.0
p= 1 0.46 0.0 2.0 1.0 0.0 0.0 0.0 0.0 0.0
= 2 0.11 0.75 0.0 2.6 1.2 0.0 0.0 0.0 0.0
=3 0,0 0.15 1.0 -0.4 3.1 1.4 0.0 0.0 0.0
p= 4 0.0 0.0 0.19 1.3 -5.5 3.6 1.6 0.0 0.0
p= 5 0.0 0.0 0.0 0.25 1.5 =7.5 4.0 1.8 0.0
= 6 0.0 0.0 0.0 0.0 0.16 0.90 ~15.0 2.2 95
= 7 0.0 0.0 0.0 0.0 0.0 0.38 2.1 -11.0 4.8
p= 8 0.0 0.0 0.0 0.0 0.0 0.0 0.49 2.5 -13.
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8. The BrCl(B) Quenching Mechanism

Two processes have already been identified for the
quenching of BrCl(B): (1) electronic quenching with a rate

constant of keq"- 4.3 x 10713

cm3/molec-s and

(2) ro-vibrational ladder climbing to predissociated states,
Z;Fvu(v-wpd). The magnitude of the predissociative plus
electronic quenching losses as predicted from the final pulsed
solution and total quenching used in this model are given in
table XIII. The difference between these rates must be due to

an additional removal mechanism, or possibly a significant

violation of the detailed balance property.

Table XIII
Comparinglof guenching Rates
( 10 cm~/molec-s )
. M
v Keq +3 ky (vew ) Kq
Wpd

0 0.043 0.043
1 3.043 0.043
2 0.043 0.043
3 0.043 0.40
4 0.043 5.5
5 0.40 7.9
6 2.6 17.6

The possibility of removal of BrCl(B) by resonant
electronic exchange with C12(X) exists. The potential energy
curves for some low lying electronic states of Cl, are glven

in figure 49. The C12 B state lles slighltly too high {n

energy (Te = 17809 cm-l) to be the reclipient of the BrCl(B)

energy for states BrCl(B;v <5). The A 3'(lu) state of Cl, ha-
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an energy approximately resonant with the energy of
BrCl(B;v>2), however. Figure 51 shows the total energy above
BrCl(X;v"=0) for BrCl(B), C12(A), and ClZ(B). The first
vibrational state of BrCl(B) having sufficient energy to
access C12(A;v’=0) is v'=3, Interestingly, the BrCl(B;v”=3)
state is also the first vibrational state to exhibit extra
removal, see table XI. Thus, BrCl(B) resonant energy exchange
with c12(x) is possible and consistent with the rate matrix of
table XII. While this explanation of the observed extra
removal rates for BrCl(B) is plausible, it has not been

proven. Several tests of this theory can be made, however,

If the extra removal process 1s due to the excited A and
B states of C12, then BrCl(B) energy transfer with other
buffer gases should not exhibit the additional quenching. The
case of BrCl(B) and rare gas collisions has been studied in

detall i{n this thesis and the results are presented in the

following sections,
9. Energy Transfer with Rare Gases

The study of BrCl(B;v”) vibrational energy transfer with
rare gas collislon partners (He,Ne,Ar,Kr,Xe) is important for
several reasons. Since the collision partners are atomic
species, the effects of vibrational-vibrational transfer are
eli{minated. Only a few, {solated excited electronic states

exist and resonant electronic exchange reactions are
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Figure 50. BrCl(B;v”) -~ Cl2 energy resonances,

energetically impossible, The major difference between the
rare gas collision partners is the nuclear mass. Temporally-
resolved, spectrally-resolved data for rare gas collisions has
been recorded in the pulsed experiments and the results of

these experiments will be described in this section.

The numerfcal solution described in sections IVC6-8 has
been applied to the rare gas transfer spectra in order to
extract the fundamental vibrational rate constant, kVY(l-O).
The results of table XII are used t> describe the transfer due

to BrCl(B) + c12(x) collisions arising from the base mix
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pressures used in these studies. The electronic quenching

rates as reported in table III are used for each buffer
specie. The fundamental rate constant ka(l-O) is used as a
parameter of the numerical solution and scaling to higher
vibrational states is based on the Landau-Teller theory.
Multi-quantum transfer is based on the fraction, f, as
described in section IVCH. Detailed balance is applied to
establish the Av>0 rates. A vibrationally-dependent quenching
is allowed and the rate constants for this quenching are used

as a second set of parameters.

The case of BrCl(B) + He collisions has been modeled
extensively using this numerical solution. Again the solution

is not unique. A solution with a fundamental rate constant of
-12

_kVHe(l—O) = 4 x 10 cm3/molec~s and no vibrationally-

dependent quenching is described in table XIV. Note that an
extra removal from v“=6 1s included to account for rotational
transfer to predissociated J states within v“=6. With this
solution, the observed temporal spectra are predicted quite
well. Several typical examples of observed and predicted He

transfer spectra are shown in figure 51.

Table XIV

Pulsed Helium Solution Number One

n . =1.0
k M(1-0) = 4.0 x 1071? cn3/molec-s
v

f° = 0.4 -13 3
kq(v'=0-5) 1.5 10 cm” /molec-s
kq(v =6 ) = 5,2 x 10-11 Cm3/m01ec-s

148

s SR S




[ AN ET TN - B B . 0 " i, ag o tah, "

aOn A second solution that includes some vibrationally-

‘1d-
dependent quenching has also been identified and the results
are shown in table XV, The agreement between observed and

predicted spectra is similar to that given in figure 51.

Table XV
Pulsed Helium Solution Number Two
n = 1.0
k M(1-0) = 3.0 x 10'-12 cm3/molec-s
v
f = 0.4 -13 3
k (v7=0-2)=1.5 x 10_,3 cm /molec-s
kI(v-=3) = 6.9 x 10_75 cmy/molec-s ]
kd(v-=4) = 7.0 x 10_7, cm3/molec-s
kd(v-=5) = 9.4 x 10_,] cm3/molec-s
kg(v’=6) = 1.9 x 10 cm” /molec-s

As with the BrCl + C12 collisions, the steady-state
spectra of the CW experiments are required to select the
correct numerical solution. The relative number denmsity in
v'=0 after initially populating v°'=6 for a BrCl-Cl2 mix
pressure of 0.77 torr and a helium pressure of 0 to 2 torr is
fliustrated in figure 52. Also given are the predicted number
densities based on the numerical solution of tables XIV and
XV. The numerical solution with no vibrationally-dependent
quenching (table XIV) agrees well with the observed data,
whereas the solution of table XV does not. The transfer
processes due to He collisfons are well described without the

extra quenchling mechanism. We therefore conclude that the

anomolous quenching observed in the BrCl(B8) + Cl2 collistions
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Figure 51. Examples of observed spectra and numerical
predictions for BrCl(B) + He, based on the solution of

table XIV. The intfally populated state is v_"=6, the mix
pressure, helium pressure and observed state? are: (a)
M=0.711 T, He=1.3 T, v” =0, (b) M=0.524 T, He=1.5 T, v-=1,

(c) M=0.397 T, He=1.6 T, v =2, (d) M=0.203 T, He=1.8 T, v =3,
(e) M=0.210 T, He=1.8 T, v” =4, (f) M=0.048 T, He=1,5 T, v =6,
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HELJUM PRESSURE(TORR)

Figure 52. Steady-state relative number densities for v7=0
with helium as the buffer gas. The predicted distributions
are based on the rate matrix of table XIV ( ) and

table (XV) (---).

is due to the chlorine collision partner rather than the
BrCl(B) manifold. Thus, the helium data is consistent with the

proposed resonant electronic exchange reaction involving

Clz(A) and C12(B).

The fundametal rate constants for the remaining rare
gases were obtalined by assuming no vibrationmally-dependent

quenching reactions. The single parameter for the numerical

solutions was the rate constant ka(l-O). The resulting rate
constants are reported in table XVI. The observed and

predicted spectra were compared for pressures in the range

»
K
N ‘\’\
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50 mtorr to 8 torr, for initially populated state, vo’=5 and
observed states v =0-6, The agreements between predicted and

observed spectra are similar to that shown in figure 51.

Table XVI
Rare Gas Fundamental Vibrational Rate Constants

-12

Gas kVB(l-O) (10 cm3/molec-s)
He 4.0
Ne 4.0
Ar 4.0
Kr 2.0
Xe 3.0

In general, vibrational transfer is most efficient when
the Interaction time or mean time between collisions is
similar to the vibrational period. The interaction time
depends on the mean realtive velocity, V=(8kBT/ﬂu)1/2, and
thus on the reduced mass, u, of the collision pair. Lower
mass collision partners {mply higher relative translational
velocities and generally greater probability for vibrational
transfer. The SSH theory178 described in Appendix D addresses
this reduced mass dependence and may be applied to the data of

table XVI. The theory predicts

1/3

1n(o /og) = A -B (u) (101)

v,v-1

where

Oy v=1 = collisional cross-section for V-T transfer
’ from state v to state v-1
og = gas kinetic collisional ss-section

A,B = constants, Independant of reduced mass
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- Figure 53 illustrates the dependence of the vibrational
transfer probability for v =1 to v“'=0 transfer as a function
of the reduced mass as given by equationmn (101). Also shown in

figure 53 are the trends for the halogen I, and interhalogen

2
IF.

The reduced mass dependence of IF(B) V-T transfer agrees
well with the SSH theory whereas the rates for IZ(B) and

BrCl(B) deviate significantly from a u1/3

dependence, The SSH
theory uses time-dependent perturbation theory to describe
vibrational transfer in a harmonic oscillator where
interactions are relatively weak and restricted to|av|=1
transitions. The vibrational energy spacing in IF(B) is
approximately 400 cm_1 and the restriction to single-quantum
vibrational transfer is reasonable, The vibrational energy
spacing 1in IZ(B) is ~128 cm_1 and in BrCl(B) is ~200 cm—l.
The interactions are strong and the probablility for
multiquantum transfer is significant when the vibrational
spacing is this small,As/kBT = 1, Therefore, it 1is not

surprising that V-T transfer in I, and BrCl differ from the

2
predictions of the SSH theory.

»
N
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for (®) IF(B), (x) BrCl(B), and (@) I,(B).
10. Sunmmary of the Temporally-Resolved Studies

The fundamental vibrational transfer rate constant for
BrCl(B) collisions with the mix has been obtained from the

-11

Montroll-Shuler model and is kVM(l-O) = 1,3x10 cm3/molec-s.

The Montroll-Shuler model adequately describes vibrational

transfer in BrCl(B) only for the lowest vibrational states,
v’=0-2, The higher vibrational states are greatly affected by
increased quenching due to vibrational ladder climbing to
predissociated states and another removal process, probably

resonant electronic exchange with C12. For these higher lying
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a states, no simple pressure scaling can be applied to the

G v
~

temporal spectra.

.

20-123
The interpretations of Clyne and HcDermid1 0

regarding vibrational transfer in BrCl(B) do not adequately
describe the complete set of spectrally-resolved, temporally-

resolved spectra obtained in thils study. This descrepancy

indicates the observed quenching cannot be adequately
described only by vibratiomal ladder climbing to
predissociated states. Indeed, resonant energy transfer from

BrCl(B) to excited electronic states of C12 is indicated.

A numerical solution to the vibrational energy transfer
problem provides a set of possible solutions. The pulsed
lifetime data for quenching rates and the high pressure CW LIF
data provide the required information for the selection of a

most favorable solution. This method has been applied to V-T

transfer in BrCl(B) to obtain the scaling of the fundamental
vibrational transfer rate constant to higher vibrational

states. The scaling obeys a power law. For the mix

0.62

collisions the result is kVM(v+v-1) = v kVM(l-O). With

this solutlion, the entire set of temporally-resolved data for

rd

Vo =1-6, v°=0-6 and for pressures 50 mtorr to 10 torr are

reproduced.

Fundamental vibrational transfer rate constants for rare

gas collision partners have been obtalned and range from

-12 =12

— 2 x 10 cm3/molec-s for Kr to 4.0 x 10 cm3/molec-s for
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He. The probability for vibrational transfer i{s relatively
independent of reduced mass of the collisfon pair. Since the
vibrational energy spacing {s nearly resonant with the mean
kinetic energy, all collislion partners are efficient at
inducing vibrational transfer. These rate constants have been
obtained from the numerical solution, assuming the scaling of
V-T transfer rates based on the Landau-Teller theory. The
complete set of observed temporal spectra for rare gas
collision partners 1s consistent with the Landau-Teller

theory.
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E. Steady-State Spectrally-Resolved Studlies

1. Introduction

In Section IVB the general features of the steady-

state

spectrally-resolved data were discussed. The extraction of

state-to-state vibrational transfer rates and total rotational

removal rates was not possible since the quenching mechanism

had not yet been identified. 1In section IVC the lifetimes

needed for equations 45-47 were measured and in section IVD

the quenching mechanisms were identified. Furthermore, the

lifetimes needed to reduce the CW spectrally-resolved data may

be predicted from the pulsed rate matrix, qu, given in

table XII.

An independent measure of the vibrational transfer rates

from the pulsed and CW experiments is not posssible.

Data

from both experiments are required in order to obtain a

complete and accurate descripton of the BrCl(B) energy

transfer processes. A complete description was established in

section IVD. It Is important to check the consistency

pulsed qu matrix with the CW data, however. Several

of the

{mportant observations regarding detailed balance and the

scaling of vibrational transfer rates with vibrational

quantum

number will be obtained from the CW spectrally-resolved data.

Also, the CW experiments provide the only information

r«yardiing total rotational removal rates.
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2. Self Vibrational Transfer
.:\J,

CW spectrally-resolved data similar to that shown In
figures 21-22 may be used to extract state-to-state
vibratfional transfer rates. The area under the spectra of
each vibrational band (s proportional to the population of

that state as given by equation (6). The method used to

._.

obtaln these areas and populatlions s described {n appenit«

Flgure 54 fllustrates typical data for the relative i

populations of spectrally-resolved vibrational bands as a )

function of total BrCl-ClZ mix pressure {n the range 5-17y z
mtorr. States vo’-6,5,& were {nitlally-populated and stares ¢
1
Y
‘v = +]1 -1, and -2 were observed as satellite bands,. For the

Bl 4

pressures of the CW experiments, the vibratlonal transfer
exists under roughly single collisi{on conditlions, but

quenching {s due to multiple colllisions,

Equations 45-47 predict a llnear dependence for reiat{ve
population with the product Ty M. The quenching rates are
very large and thus the pressure dependence of the lifetime
factor Is very strong. In fact, as mix pressure approaches

fnfinity, the product t,- M approaches 1/K_"(v™) or

R

(tv,/ro) M = 3.1 mtorr for v =6. Thus, even large varlations
in total pressure imply only small changes {n the product
Ty~ M and the data all have similar values for the dependent

varliable. Therefore, a linear fit to plots of relative
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population versus Ty M provide rate constants with large

error bounds.

The best consistency check for the rate matrix qu and
the CW data 1is accomplished by solving the steady-state master
equation (30) using the pulsed rate matrix and comparing these
predictions with the observed CW spectra. This can be
accomplished Iin two ways; (1) the system of linear equations
given by equation (30) can be inverted directly to obtain the
steady-state populations, or (2) the pulsed master equation
(66) can be integrated over all time, yielding the time-
averaged populations. The two methods are equivalent and both
have been used, depending on the convenlience of the particular

case,

Two problems arise when the modeled results and the
observed ¢W data are compared. First, the state-to-state
vibrational transfer rates for M~“<0 are slightly too large
for the v"=4 and 5 states. Secondly, the Av” =+1 bands have
predicted number densities several times too low to match the
observed CW spectra. These differences have been corrected
for by decreasing the aw“=-1,-2 rates for v =4 and 5,
facreasing the Av“=+1 rates for v“=4 and 5, and allowing for
small variatfons in the resonant electronic exchange rates.
This modified CW rate matrix is reported in table XVII and the

predicted populations are presented as the solid curves in
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figure 54. The agreement of the observed data and predicted
populations is very good for a wide range of vibrational
states and pressures., Note that these predicted populations
do not represent independent fits to the data, but rather are

based on a single rate matrix.

Table XVII
Self Transfer CW Rate Matrix, R_~
(10 11 cm§vmolec-s) Pq

q= 0 1 2 3
p=0 0.0 1.3 .52 0.0
p=1 .46 0.0 1.3 .52
p=2 .07 .49 -.28 1.3
p=3 0.0
p=4 0.0
p=5 0.0
0.0
0.0
0.0
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The differences in the CW and pulsed rate matrices can be
observed by comparing tables XII and XVII. There are two
primary differences; (1) the scaling of V-T rates with
vibrational quantum number, and (2) the applicability of

detailed balance to obtiin the £ v~ >0 rate constants.

The scaling of vibrational rate coanstants with
vibrational quantum number for the pulsed and CW solutions are
compared in figure 55, Also included is the scaling predicted
by the Landau-Teller theory. Error bars are indicated and
were estimated by noting the sensitivity of the modeled

populations and spectra to the elements of qu and the scatter
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Flgure 55. Scaling of self vibrational transfer rates with
vibrational quantum number for (@) the pulsed data, (4) the cw
data, and (O) as predicted by the Landau-Teller model.

PP RPN -

in the experimental data. Appendix H describes this error

analysis in detail. The error i{n the two experiments do not

! quite overlap for v =4 and there appears to be a small
difference In the two results. The error {n the data is also
not large enough to allow for agreement with the Landau-Teller

scaling theory.

A comparison of the :‘v= +] rate constants for the pulsed
and CW solutfons Is shown in figure 56. The pulsed solutions
reflect the detalled balancing used to coanstruct the pulsed
qu rate matrix. The CW result clearly violates detaliled
balance. The CW populations in the 'v=+]1 bands are simply too

large to be accounted for by detailed balance. The CW results

are not contradictory to the pulsed solution, however. If the

163

L S S WWIBWWF, FVFEFWEWRAMAN Ppr LS ETPEY PpFEEWWESFE -~ = 5 Py XV P

NS
"

.l
£,



Cw DATA

~ I 0}
; 0 9}-
" 0 6}-
z 0 7}-
2>
- 0 -
N
c 0 PULSED
> ¢ (DETAIL BALANCE)
4 03
0 2)-
,‘
- 01
! 1 1 ! 1 |
] 2 k| 4 5 6
VIEEATIONAL QUANTUM NUMBER V'
Figure 56. Comparison of pulsed and CW detailed balance rates

for the mix vibrational transfer,

w>0 rates of the CW solution matrix are included in the
pulsed model, the predicted spectra are not significantly
altered. This i1s because the /. v>0 rates are small with

respect to the total quenching.

The detailed balance violation of the third Clyne123

model {s much greater than the violation represented by the
current results. In fact, the Av>0 rates in the Clyne model
are much too large for the CW populations observed in this

thesis.

There are a number of factors that may contribute to the

differences i{n the pulsed and CW results. The errors
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discussed so far fnclude oaly the scatter {n the observed data

and no account of systematic errors has been made. There may
also be some transfer processes unaccounted for {n the pulsed
and CW models. Four speclfic issues will be addressed in the
following paragraphs: (1) inaccurate accounting of mutiquantum
transfer, (2) errors {n the quenching rates, (3) accuracy of
the Franck-Condon factors used {n the CW experiment, and (4)

the effects of Cl2 energy resoaances.

Multiquantum transfer was accounted for in both the CW
and pulsed models by allowing onlylAv!$2 transitions and
assuming the tv=-2 rates were a fixed 40 percent of the sv=-]
rates, see equatioa (99). Variatfon of the mutiquantum
transfer fraction, f, {n predicting the CW populations will
not account for the differences in the vibratioaal scaling or
deta{led balance ratlio. Changing the multiquantum traunsfer
fraction appreci{ably affects only the *v=-2 populations. With
f=0.4, the av=-2 populations are predicted quite well

(sec flgure 54).

As noted earl{er, the relative CW state-to-state
vibratfonal populations are {nsens{tive to total mix pressures
above approximately 10 mtorr due to the large quenching
renoval from these states. The differences in vibrational
scaling between the pulsed and CW data might therefore be due
to errors in the quenching rate measurements, Indeed, at

infinf{te pressure without return transfer to the satellite
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states from other satellite states, the relative CW
populations reach a limiting value equal to the ratio of V-T
and total removal rate constants:
M M
Lim{N(v)/N(v )I=1im{k, (v _-v)M/Ir +K "(v)M]]
Moo M

-kvM(vo—v)/KRM(v) (102)

Since the CW data represents multiple collision conditions for
quenching transfer, the CW modeling 1is largely dependent only
on the rate constant ratio, kvM(vo—v)/KRM(v). Thus, the
higher pressure CW data could be reproduced with the pulsed
V-T transfer rates by increasing the total removal rates
within the error of the measurement. Such CW models do not
adequately predict the initial rise in population at mix
pressures below approximately 20 mtorr, however. While the
trade-off between quenching rates and vibrational transfer
rates may explain some of the differences in the pulsed and CW

results, it cannot completely explain the discrepancy.

The error in CW LIF energy transfer experiments {is
typically greater than in pulsed experi{ments due to systematic
errors introduced from Franck-Condon factors (FCF”s), spectral
response of the detection system and other factors required to
obtain relative steady-state populations. FCF”s for the BrCl
B-X systen were discussed in section II and appendix B. These
FCF“s are not well established or experimentally verified. In

the CW experiments, the data was recorded using transitions
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where the FCF”s are the largest and best established. Even
so, the error i{n these numbers may be significant. The
systematic errors introduced from the FCF”s, spectral response
calibration, and radiative lifetimes would need to be at least
20X to account for the differences in the CW and pulsed

results. Appendix H establishes the uncertainty in these

variables as at least 30 Z.

It seems unlikely that errors in FCF”s can account for
the detalled balance violation observed in the CW data,
however., The FCF”s would need to be uniformly too small to
account for the large populations in all the &=+1 states. Iun
addition, the same high satellite populations are observed

from transitions differing only in the terminal v" state.

The proposed mechanism for BrCl(B) electronic transfer to
exclited electronic states of 012 did not include the
posibility of return transfer from these excited chlorine
states to the BrCl(B) manifold. Such return transfer events
could modify the BrCl(B) vibrational distribution and
partially account for the enhanced populations in Av=+1 bands.
Note that the BrCi(B) concentrations are small and thus the

Clz(A) concentrations are small, Therefore, the return

transfer to BrCl(B) must be a small effect.

While the pulsed and CW experimental results do not
completely agree, the differences may be explained by the

arguments just presented. No other rate matrices for the

S

~ 4
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pulsed and CW experliments have been identlfled that allow for
a better agreement. There m;y be some mlnor energy traasfer
events such as traasfer from excited chlorlne states to
BrCl(B,v”) that have been excluded from the transfer rate

matrix and would account for the seem.ng detailed balance

violation and differences in vibrational transfer scaling.
J. Vibrational Transfer with Heltum

The extraction of state-to-state vibrational traasfer
rate constants from CW spectrally-resolved data with helium as
the collision partner {s based on linear flits to the data from
equation (51)., Two factors make this feasible: (1) the
maznitude of quenching and vibrational transfer rates Is
significantly less for the rare gases than for chlorine, and
(2) there is no electronic exchange quenching for helium and

the vibrational transfer rates are a s{izeable fractiom of the

total vibrational removal rates.

Typlcal CW He data is shown in figure 57. To use
equation (51) and make linear fits to the data of figure 57,
the buffer gas pressure dependence to the vibratfonal state”s
lifetime {s neglected. The slope of the linear fits, shown as

a solid line in figure 57, provides the quantity
Ty kv o) Y (=[N /NG )T K T 7k, V(v -v)) (103)
v 'V o o""Y=0 "R v o

The li{fet{mes are calculated from the self transfer CW rate

matrix of table XXII. The quantity in brackets {s evaluted
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pressure and a calculated rate constant ratio,
KRY(V’)/ka(vo’-v'). This rate constant ratio {s calculated
using detailed balance, Landau-Teller vibrational scaiing and
mult{quantum transfer with f=0.4, The calculated rattos are
discussed and listed in appendix J.

The resulting rate constants are listed {n tabklie Xii ...
Several approximations have been made tu obtaln these rate
constants., Rather than justifying the approximations, the
exact solutlon based on the der{ved constants [< obtainel ‘'r
the CW master equation (30). The predicted populatinns ---
are also shown {n figure 57. The agreements are yool ant we ..
within the experfmental scatter, Agreement {s best for
cvm-]

Table XVI1Il
Cw Hel{gﬁlV-T fa[ﬁ Constants
(10 ¢m /molec-s)
- H . . He
v k., Clvev-1) k,He(V'v—C' K‘,Ht\v’v‘l'
5 \ v

4 0.0l - RN N

5 1.6 0.4 1.5

6 2.3 0.7 1.1

Note that the helium vibrati{onal transfer obevs Jdetailed
balance. The detailed balance rates and expected ratios are
shown in table XIX,.

D
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»
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iepenien varfable Riv "] “) {s defined as the rtght

) Q
hand stde of equation (»5]1) for the self transfer and of

equation 654) for the buffer transfer. A list of the

resulting rate constants {3 provided In table XX.
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Figure 59a. Relative CW rotational populations for BrCl(B)
collisfons with helium. The initially populated state is
vo’-6, JO’-37.
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Figure 59b. Relative CW rotational populations for BrCl(B)
collisions with argon. The initially populated state is
v “=6, J “=37.
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‘ab The relative rotational populations in figure 59 increase
linearly with pressure, even at large buffer gas pressures,
Typically, such rotational distributions do not continue to
facrease at high pressures, since rotational thersal
equilibrium {s eventually attained. Such an effect {8 not
observed {n BrCl(B), since quenching competes favorably with
rotational transfer.

Table XX

Total otat 8l Removal Rates
KJ¢ (10 lﬁ’lcm /molec-8)

Buffer Gas: Cl2 He AT Xe

v “=4 J “=27 1,20 0.70 1.24 0.89
vo-=s5 J%-=39 1.53 1.43 1.48 1.19
vg'-b Jg’-37 1.60 1.93 2.43 2.17

i 1 1 1 | | 1 1
0 | 2 3 4 5 § 8
(REOUCED MASS) ' ? (a.u )2

Figure 60. Scaling of rotational removal rates with reduced
mass of the collision partner.
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. The scaling of the total rotational removal rates with
the reduced mass of the collisf{on partner {s shown {n
figure o600, Collisfon -artners with higher masses also have
larger angular momentum to {mpart to the rotating BrCl(B)
molecule,. Simple classtcal arguments suggest the R-T rates

shouldi scale linearly with the sjquare root of the reduced mass

of the colliston patlr. Appendix D describes this classical

model {n more detall. The data of tigure St do {ndeed scale
1/2

linearly with . . Note also the cruss-sections for

rotational transfer are approximately gas kinetic. The

rotational spactiny in the Interhalogens 1s quite small and one
woull expect near unit probabilitv for rotational enerygy

transfer.,

Rotattonal transfer in several parent vi{brational states
(vo’-b,S,and 4) was studied. Rotat{ional transfer was noted to
be more rapld in the hizher vibrational states. A plot of the
relative cross-sections versus vibratlional Juantum number for
several collision partners Is shown In figure 61, No obvious

fnterpretation of this scaling {s provided.
5. Summary of the Steady-State Studles

The steady-state experiments provide critical {nformat!on
regarding the relative population distributions and are
required to obtaln a unique solution to the temporally-

resolved energy transfer problem,. A solution for the rate
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Flgure 61, Cross-sectlons for total rotational removal for

var{ous vibrational levels of BrCl(B). Buffer gases are:
(®) helium, (O ) argon, (X) xenon, (O) chlorine.

matrix R q has been obtained from the CW spectrally-resolved
data. This solution Is coansistent with the pulsed solution
described in sectlion IVD, The steady-state spectra of . vs+]

states for self transfer indicate rates slightly larger than

provided by detalled balance, whereas the same spectra for
hellum agree w'th detalled balance. State-resolved V-T

transfer rates for the self transfer case are difficult to

obtaln since quenching {s efficient. The CW vibrational

populations reach a maximum value determined by the ratio of

L

vibrational transfer rate to the quenching rate. The CW
studies provide the only informatfon regarding rotational
transfer. The total rotational transfer rates are nearly gas
kinetic and scale with the mass of the colliston partner in

accordance with classical angular momentum considerations.
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V. CONCLUSIONS

The radiative and collisional dynamics within the excited
83“0* electronic state of the Iinterhalogen bromine
monochloride have been studied using temporally-resolved and
steady-state, spectrally-resolved laser induced fluorescence
technljues. The processes of spontaneous emission, electronic
quenching, predissoclation, resonant electronic energy
exchanyge, state-to-state vibrational transfer, and total
rotational removal have been described in detail for BrCl(B)
collisions with C12’ He, Ne, Ar, Kr, Xe, N2, and 02. The
general problem of extracting quantum resolved transfer
probabilities for a strongly coupled ro-vibrational manifold
from observed population distributions has been studied. This

research was conducted to evaluate the potential of BrCl(B) as

the excited laser level for a visible chemical laser.

A. Summary of BrCl(B) Energy Transfer

The radiative lifetime of BrCl(B;v") {s 38.7 +/- 1.7 us,
independent of vibratlional state for v“<7. The relatively
long radi{ative lifetime 1Is due to the difference in spin
multiplicity and the large difference in equilibrium
internuclear separation of the excited B 33 state and the
ground X 1: state. States with energy above that of the v =6,

J”=42 state are predissoclfated due to an fntersystem crossing

+
with a repulsive 3 "0 state correlating to

5
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Br(2P3/2) + C1(2P3/2) seperated atomic states. The

predissociated states have collisionless lifetimes of

8§ - 0.1 LS.121

The vibrational energy spacing in BrCl(B) {s small and

deviates significantly from that of a harmonic oscillator.

The energy spacing »¢ = ( -¢ ranges from 213 to 151 cm_l, or

v “v-l

Le /kBT = 0,36 to 0.48, for v =0-6. The entire ro-vibrational

manifold is strongly coupled and multiquantum V-T transfer {s

probable.

The electronic quenching of a thermalized BrCl(B;v~,J")
distribution is inefficient with rate constants ranging from

-1 4
7.8 +/-1.,9 x 10 14 cm3/molec—s for Ne collisfons to

4.3 +/- 0.7 x 197Y3 cn’/aolec-s for Cl, collisions.
Electronic quenching by ground state 02 is anomolously fast
with a rate constant of 6.5 +/- 0.6 x 10-12 cm3/molec-s. The

quenching of nonthermal BrCl(B;v”) distributions is more
complicated and depends stroangly on the total pressure. The
removal of states v“>2 is considerably faster than the
electronic quenching and strongly depends on vibrational
state. Overall quenching of nonthermalized BrCl(B)
distributions are interpreted as population distribution
weighted convolutions of the vibrationally dependent quenching
rates, Two processes contribute to the increased quenching of
high v” states: (1) ro-vibrational ladder climbing to

predissociated states, and (2) resonant electronic exchange
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reactions possibly involving C12 A, B, and X states. The
quenching rate constants for BrCl(B;v”) with C12(X) collisons

-13 cm3/m01ec-s for v'=0 to X

range from 4.3 +/- 0.7 x 10
1.4 +/- 0.3 x 10-10 cm3/molec-s for v°=6. No resonant
electronic exchange reactions were observed for the rare

gases.

The thermalization of the BrCl(B) manifold {s rapid.
Vibrational transfer rate constants for transfer from v™ =1 to

-11

v’=0 vary from 1.3 x 10 cm3/molec-s for C12 collisions to

2,0 x 10_12 cm3/molec-s for Kr collisions. There is little or

no scaling of V-T transfer probabilities with the reduced mass

of the collision partner for the rare gases. The scaling of

V-T rates with vibrational quantum number obeys a power 1law,

ka(v v-1) = y7 ka(l-O). The power law yields n= 0.62 for

Cl2 collisions and n=1 for the rare gases. The rare gas .
vibrational transfer scales according to the Landau-Teller |

theory. Multiquantum vibrational transfer, 4v =-2, is

estimated as 40 percent of the single quantum, 4&v°=-1, rate.

Rotational transfer {s very efficient with nearly gas
kinetic cross-sections, The rate constants for total iy

rotational removal from Jo’=37 in v'=6 range from )

-10 cm3/molec-s for Cl2 to 2.43 x 10-10 cm3/molec-s

for Ar. Rotational transfer is slightly slower in lower v~

1.60 x 10

states., Change of rctational state in V,R-T collisions is

likely and 1little memory of the initially-populated rotational
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state 18 observed in satellite vibrationmal bands. Total
rotational removal rates increase linearly with the square
root of the reduced mass of the collision partner for the rare
gases, as predicted from classical angular momentunm
considerations. Thermal ro-vibrational distributions are

attained at C12-BrC1 mix pressures as low as several torr.

A summary of rate constants for quenching, V-T transfer

and total rotational removal is given in table XXI,

B. Implications for LIF and Energy Transfer Studies

Since the 1930°s, the field of chemical physics has been
particularly interested in the problem of inelastic energy
transfer among molecules in the gas phase.l35-136 There has
been conslderable progress in the theoretical development of
quantum resolved energy transfer processes, and laser induced
fluorescence techniques have been sucessfully applied to
obtaln experimental measurements of state resolved cross-
sections for energy transfer events. Several general
conclusions regarding these LIF energy transfer studies may be
drawn from the results of the current studies, Specifically,
spectral response, synergy between the pulsed and cw

experiments, quenching versus vibrational transfer efficlency,

and vibrational energy spacing will be addressed.

The importance of spectral response in both cw and pulsed

LIF experiments has been considered in previous studies. The
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Table XXI
Summary of BrCl(B) + Y Rate Constants

Y Y a
Y keq kv (1,0) K
-10

(10-13cm3/molec-s) (lO-lzcm3/nolec-s) (10

Y
J

c1, 4.3 +/- 0.7 13. 1.60 +/- .28
He 1.5 +/- 0.2 4.0 1.93 +/- .34
Ne 0.78 +/- 0.19 4.0 ERR AR KA
Ar 0.81 +/- 0.30 4.9 2,43 +/- .44
Kr 0.98 +/- 0.14 2.0 ERERRRRR KRR
Xe Ahkkhkkhkhkhhdh kK 3.0 2.17 +/- .31
N 1.6 +/- 0.3 *k kK 22223223222
Og 65. +/- 5.7 Thkkk Ak kkhkhkkkkhh
T = 38.7 +/- _s
v’ kQM(V')b kQHe(v,)b

(10 1 cm3/molec-s) (10 11 cm3/molec—s)
0 0.043 +/- 0.007 0.015 +/- 0.002
1 0.043 +/- 0.007 0.015 +/- 0.002
2 0.043 +/~- 0.007 0.015 +/- 0.002
3 0.40 +/- 0.2 0.015 +/- 0.002
- 5.5 +/- 1.8 0.015 +/- 0.002
5 7.9 +/- 2.2 0.015 +/- 0.002
6 17.0 +/- 3.6 6.8 +/- 2.6

a) Rate constants obtained from pulsed numerical solution.
Error may be as large as 1007%. See appendix H for error
analyslis.

b) Rate constants obtained from pulsed numerical solution.
Error bounds are estimated from Stern-Volmer analysis.

181

cm3/molec-s)

";'_‘."".



Lats current BrCl(B) pulsed lifet{ime studies provide an extreme
example of these spectral response effects. Observed BrCl(B)
lifetimes vary by as much as an order of magnitude with the
various spectral responses used in the current pulsed
experiments, Several factors contribute to the ilmportance of
spectral response {n these experiments: (1) a large wavelength
dispersion between the emisslon from different excited
vibrat{ional states, (2) a large variation in quenching rates
with v° state, (3) severe predissocifation, and (4) rapid ro-

vibrational thermalization processes.

The emission wavelengths from various v~ states within
BrCl(B) are widely dispersed over the detected wavelength
region 600 - 900 nm. The lowest v° states (v™=0-3) emit
strongly only at long wavelengths (750 - 900 nm) whereas the
highest v~ states (v”=3-6) emit strongly only at short
wavelengths (600 - 750 nm). As result, changes In spectral
response can dramatically change the vibrational states belng
observed. Quenching rates and the effects of predissociation

vary strongly with vibrational state and the observed

| lifetimes thus depend strongly on the spectral response of the

I detection system. The rapid ro-vibrational thermalization of
BrCl(B) indicates that a rapid population of many (v~,J7)
states occurs even at low buffer pressures. In addition,
small changes in buffer pressure indicate large changes in the

ro-vibrati{onal distribution.
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4{% Theoretically, the pulsed and cw experiments provide the ;

L)
same information regarding state-to-state transition

probabilities. The steady-state experiments are described by "
a temporal avevrage of the pulsed experimental data.

Practically, the pulsed and cw experiments provide quite

different views of the energy transfer processes. In the

present studies, both experiments where necessary to obtafin a '
complete description of energy transfer in BrCl(B). The

pulsed experiments provide a great deal of information

detailing the full time history of the vibrational population
distributions. Lifetimes are directly measured and the

effects of systematic errors are reduced. The pulsed

experiments do not provide accurate information regarding
relative vibrational number densities, however., The cw

experiments directly provide these relative populations. In

‘e W _w_ e

addition, the higher average signal intensities of the cw
experiments allow for greater spectral resolution and proviie

the only information regarding rotational transfer. .

.
The conventiounal single-collision, steady-state kine:fc :
analysis used to extract state-to-state vibrational transfar
rate constants, as presented in sectlion IIc2, ts usually ;
applied to systems where total quenching is Ilneffictent witn i
respect to vibrational transfer, In such cases, the l{fetine-
depend only slowly on buffer pressure and accurate vibrat!ona. B
rate constants are obtained. For BrCl(B), total queachfins ! ;

high v° states is very efficient. To obtaln a stignifican:

»
L e
@ e

NS,
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population in satellite vibrational bands, the collistion
conditions are single collision for V-T transfer but
multicollision for quenching events. Therefore, lifetimes
vary strongly with pressure and a sizgnificant varfation in the
dependent variable, Ty M, Is not obtainable and an accurate
determination of state-to-state vi{ibrational transfer rate
constants s more Jdi{fficult. The strong variation of

quenching rates with total pressure also makes the cw data

reduction more complicated.

The vidbrat!{»n.:! energy spacing 1s an {mportant parameter
ta Jescrinoinrs any vidbrational transfer process. Largze
vihratisna. 2nergv spiacing effectively decouples the

»nal mantiol . Theoretical descriptions of vibrational

#saer sy transter 11 decoupled and weaklyv coupled vibratfonal

gaic Jis are readlilv avililable and are eastily applied to
et rgot vttrart ol tate coastants from observed population
b LTl wien the vinrational eneriv spacing appruaches

e i T e Tt ot oyl seradv, w_TE L, the vitratioanal
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Vibrational energy spacing also has important
implications for the dynamical properties of the vibrational
energy transfer process. Scaling of transfer probabilities
with parameters such as reduced mass depend on the vibrational
energy spacing. Further study, both theoretical and
experimental, of vibrational transfer within strongly coupled

vibrational manifolds is clearly needed.

C. Proposed Future Investigations

The radiative lifetimes, quenching rates, and vibrational
transfer rates obtained for the B state of BrCl in this thesis
provide detalled {nformation for evaluating the potential of
BrCl(B) as the excited electroni{c state for a chemical laser.
Threshold chemical pumping requirements, expected gain, and
optimal pressure operating conditfons can be established based
on the furnished rate constants, In add{tion, guidance for

the selection of a chemical pumping mechani{sm can be provided.

Experiments to identify potential chemical-pumping
mechanisms for BrCl(B) are needed to further evaluate the
possibility of demonstrating a BrCl B-X chemical laser. A

direct reaction of bromine with chlorine dioxide {s known to

produce a chem{luminescent BrCl(8) flane.80 The photon yield
of thils reaction {s EZ.BU Two metastable transfer partners
may provide alternate pumping mechanisms. Energy transfer

with the metastables NF(b) or Oj(lig) may provide an effl{cient

<

means of chemically populating the lower BriliB) vibrational
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states. Flow tube studies should be conducted to determine

the BrCl(B) yields of these and other chemical excitation

mechanisms.

The results of this thesis have indicated that resonant
electronic energy exchange between BrCl(B) and C12(A,B) is an
efficient process. No monitor of electronically-excited
chlorine state populations was conducted in the present work.
The detection of these excited chlorine states would be an
important confirmation of the proposed quenching mechanism.
Fluorescence fron C12(A,B) would be very weak, due to the
unfavorable dipole moment with the ground electronic state.
Optical excitation of Clz(A) to higher~-lying electronic states
of chlorine such as C12(D) and the detection of the subsequent
UV fluorescence may be the best way to detect the excited

chlorine populations.

The spectroscopy of the BrCl(B-X) system is not
completely characterized. Spectroscopic determinatfon of
transition frequencies involving high-lying vibrational states
fn the ground electronic state would be very valuable and lead
to an {mportant calculation of Franck-Condon factors for these

states.

Several further studies based on the optically-pumped Br,
B-X laser described {n appendtitx A are provided at the end of

appendix A, The study of state-to-state rotatlonal transfer

{n Brz(B) is strongly indicated.
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Organization of Appendices

Appendices A-J are presented on pages 137-285.

Appendix A describes the characterlization of an
optically-pumped BrZ(B-X) laser. This discussion {s not
related to the BrCl(B) collisional dynamics presented {n tne
main text, but rather, describes a second experiment coniuct=!

as part of this reserch effort. .

Appendices B-J supplement the BrCl(B-X) collistonal
dynamics studies presented in the main text,. Appeniix B

provides a description of BrCl(B-X) spectroscopy. Appeniix

‘e e 9w

describes calibration procedures and results for the laser
induced fluorescence experiments. Appendices D-G outline
theoretical and computational models pertaining to quenchin.,
V-T, and R-T energy transfer. A detalled error analyslis 15
presented in appednix H. Finally, appendices I-J describe t-e
methods used to reduce the spectrally-resolved, steadv-staz-

data.
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laser level. Modeling of the Br2 lasing process can be useld
ty> test known kinetic rates under lasing conditions. The Br,
B-X laser {s a high ga.n system and parameters such as gain,
saturation, and threshola can be directly observed from laser
studies. Finally, the Br laser {s of {nterest for comparison

5
<

with the other halogens and {interhalogens.

The potential curves of the homonuclear diatomic halogens
itfifer fruom those of the {nterhalogens {n that Interactions
from electroni: states of different symmetries are {mportant.
Predissociation of Herzbery type IIll (rotational

. L+
predissociation) {5 observed In v™ >3 for Br B3 (Ou ) due to

2
the curve crossing of the repulsive ! (lu) state as shown in ;
‘4

figure Al. As a resul', the collisionless decay rate of the ;

r

L \ \/ — "Gy

i1 !' \“ \\\ "_/r_'_"nl
form -0
8 [ \

YA
o o r N e i —
? ] .
fe w78 @'
Flgure Al. Br, potential energy curves.
L~
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Brz(B) state, fo, {s given by the radiative rate, Tr' and the
natural predissociative rate described by the Kroniz function

= + kpd(v YJI7(J7+1) (Al)
where kp (v”) ts a constant that depends on v~. In 12,

kpd(v’) has a strong dependence on v~ with secondary maxima at

the approximate values v =6 and 25.[‘6 In Br., however, k . (v7)

2 pd
75

varies only slowly for 10 < v° < 25, In addition, kpd(v')

are typically at least an order of magnitude larger {n Brz

than {n 12. Thus, natural predissociation {n Br2 is much

stronger thaa {n 12 and {ts effects are much more uni{form
throughout the vibrational manifold. The radiative dynamics
of Br2 also differ markedly from IF(B). In IF(B) there are no
natural predissociations and all v“ <9 are stable. Brz(B) is
Intrinsically much less stable than the other two previously
demonstrated halogen (B-X) lasers and these strong
fnstabilities might be expected to prevent or severly limit
laser action. Since the laser demonstrated by Wodarczyk and
Schlossberg31 operated over only a limited range of punmped

(v7,J7) levels, we wished to significantly extend the range

using a pulsed dye laser pump source.

In this appendix, a Br2 laser pumped by a pulsed dye
laser 1Is discussed. A wide range of spectral excitation
(555-575 nm) was used to excite several complete Br2 bands.

Pressure dependence of the laser output and saturation

phenomenon are discussed. Evidence for isotopic selection in
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?? the laser output is presented. A simple model i{s also

presented that satisfactorily explains the processes which

occur {in th Br2 laser.

I1. Experiment

The experimental arrangement is shown in figure A2 The

excitation source was a Quanta Ray PDL-1 dye laser pumped by a
frequency doubled Quanta Ray DCR-1 pulsed Nd:YAG laser The
dye laser ouput consisted of 8 ns pulses (< 30 mJ/pulse) at a

10 Hz repetition rate. The bandwidth was approximately

iR r
LB EE TAe DYE LASER T
L-p
R
FILTE BROMINE CELL n
- H== =
Pul
BCICAR BOICAR
INTEGRATCR l’“ INTEGRATOR
STRIP CHART
RE CORCER
Figure A2,

r, optically-pumped laser experiment.
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.\ 0.3 cm-l, which 1s much wider than a single Br2 rotational

Sﬁ? line Doppler width (- 0.02 cm-l). An intracavity etalon was
also utilized for some experiments in order to narrow the dye
laser bandwidth to -~ 0.03 cm-1 . Exciton Rhodamine 590 dye
was used to cover the wavelength range 550 to 575 am. This
facilitated pumping of v“ =12 through 17, No other dyes were
used in the present work, but excitation resulting in lasing
would be expected outside the range of the 590 dye. The
output of the dye laser was focused to an approximately Z2mm
diameter inside the Br, cell. No careful attempts were made

2

to mode match the dye laser beam to the Br, laser cavity.

2

The Br2 laser cell was a pyrex tube 60 cm long with

Brewster windows on each end and was connected to a gas
handling vacuum system. The pressure in the Br2 cell was
measured with an MKS Baratron #220 capacitance manometer. In
a typlical run the cell was evacuated to 10-2 torr and then
filled with Br2 that had been previously purified by repeated
} freeze/thaw distillation cycles. The cell was then filled

with a glven Br2 pressure and sealed off with a teflon valve.

The Br2 laser cavity was constructed from two 3-meter

radius of curvature dielectric mirrors. The mirrors passed
greater than 80 percent of the dye laser pump beam and were 99
percent reflecting in the range 600-740 nm. A 630 nm long
pass filter was used to block the dye beam from the detector.
The broadband Br, output was detected on a Ge photodiode whose

2
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output was fed to either an oscilliscope or a PARC Model 162
boxcar integrator. The boxcar was particularly useful in
obtalining Brz excitation spectra. By monfitoring spoataneous
side fluorescence (perpendicular to the excitation beam)
ordinary laser excitation spectra were obtained. For these
laser excitation studies the etalon was removed to permit
extensive (20nm) scanning of the dye laser. Because of the
wide bandwidth (0.3 cm-l) of the dye laser these excitation
spectra were poorly resolved. The dye laser ouput wavelength
was calibrated using a Hg pen lamp. The absolute wavelength
of the dye laser was determined to better than 1 cm -1. The

differences between spectral features were determined to

< 0.2 cm-l

Using a second configuration in which the broadband Br2
laser ouput was monitored as a function of dye laser
wavelength, excellent resolution was obtained and many
rotational lines were completely resolved. This resulted
because stimulated emmission was utilized to detect Br2
population distributions. Further discussion of this will be

presented latter,

For some experiments the Br2 laser output was spectrally
resolved using a McPherson 218 monochromator. The
monochromator output was detected with a PMT that was input

into a plcoammeter.
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Several other experiments were performed on the Br

2

laser. The dependence of Brz laser power as a function of Br2
pressure was studied. The output power was measured as a
function of input power of the dye laser. Two methods were
used to estimate optical galn., One involved measuring the
time delay bewteen the establishment of a population inversion
and the onset of lasing. We a'so directly measured the pump
laser energy absorbed to determine the fnitial Brz(B)

population

III. Results and Disscuslion

A, Excitation Spectra

Molecular bromine consists of three {sotopes: 798r798r,

81 79 81, 81
Br

Br "Br, and Br in the approximate relative abundances

of 1:2:1. Consequently the Br2 excitation spectra are very
dense and the side fluorescence spectra using the 0.3 cm.1
bandwidth of the dye laser were of poor quality in that the
overlap of rotational lines was severe. A typical spectrum Is
presented in figure A3a which shows the (14,0) band. The band
head {s at 562.0 nm, and the lack of resolution is obvious.
The assignment of the pump transitions were made using the

89
constants of Barrow et al,.

In contrast to the side fluorescence scans, the superior
resolution of the stimulated emission scans is evident {n

figure 3b, which also shows the (14,0) band. Similar effects
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Figure A3, Comparison of excitation spectra using spontaneous
side fluorescence as a signal monitor (a), and that obtalned

using stimulated emission as a signal monitor (b). These
excitation spectra were obtained on the same scan of the

(14,0) band with 10 torr of Brz

have also been observed in a CW IF(B-X) laser.160 The Br2

spectrum consists of a series of P-R doublets which are
typical of the B-X transitions of the halogen molecules. The
spectrum Iin figure A3b was assigned to the 79-81 isotope. The
absence of the other two isotopes is an artifact resulting

from using stimulated emission as the monitor of the Br

2

population. Since the Br2 laser was run barely over threshold

and lased only weakly, only the 79-81 isotope was excited

sufficiently to lase. The thermal populations of the 79-81
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GROUND STATE ROTATIONAL POPULATION OISTRIBUTION N(J) ‘N(16)

Figure A4, Excitation spectra of (14,0) band using stimulated
emission as the signal monitor. Rotational assignments are

| indicated and show that the laser spectrum is predominately
for the 81-79 isotope. Also shown (solid curve) is the
calculated rotational population distribution in the v"=0

|
\
level of Brz(x). The Br2 pressure is 8.8 torr.
|
|

arnd 81-81 {sotopes were too small to be brought to threshold
for the pump powers used. Further evidence for this is
provided by examining the range of rotational lines that lased
in a given band. In figure A4, also displaying the (14,0)
band, note the solid line which represents the relative
population of any J" level to that of J"=36 (the level of

1 maximum population at T=300 K). The range of rotational

|
levels 1in Br2 X(v"=0) that were pumped to lasing oscillation
|

was 10  J" £ 63. The relative population of J"=10 and J"=63
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are both approximately 65 percent of that of J"=36, Since the
other two Br2 isotopes are half as abundant, no lasing would

be expected under the conditions depicted in figure A4.

By scanning the dye laser more slowly, the structure of
the Br2 spectrum could be studied in more detail. 1In figures
A5 and A6 portions of the (14,0) and (16,0) bands are
presented. Each spectral feature exhibits a great deal of
noise. The three or four spikes observed in each transition
1s indicative of the intermittent nature of the Br2 laser
output. The nolse patterns are not reproducible and thus are
not considered to be hyperfine splitting. Note the lack of

P-R doublet structure for the (16,0) band due to nearly

complete overlap of the P(J) and R(J+3) lines.

The rotational assignments of the stimulated emission
excitation spectra were made using combination differences
between P and R lines. In figure A7 we show a comparison of
the measured differences AZF"(J) = R(J-1) - P(J+]1) for the
(14,0) band to those calculated using Barrow’s89 constants.
The agreement {s excellent. Comparable agreements were

observed for the other bands 12 v ( 17.

N

B. Br2 Laser Spectra

Two examples of spectrally resolved Br, laser output are

2

shown in figure A8. 1In both cases lasing originated from the
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Figure AS5. High resolution scan of the (14,0) band using
stimulated emission as the signal monitor. The spectral width
of the dye laser was approximately 0.01 nm. The Br2 pressure
{s 6 torr.
:u\: R(40) R(39) R(38) R(3IT) R(36) R(35) R(J4)
= | PQAN) P(36) R(3%) P(34) P(33) P(32) P(31)
=)
& | (79-81) ISCTOPE
= | (18-0) BAND
&
o
Z
£ |
- I
|
> ‘ y \ | :
£\ | | L LN |
5966 .0 5565.0 5564.0 $963.0 5562.0
) PUMP WAYELENGTH (ANGSTROWS)
Figure A6. High resolution scan of a portlion of the (16,0)
band. The conditions are the same as for figure AS5. Absence
of apparent P-R doublet is due to severe blending of R(J+3)
and P(J) 1lines.
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were generate

LASING INTENSITY, (ARBITRARY UNITS)
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ROTATIONAL LEVEL.)

Comparison of measured and predicted second
differences A, F"(J) = R(J=1) = P(J+1).

The predictgg values

using the constants of Barrow et al.
LASING  TRANSITICK
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Figure AS8.

Spectrally-resolved Br

8319 Y §423 1 64219

WAVELENGTH (AWCSTRCHS)

laser output. The pump

transition at 563.19 nm {is a monocﬁromator scan of the pump

dye laser emission.

The lasing transitions at 643.27 and

642.79 nm originate from the single, initially populated
rotational state v =14, J =31,
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J” level excited by the dye laser. Thus, even at the

relatively high Br2 pressures of 15 torr, no evidence of
lasing from collisionally populated J” levels is observed.
This is similar to the behavior of the IZ(B-X) laser156 but 1is
in sharp contrast to IF where collisional energy transfer 1is
so extensive that at pressure above 5 torr lasing is seen only
from thermalized ro-vibrational levels.33 However 1t should
be noted that the observation of lasing exclusively from laser
excited J° levels in the present work is likely an artifact of

2
by the dye laser will be depleted by R-T transfer collisions.

the Br, laser running near threshold. The level, Jp, pumped

A 35 percent reduction in the population of Jp is known to
preclude lasing for our conditions (see Figure A4). It would
be very unlikely that a collisionally populated J” level could
be brought to threshold. A better test of lasing from
collisionally populated satellite levels would require higher
pump laser intensities. Indeed, as shown in the following

section, we could not saturate any Br2 band.

C. Saturation Studies

Figure A9 shows a plot of the relative output power of
the Br2 laser as a function of the input power of the dye
laser, The pump transition population difference decreases as

the pump field intensity is Increased. This phenomenon {s

210
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Figure A9.

total Br

30+

kY § 5

Bry LASING OUTPUT (REL UNITS)

ur

U4

W+

18

e L i A A i

Plot of Br
dye laser energy/pulse for the v =14,
pressure of 10 torr.

' 12 16 20 24 20
OYE LASER INPUT (aJ)

laser output as a function of {nctient
J”=45 pumped state at 1
Note that the threshold

pumping requirement is approximately 3 mJ/pulse.

termed saturation and becomes {mportant when the pump

transition population difference becomes small. For a

saturated system,

increasing pump Intensity does not provii. a

proportional increase in the excited state density. The curve

of figure A9 is linear and there is no evidence of saturatti =

in our work over the dye laser energy range

studied. NO

saturation studies using the intracavity etalon were perforne

in the present work.

The ratio of incident photon gquanta t-

target molecules In the present work is approximately one.

This ratio must be greater than one to allow for saturat!o n.






D. Laser Qutput Versus Br

2

Pressure

Although lasing was obtained over a wide range of Br2

pressures (1.5 to 60 torr),

around the region of 10 to 15 tor

the output was stroangly peaked

r. This result {s similar to

31

what was observed by Wodarczyk and Schlossberg. The

relative strength of Br

2

dye laser wavelength over complete bands and averaging the

five strongest Br, laser lines In

2

done at slow speeds so

lasing was determined by scanning the

each band. The scans were

that each recorded spectral feature was

the average of approximately 10 dye laser pulses, the

averaging belng done on the boxcar Integrator.
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these efforts, the reproducibility of the average Br:2 laser
output was still fairly erratic. This is reflected in the Br2
laser power as a function of Br2 pressure data as seen in the

solid line of figure Al10. The other curves in figure AlQ will

be discussed later.
E. Modeling of the Br2 Laser

In order to describe some of the properties of the Br2

laser, the following simple model was utilized. Figure All

illustrates the ground, upper laser and lower laser energy

STATE w2
UPPER LASER LEVEL

LASING

STATE =3
TERMINAL LASER LEVEL

STATE #)
PUMPED LEVEL

Figure All. Energy levels of Br2 laser model

levels used {n this model. The time evolution of the upper

laser level, N2’ is given by

1 /c -N.B.. I /c) (N,B /c)=N /r (A4)

12 2821 B3l /e-N3By, 1)

sz/dc=(N
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where

Ip, IL are the pump and laser intensities, respectively

By,

are the Einstein B coefficlents connecting
level 1 to level

and

1/1 = 1/1r + kQ[BrZ] + kpd(v’)J'(J'+1) (A5)

1. is the radiative lifetime, kQ is the collisional removal

+
rate of Br2 BBH(O ) from the originally excited v°, J° level,

and kpd(v’) is the natural predissociative rate for level v~

The populations of the v", J" pumped (1), and the terminal

laser level, (3) are described by:

2721 1712

dN3/dt = N2B23IL/C

le/dt = N,B Ip/c - N.B.,I /c (A6)

Jc + A__N (A7)

3 32 L 2372

Spontaneous emission and quenching were omitted in the

rate equation for N because the pump laser essentially

1’
dominated all kinetic processes while the dye laser was on and
the Br2 laser turned on only approximately 2 ns after the
termination of the dye laser pulse. During this time the
major kinetic process of importance was the depletion of the
upper laser level 2 described by equation (A4). The major
build-up of population in level 3 was via stimulated emission.

The number of photons, n, in the cavity {s described by the

rate equation

dn/dt = 8231L/c-3321 /c+A23N2(V/Vm)(g(v Yo G ))-n/Tc (A8)

215



T {s the photon cavity lifetime determined by both
scattering and mirror losses

g(v) is the lasing transition lineshape function
c(v) = 8nv2/c3 is the mode desnity

V is the pump mode volume

Vm is the laser mode volunme.
The pump and laser mode volumes are estimated as equal.

Using equations A4-A8 the population of a given v”°, J~
level and the i{ntracavity photon number at the termination of
the dye laser pump were predicted as a functioon of time and

Br2 pressure.

Equations A4-A8 were solved numerically using the
trapezoldal rule. The number density of any level (.) at time

tn is given by
N (t ) = N (t=0) + 5 [f (t ) + df /dt (t )~‘t/2):t (A9)
¥ n T 'S n-l 3 n_l
n

where .t is the time lncrement, 't =t =~ t and the

n n-1"

functions f are given by equations A4-A8., The conputations

were completed on a model 4051 Tektronix desktop calculator.

A step slze of /. t=0.8 ps provided convergence to within 0.4

percent,

~
[
,\:\'
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The puup pulse {s approximated by the triangle function

(
0 t<0
I(t)= 198 < t/tp ogtgtplz (A10)
0.2[4-3(t/t )] t /2<t<t
p P |y
0 tot
\ p
where
t = 10 ns
IS = fncldent pump intensity

The observed and approximated pump pulses are shown in

fligure Al2.

A spatial dependence for the number density arises from a
nonuniform spatial distribution of the pump intensity. As the
pulse propogates through the gain medium, ft {, attenuated due
to absorption. Rather than include this spatial variation, an

average value for the pump intensity was used. The spatially-

165

averaged intensity, using Beer”s law for the attenuation ,
is
1.
= 1 2 - (N =N
Ip (l/L)j{ p(O) exp i ( 0 2)z}dz (All)
]
= ’ - { - =3 (N -N
Ip(u) [1-expl{-L AN =N,))]/IL (N -N,)]
where
L = 12ngth of the gain medium
axial distance through the gain medium

N
L]

optical cross section for single-line absorption

Te
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In equation (All), it has been assumed that the number
densities have already been averaged, or vary little
spatially. For high pump intensities or low optical

absorption, the approximation is satisfactory.

The radiative lifetime < r - 8.1 .s, predissoclation rate

constant kpd(v') = 6.7 x lO3 s-l, and dipole moment

helz = ,126 02 (Ref 75) were used in the numerical
computations. Spectroscoplic constants, wavelengths and
Franck-Condon factors were obtained from references [91,15
158]). The optical losses due to scattering and output

coupling were estimated at 0.06 over 100 cm.

In figure AlO the observed Br, pressure dependence of

2

bromine laser Is shown. The peak output is seen to occur

7-

the

at

approxlimately 10-12 torr, and lasing is observed all the way

out to H) torr. The error bars are typlical of the erratic
nature of the laser output. Also shown in figzure AlJ are
curves resulting from the previously described model. The

ordinates for these curves are the predicted Br, B-X laslin
A

two

°
L

{nversinns minus the threshold inversion at the time of the

Br2 laser turn on. Curve (a) was obtained using a collisional
removal rate from (v7,J7) kQ = 2.3x10-1J cm)/molec—s and

-10 3
curve (b) used kQ = 5.0x10 cm /molec-s. Curve (a) was

normalized to the observed Br2 laser data for purposes of

comparison. It is clear that the model usinyg a quenching

-10 3
of 5x10 ! cm /molec-s does not adequately predlct the

rate
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. observed pressure dependence. The best agreement using

-10

2.5x10 cm3/molec-s 1s much better. Even though the

agreement i{s only qualitative, the model does indicate that a

-10

Brz(v’,J’) removal rate of 5x10 cm3/molec-s is probably too

fast to explain the observed trends.

In a laser fluorescence study Clyne, Heaven, and Dav:ls76

measured removal rates of (v°J7) levels 1in BrZ(B). For v =14
a collisional rate of 4.2x10-10 cm3/molec-s was determined for
J” levels within the range of those studied in the present

work. This removal was attributed predominately to

collisional predissociation. Our present results due not

appear to agree with this fast rate. Our model, although
sonmewhat simplified, should be a fairly accurate description
of Brz(B) at least until the population in the upper laser
level is nearly depleted. It {s important to emphasize that
the quenching rates obtained by Clyne et 81.76 were obtained
under experimental conditlons drastically different from the
present work. Much of the Clyne et 81.76 data were obtained
at bromine pressures of less than 20 mtorr, while in our
studies Br2 pressures several orders of magnitude higher were
used. This a;parently faster quenching rate measured by Clyne
et al. may have contained R-T transfer contributions. Recent

work by Heaven161 at Br2 pressures between 0.5 and 5.0 torr

¢ 70 Tl TP T T RTITE Tdate a e B VHEERY O O =

. has produced a quenching rate of 4.0 x 10-10 cm3/molec-s. The
n

: remalining discrepency in quenching rates should be

j fnvestigated in the pressure region 5 to 60 torr. Measuring
¢

v
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the very short Br2 lifetimes above 5 torr would require a less
than 1 ns excitation source in order to preclude convolution
effects. Heaven has also found that rotatiomal energy

transfer occurs with high efficiency.l61

F. Gain of Br2 Laser

There is an observed time delay between the termination
of the dye laser pump pulse and the initiation of the Br2
lasing pulse of approximately two ns which is due to the
photon build-up time within the Br2 laser cavity. The gain of

the Br, laser can in principle be determined from a

2
measureuent of the photon build-up time as described by Byer
et al.22 in thelir 12 laser. The Byer model asssumes the pump

transition is rapidly saturated. In our device the pump
transition is not saturated and the Byer model is not
applicable. The model described earlier has been used to fit

the predicted Br, laser pulse shapes to the observed shape at

2
20 torr Brz. The optimal fit yielded a gain of 1.11nc10-1 cm_l.

A plot showing the observed dye laser and Br, laser pulse and

2

the predicted pulse shapes 1Is shown in figure Al2., It {is

important to note that the solution is not unique since other

parameters such as quenching and optical thickness affect the

pulse shape. The curve shown in figure Al2 was derived using
-10

a self quneching rate of k, = 2.5 x 10 cm3/molec-s.

Q

A more direct measurement of the gain was made by

determining the intial Brz(B) population produced by the dye

220
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' 2
I

!
0.5 - OYE LASER PULSE | \ -1.14

LASING INTENSITY (ARB UNITS)
INTRA-CAVITY PHOTON NUMBER (1x10'9)

0.2 \ ! 4 0.3

TIME (nsec)

Figure Al2. Comparison of predicted and observed Br, laser

] pulses. The dye laser Intensity and photon number have been
normalized to one-half of the Br, laser igtensity. The actual

dye laser {ntensity is approxima%ely 5x10° times larger than

shown.
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laser. From this an upper 1limit of the gain at the turn on

time can be determined. If we used the observed absorbed

energy on a single 79Br81Br line at 10 torr (.34 mJ) on the

(14,0) band, we calculate a population at the termination of
the dye laser pulse of 4.8x1014 molec/cm3. After 2 as, the

population 1s approximately 4.3x1014 molec/cm3 assuming a

quenching rate of 2.5x10_10 cm3/molec—s. The most probable

lasing transition in the range of our laser mirrors is the

(14,7) band which has a stimulated emission cross section of

lb.5x10_16 cm2 for a single J”~J" line. The upper limit to the

gain coefficlient is thus Yy = 1.9)(10-l cm-l. This compares

favorably with the previous estimate of 1.1x10-1 cm-l. If we

were to allow for rotational energy transfer in the excited
state and allow for quenching during the laser pulse, then the

galn would be reduced accordingly.
G. Amplified Spontaneous Emission

For one set of runs the intracavity etalon was installed

in the dye laser and the etalon was tuned to excite the v™=13

798r81B

P(46) line of r. Using this configuration, amplified

spontaneous emission (ASE) was observed when the cavity

mirrors were removed. Similar behavior has been observed {n

127

Iz. The observation of ASE in Br

2

optical gains available even though collisional removal is

demonstrates the high

rapid.
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Iv. Rotational Transfer Studies

Spectrally resolved continuous-wave (CW) laser 1induced
fluorescence has been used to study rotational emergy transfer
in the B state of Brz. An Ar+ ion laser pumped ring dye laser
using Rhodamine 590 dye was used to populate a pure ro-

vibrational quantum state of a specific Br, isotope. See

2

section III for a more complete description of the

experimental apparatus. An emission spectra obtained fron :

pumping 79Br81

Br (B;v7=11,J7=35) at 26 mtorr Br, and with 376 ?

nT of Ar buffer gas is shown in figure Al3,

R(J) 50 45 40 35 30 25 20 15
P(J) Y —— T = Ay -

45 40 35 30 25 20 15 10

vt
O 4+ o

INTENSITY (ARB{TRARY UNITS)

6212 6208 6204 6200 6196 6192 6188
WAVELENGTH (ANGSTROMS)

D T T T

Figure Al3. Rotatlonally-resolved Br2 CW LIF spectrunm.
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A strong P-R emission doublet arising from the single,

! <A initially populated rotational state 1s evident. Weaker
satellite transitions from collisionally populated rotational
states (approximately 5% of the Iinitially populated state) are
also observed. The spectra indicates very little rotational
transfer under the given conditions. This is consistent with

the observation of Br, lasing only from the rotational level

2
excited by the dye laser.

Emission is observed only from rotational states with the

same parity as the initially populated state. That 1is, every

other emission 1line in figure Al13 is missing. A collisional
selection rule of AJ = even 1s clearly indicated. This

selection rule is predicted from quantum mechanics for

793r81

homonuclear diatomic molecules. The Br is not truly

homonuclear since the symmetry is broken by the isotoplic
variation. McCordy and Miller162 have shown that diatomic

molecules with nearly identical nuclei may have a stroag

propensity for 4J = even collisions.

V. Proposed Future Studies

;
v The dye laser pumped Brz(B-X) laser Iis a high gain system
; that operates over a wlde range of ro-vibrational states and
|

pressures, desplite severe natural predissociation and self-

quenching. While the radiative and collistional dynamics of

Brz(B) are fairly well understood, the current Br2 laser

224

demonstration appears inconsistent with the established self j
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deactivation rates for Brz(B). The most recent Brz(B)

QXD lifetime studies175 indicate a rescnant V,R-T transfer process

involving large changes {in rotational state may be {mportant
in describing the self deactivatlion of Brz(B). Spectrally-
resolved, CW laser induced fluorescence experiments sinilar to
that described in this appendix, section IV, could be used t»
search for the predicted large change {in rotatfonmal state
during V,R-T collisions. Such an experiment would help

resolve the current descrepency in measured quenching rates.

Currently, amplified spontaneous emission in Brz(B) is
being studied in detail.179 Specifically, ASE output power a-
a function of pressure has been {nvestigated. The model
presented in this appendix should be applied to this new dats

in order to extract another independent measurement of the

self quenching rate.
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i Table B.1I -1
gdb BrCl1(B) Rotational Term Values, B, - (cm 7)

v’ 79Br35C1 81Br35Cl

0 0.107015 0.106235

l 0.105627 0.104843

2 0.104165 0.103389

3 0.102571 0.101827

4 0.100846 0.100110

5 0.098871 0.098158

6 0.096476 0.095801

7 0.093430 0.092821

3 0.089171 0.088623

ll. Extensioyn of FCF”s to v">8

An RKR program flicst developed by H., Kildal and later
mod{fited by the Air Force Institute of Technology and a
¥Franzx-Condon Factor (FCF) program written by H. Michaels were
wused to calculate transition wavelengths and Franck-Condon
Factors for 8 v”< 14 and O<v™<(8. The potential curves were
estinated using the X-state constants and B-state classical

130

taurains potnts reported by Coxon Lt. B McFeeters of the

Alr Force weapons Laboratory provided the computer expertise

. r-1ilred ¢f5r the executfon of these prograas.

Tne results of these computations are given |{n

tat.o~ 3,001 ant B,IV, The FCF”s in the reglon 0«v”<7 and
v’ *r agreed witnln Coxon®s reported values to within 107,
c-fde st vnfs reglon the results are only extrapolations and

7. o ex,-rimenrtal 1at3a wa3z use] tno make these estimates. The

resy s 1 agree quaitftativelyv with slagnal Intensities
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observed in this work. 1In general, when FCF”s were required
in the data reduction, transitions were limited to the range

0gv"g7 and 24v~¢8.

III. Vibrational Energy Spacing

The vibrational energles, energy spacings, and

798r35

exponential energy gaps for Cl(B;v”) are given in

table B.v.,100

Table B.V

Vibrational Energy Spacing in 79Br3SC1(B), cm"1
v G, G, 417G, exp[-(G =G )/k,T]
0 108.86 212.64 0.3595
1 321.50 205.33 0.3723
2 526.83 197.25 0.3871
3 724.08 188.27 0.4042
4 902.13 178.05 0.4246
5 1090.40 166.06 0.4498
6 1256.46 151.31 0.4829

IV. Absorption Bands and Intensity Factors

The absorption bands for BrCl(X) v"=0-3 to BrCl(B) v7=0-6
are listed {n table B.VI, FCF”s and intensity factors are

also 1listed. 1Intensity factors, fI’ are defined as

fI al T N(v")/N(v"=0) (B.2)

Note that the intensity factors drop off dramatically as v” 1is

decreased. The v“=0 state is nearly unaccessible by optical

excitation.




&

U;
NN
X

798r35

Transition
(v7,v")

(6,0)
(6,1)
(6,2)
(6,3)
(5,0)

5
4
3
3
6
4
3
3

6
5

Table B.VI
Cl Absorption Bands
Band E?ad FCF

(cm 7) Uy- yn
17883.71  1.8x10_
17443.11 2.8x10_
17006.05 1.9x10_
16572.93  7.5x10_
17717.68 9.1x10_
17277.08  1.5x10_
16840.13  1.1x10_
16406.81  5.0x10_
17539.66  3.8x10_
17099.06  6.7x10_
16662.11 5.5x10
16228.79 2.8x10_
17351.42 1.3x10_
16910.82  2.5x10_
16473.87  2.2x10_
16004.55  1.3x10_
17154.18 3.3x10
16713.58 7.0x10
16276.63 6.9x10_
15843.31 4,.3x10
16941.87 5.9x10
16508.28 1.3x10
16071.33  1.5x10_
15638.01 1.0x10
16736.25  5.4x10_
16295.65  1.4x10_
15858.70 1.6x10
15425.38 1.3x10

Intensity Factor
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Based on
v "=] to
o]

populate

the intensity factors reported in table B.VI, the

»

v “=4,5, and 6 transitions were chosen to inft{ally

o

excited BrCl(B;v”) states in the CW experiments.
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Byb V. Pulsed Emission Band Overlap

Due to the severe overlap of vibrational bands in B-X
emission spectra and the maximum 2.5 nm resolution of the
pulsed experiments, complete spectral {isolatiom of individual
v states was not possible. The “"psuedo-CW" spectra described
in the experimental chapter provides {mportant information on
the degree of vibrational overlap for various (v7,v")
transitions. Sample "psuedo-CW" spectra are given In figures
B1-B3. Also shown in figures Bl1-B3 are the emission bands

from a pure Br, sample and the predicted BrCl(B;v”)

2
transitions weighted by thelr Franck-Condon factors. The

spectra were observed after Initially populating v°’=6. Solid
) vertical lines indicate the wavelengths used to observe
emission from v“=0-6 in the pulsed experiments, Similar
results were obtained for initially populated states vo'=5-3.
These observation wavelengths were chosen to minimize
BrCl(B;v”) vibrational overlap as well as any Br2
interferences. The observation wavelengths for each v state
under conditions of various initially populated states, vo',
are listed in table B.VII. The pump transitions for the
pulsed experiments are assigned from pulsed excitation spectra

shown in figure 27 and figures B4-B6. Band heads are

J indicated in these figures.
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LIF INTENSITY (ARB. UNITS)

BrCl MIX

6800

6300

9800

RESOLUTION

/\ ELEMENT(25A FWHM)

R

spectra for intially populating v,

“=0,

> 5 o~
n W o
] A A A 1
6800 6300 5800
WAVELENGTH(A)
Figure Bl. "Psuedo-CW" spectra. Time-averaged pulsed emission
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Figure B2, "Psuedo CW" spectra. Time averaged pulsed emission
NN spectra for inftfally populating vo’=6.
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BrCl MIX

LIF INTENSITY(ARB UNITS)

8800 8400 8000

FCF(ayt y)

Figure B3.

8400
N
o.m
™ N
Y <t
o .
o~
~
8800 8400

WAVELENGTH (A)

"Psuedo CW" spectra. Time-averaged pulsed emission

spectra for inltially populating vo’-6.
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Figure B4, Pulsed excitation spectrum,
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Figure B5. Pulsed excitation spectrum.
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Figure B6, Pulsed excitation spectrunm.

Table B.VII
Pulsed Emission Band Observation Wavelengths (am)
for a given parent state and pump wavelength, 1

(v 7, ") - v =0 1 2 3 4 5 6
(6,0) 560.0 853.7 811.2 750.7 718.2 688.5 643.2 620.2
(5,0) 565.0 853.7 840.5 752.0 718.2 689.0 662.6 637.2

4,0) 570.5 853.7 812.2 775.0 718.2 688.5 643.2 620.2
3,1) 592.0 853.7 812.2 750.7 718.2 688.5 662.5 637.2
(2,3) 631.1 856.5 814.0 776.0 719.0 688.5 *kkk% kkkkx
(1,3) 639.3 856.5 814.0 750.7 719.0 688.5 **kxk% *kkk

In order to relate relative number densities to emission
Intensity, the amount of vibrational overlap at each
observation wavelength must be quantified. Franck-Condon
factors and relative band head locations have been used to
calculate the percentage overlap of emission due to each v~

state at the observation wavelengths of table B.VII. The
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results are listed in table B.VIII. The intensity observed at

a given observation wavelength, Xobs’ is described by the

emission from all vibrational states {v”} that emit within the

spectral region Xobs +/- 2 res’
2:_qv’,v" Nv' h( obs Av’,v") (B.3)
where
C = arbitrary constant
qv, v = Franck-Condon factor for (v7,v") transition
9
Moy band head for (v7,v"”) transition
’
2 = observation wavelength
obs
) = spectral resolution = 2.5 nm
res
Nv’ = number density of state v~
h(: - % . _,.) = function describing the relative
obs vo,v
observed intensity at * obs with respect to the

observed intensity at the band head.

-

The function h( . .) was estimated from the

"obs v y V
"psuedo-cw"” spectra similar to that shown in figures B.1-B.3.
By assuming a triangular vibrational band intensity

distribution, the expresslon B.4 was obtained:

-(. - . 2.0>¢ - . "
L= obs v’,v")/12 0 ! 0 obs v7,v >0
h - = 1= - 5 S3sct
( obs v’,v") 1-¢ vt v obS)/3 5 3.5¢< obs v’,v"<o
0 elsewhere (B.4)
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. Table B.VIII
;}f Pulsed Emission Band Overlap Percentages
Observed Percent of each v~ Observed

v’ v =0 1 2 3 4 5 6 7 8
0 .741 ,000 .000 .000 .259 .000 .000 .000 .000
1 .000 .940 .000 .060 .000 .000 .000 .000 .000
2 .110 .000 .880 .000 .010 .000 .000 .000 .00O
3 .000 .188 .000 .812 .000 .000 .000 .000 .00O
4 .000 .000 .,219 .000 .781 .000 .000 .000 .000
5 .000 .000 .000 .080 .000 .920 .000 .000 .00C
6 .000 .000 .000 .000 .000 .000 1.00 .000 .00QO
7 .000 .000 .000 .000 .000 .000 .000 1.00 .000
8 .000 .000 .000 .000 .000 .000 .000 .00Q0 1.00

AR
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A3 function of emission wavelength is given in figure C2. Also
shown {n figure C2 1s the theoretical Planck distribution for
the blackbody emission (——) and the relative spectral
response ( --- ), The spectral response is calculated from

equation (C.2):

{ =
Le ) n,C ) /n  C) (C.2)
where
nd( ) = the number of photons/sec detected by the PMT
“rr("' the number of photons/sec emitted by the

blackbody

Iv ftoure 7, the relative spectral response Is normallized to

i

a mav'myt vaile of 1.7, Table C.1 provides a listing of the
re.ative <pectral responses for the emission transi{tions
served bt the W experiment., Note that the values have been
nootwa ‘sred ot v vaige f the (3,6) transition,

Tatle .1
w Keiative “pectral Kesponse

. R N

Traco. v Kanl "le’-ari Franck- .ondon pectral Response.
/ }

“\" Co 4 - .- i !
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Fizure C2. CW spectral response calibration curve.
C. Monochromator Calibration

The resolution of the 0.3 meter monochromator as a
function of slit widtn {s given In flzgure C3, The resolutlion
was measured as the FWHM of the spectral features recorded

from a Ne lamp.

The Bril X - state vibrational spacing 1s nearly doubhle

b "=222.7 cn ),
[

that of the HBrcl B - state (ue'-44&.3 cm
As a resylt, the emissfon bands separated by "v= even are all

highly overlapped,. A 290 . m slit width was chosen to resolve

all the vibrattonal band heads and sti{ll yleld suffi{cient

sipgnal strenpths, The 200 'm slits provile a 0,6 am
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- resolution. This resolution was also sufficient for resolving

the P-R doublet emission from the parent rotational state for

J>30.

The absolute wavelength of the monochromator was
calibrated using a Ne lamp. The correction was less than
0.1 nm over the range 550 - 800 nm. The needed corrections

are given in figure C4.

I1. Pulsed Experiments

A. Time Base Calibration

The transient recorder time base used in the pulsed
experiments has been calibrated by applying a sine wave of
known frequency to the transient recorder and comparing the
resulting digitized signal with the input function.

Figure C5a shows an oscilliscope trace of the ianput sine
function and figure C5b glves the resulting digitized
waveform. Table C.II compares the input period as recorded on
the oscilliscope with the perfiod of the digitized signal for
several recorder t{me bases. The measured perfod is about 2%
shorter than the input period. This small difference {n
measured and observed periods is reproducible, but may be due
to Inaccurate time bases for efther the oscilliscope or
transient digitizer. Since the error s small, the transient

recorder time scales are used without correction.
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Figure C)a.
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TIMEC R S)

Input sine wave to transient recorder for time
base calibration.

FREQUENCY = 2.57MHz

Figure C5b.

A Y \

A

A.(J "'y

r—— 1.9564S ‘
! 1 ! ]
0.50 1.00 1.30 2.048
TIME( 4 S)

Digitized sine waveform from transient recorder

246

\, '... e

LL(J;A{J. At ~{ 'L_ PO N PO ;‘._"L P PPN ".v' A.‘A\.;'.L{A._‘.A' RV PP

§ e




el Bl had Bal Bol bad )8 1.4 J " - L i A i 4 3

. Table C.II
:é;‘ Transient Recorder Time-Base Calibration
Time/Channel Input_gerlod Heasurgg Period 2 Deviatiqn
(ns) (10 s) (10 s) in Period
50 10.0 9.79 +/- 0.1 2.1 +/- 0.1
10 2.00 1.97 +/- 0.02 1.5 +/- 0.1
2 0.40 .389 +/- .004 2.7 +/- 0.1
Average Deviation = 2.1 +/- 0.1

B. Spectral Response

The relative spectral response of the pulsed detection
system was determined by resolving the emission from a
blackbody source at 1010 C. Two detectlion systems were
calibrated. The observed emfssfon I{ntensity for the C31J034
PMT at 1400 V and room temperature {s shown in figure C6ba and
the intensity for the S$S-20 PMT {s shown {in figure Cbb, Also
shown in the flgures are the theoretical curve for blackbody
eniss{non (——— ) and the relative spectral response ( =-=-- ).
The relatlve spectral response {s obtained from
equatfon (C.2).

Note that the C31034 PMT detects emisslion at hih
wavelengths much better than the 5-290 PMT, As a result, the
two detoectlon systems observe varlous v” states la total
emisslon with varylng efficlency. The detect ble emission for
each v’ state, Dv” fs calculated from equation C.3 and s
reported {n table C.ITL,

v Zq\"-v R A ) (c. 1

o
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Snl: Table C.III

Detectable emission from BrCl(B;v~™)

Vibrational State Detectable Emiss{ion, D .

v”© $S-20 PMT C31034 PMT c31834 pMT

(w/600 om LP) (w/500 nm LP) (w/750 nm LP)

0 0.006 0.039 0.038

1 0.027 0.097 09.068

2 0.054 0.12¢6 0.05¢

3 0.083 0.155 0.0123

4 0.113 0.:82 0.013

5 0.139 0.197 0.021

b 0.149 0.198 0.020




A Appendix D

Basic Energy Transfer Theorlies

This appendix describes several basic energy transfer

theories. The gas kinetic colllision ratelsz, Ehrenfest”s
adiabatic principlelSI, the Landau-Teller theory153’183, the
Schwartz, Slawsky and Herzfeld theory149’178, the Troe
modellhl-léz, and the Montroll-Shuler model“‘0 are presented.

In addition, basic angular momentum considerations {n R-T

transfer are discussed.

[. Gas Kinetic Collision Rates

For elastlic collisions with particles considered to be

hard spheres, the collisi{on frequencv for molecule A with

132
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. collisions s

This result is particularly valuable for comparing the
relative efficlencies of varlous kinetic processes. The

probability for any event may be defined as

| P = / - v

‘ 3

. where

| = cross-sectfon for the kilnetic process of {ntere~:
|

| P = probability for event during a single coiilision

o7
~
'
1
R
e
re
.

The jas kinetlc cruss-sections, reduced mas:
speeds and rate constants for various coiidist o L arner s Wit
¥ ;

Rrll are pgiven In tabhle [0,
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II. Ehrenfest”s Adfabatic Principle

An adlabatic vibrational collision occurs when no net
exchanre of energv occurs between the vibrating oscillator and

nsiating particle during the complete course of the

r
T
44
Tad
lal
Y

NS

)
—
o
joo
[
(s}
5
©
n
-
—

lision will occur only 1If the vibrating

molecuin has suflicient time to adjust to the weak long range

tarle ot the ooollitsion partaer. This will be true if the mean
S lisiar time {8 Jreater than thre period of the
] =
- i :” v . a3 i:
!
[
(D.4)
) -
<
- ters o tlstanc, )
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Sy oar el s i sioans will be effective at V-T
, vitratisnal transfer will be most

R citrattoonal fregjuency, small mass

4% ~rrn Tns range interactions

. tirst leveloped an elementary theory
. s 3ae s brrenfest”s adlabatice
BRI Tano o oattractive portion of the
o w v slectedl and the repulsive
- ' - . reootre suly o potential with a large
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enough gradient to affect vibrational transfer. A potential

nf the form V(r)=Voexp(-gr) with a=ﬁrv0/v was used.

The probability for vibrational transfer from v =1 to

v =0, PIO’ was calculated using time-dependent perturbation
theory. The resulting probability 15181
Plq * exp [—3(21ﬁuv2/a2kBT)l/3] (D.5)

;v that the logarithm of the probability is proportional to
The matrix elements for collisional V-T transitions are
v . .rtlonal to the matrix elements for radiative transitious,.
4+ harmonlc oscillator, the Hermite polynomials provide
“ran-!tlons between adjacent states only, {&v|= 1, and a
¥ transition probablilities as given in

oh)

.o (D.6)

-+ s, slawsky, and Herzfeld (SSH) theory149 is

« 1.7 fnr quantitative comparison of
~ai1»d V-7 transfer rates. The attractive
s+ n Tecular potentlal was neglected in the

e i theory f{ncludes the attractive

' (D.7)
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| ai? The attractive term, -, {ncreases the relative veiocity or
(]

b translational energy and thus, lncreases the V-T transfer

] probabilities.

The quantum mechanical SSH theory provides the

probability for vibrational transfer from v =1 to v™=0 asldl

/6 1/3

P« (8 /) (» 4T)  Cexpl-1.5(e"/T)

10 +(v/2T)+(L/kBT) (D.8)

where

6 =u4ﬂ2L2 ,z/kB

] = hv/kB

hy = vibratlonal energy

-
L[}

interaction length

If the vibrational spacing is relatively large, then the
exponential factor will dominate the probability expression.
In this case, the logarithm of the probability is proportional

to u1/3:

» % 'L.'-‘.'A'A

1n P = A - Bu (D.9)

This 1s the same result as obtained from the Landau - Teller

theory.

V. The Troe Model

The Troe model“‘l-“‘2 treats thermal unimolecular

reaction in gases at low pressures. A master rate equation

similar to that of equation (30) is used to describe the

h )
LS
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evoluytinn of populating {(n stable and unstable states. A
theoretlical expression for the rate constants {s obtalined
under steady-state conditi{ions, assuyming an exponential scalinyg
of collistonal transi{tion probabilities. The collistional
transfer probability for a transi{itfon from a state with enery,y
E” to a state with energy E {s assumed to be gitven by
equation (D.10):

exp[-(E—E')/Cl] E“<E

P(E” E) = 1/N (D.10)
exp(-(z'-a)/c21 E°>E

where Cl and C2 are constants related by detaliled balance.

VII. The Montroll-Shuler Model

Montroll and Shuler172 have obtained an analytic solution

to the problem of vibrational relaxation for a system of
harmonic oscillators. The oscillators are assumed to be in a
chemically-inert, constant temperature heat bath. The excited
state vibrational populations are considered small so that the
only interactions are between the excited oscillators and the
heat bath molecules. That is, the transfer processes are
first order with respect to oscillator concentratlion. Both
collisional and radiative transitions are considered. The

master rate equation (30) describes such a system.
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The Landau-Teller theory for V-T transfer probabilities

W "\
Aoy
bl {s used for vibrational scaling:
M N ‘
kv (v,v-1) = v kv (1,0) l'vi= 1 only (D.11)
The principle of deta{led balance {s applied to obtain the
sv=+]l rates:
kK Mv-1,v) = k M(v,v-1) exp(-cc /k.T) (D.12)
v ! v ' v,v-1""B :
The radiative lifetimes and electronic quenching rates are
assumed to be independent of vibrational state. In this way,
all of the elements of the rate matrix Rp are described by
the radiative lifetime, electronic quenching rate, and
fundamental vibrational transfer rate.
The radiative and electronic quenching effects are easily r
handled by transforming the population xn(t) by
zn(t) = xn(t) exp(t/t) (D.13)
M {
1/t = 1/1r + keq M ]
l
With these assumptions and the transformation (D.13), the
master rate equation (30) may be written as
dz_/dt = k(1,00 {ne %z _ -[n+(a+1)e™® ]z +(n+1)z__ } (D.14)
n v i n-1 n n+l
[
where i
L
{
f = hv/kBT :
X
oF
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If the equilibrium {s disturbed by instantaneously

populating a single vibrational state, m, then the Montroll-

Shuler solution to equatiom (D.16) for the population in

vibrational state n 18172

F(—n,-m,l;Uz) (D.15)

where
U= sinh(6/2)/sinh(t}2)
et = k(1,00 e(1-e7)

F= hypergeometric function

VI. Angular Momentum and R-T Transfer

Rotational transfer is strongly affected by angular
momentum c¢onsiderations. The total angular momentum in a
collision must be conserved. There are two important modes of
angular momentum; (1) the rotation of a diatomic molecule
given by quantum number J, and (2) the angular momentum of the
collision pair about the center of mass, L = r x p. In center
of mass coordinates, the angular momentum of the collision

palr may be written as

L=ubyvw (D.16)

where

[
[]

angular momentum
b = impact parameter

v = average relative speed = (8kBT/nu )1/2
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The probability for R-T transfer depends directly on the

angular momentum available in the collision,

c. /o .ull2 (D.17)

-.'n_
e,
4
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Appendix E

Eigenvalue Solution to the Master Rate Equation

A system of homogeneous, linear, first-order differential

equations with constant coefficients may be written185

dxi/dt = 3 x xi(t-O) = xi(O) (E.1)

ty 73

The master rate equation (30) is such a system of equations.

|
The transformation xixuieXp(Qt) ylelds a system of linear
homogeneous algebralc equations:
(a -8 u, =0 E.2 ,

The equations (E.2) will have a nontrivial solution if, and ‘

only 1f, its determinent is zero:

Det (a -6,,) =0 (E.3)

1j ij

Equation (E.3) is termed the characteristic equation and the
roots, %, are termed the eligenvalues., Associated with each

eigenvalue 1s a nonzero elgenvector, u defined by

i.,
equation (E.2).

The solution to the system of differential

equations (E.1) 1s185

X, =§:Cj uij exp( th) (E.4)

259




-
b

ety P AP

where

uij is the ith element of the jth eigenvector

is the jth eigenvalue

3
and the {initial condition constants, Cj’ are defined by
- b
x, (0) ch u, (E.S)
]

The solution (E.4) applies to the case for distinct

elgenvalues, 21 A2 2, for all i,j. The solution is complete

3

and every solution can be represented by equationm (E.&4).

The problem just described can be easily transformed to a

system of Volterra Integral Equations of the Second Kind.169
By integrating equations (E.l1) in time, equation (E.6) is
obtained.
T
xi(r) -j; 3, xj(t) dt = xi(O) (E.6)

A system of Volterra Integral Equations of the Second

Kind have unique solutions and the solution, xi(t), depends

a 169
i3°

the data do not imply arbitrarily large changes in the

continuously on the data, That is, small changes in
response. Applying this result to the master rate equation
(30) implies that the population distributions depend

continuously on the rate constants.

The solution (E.4) {is assymtotically stable if, and only
1f, all the eigenvalues have negative real parts.185 The

population distributions given by the master rate equations
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o must meet this requirement. Moreover, one would expect the

population distributions not to oscillate in time. This would

v e

require real, non-negative eigenvalues. Hermitian matrices

always have real eigenvalues.la6 However, the rate matrix,

R
Pq
shown in the following discussion, the detailed balance

, 1s not symetric, and therefore not Hermitian. As will be i

property lIlnherent to the qu matrix does guarantee real, non-

negative elgenvalues.

A similarity transformation preserves eigenvalues.ls5

Thus, {f a similarity transformation (equation E.7) can be
found for the rate matrix qu that produces a symetric matrix

b , then the eigenvalues of R are real.
Pq Pq

b = T R T E.7
Pq 1p 13 jq (E.7)

If transformation matrix Tij is chosen to be the diagonal

matrix with elements equal to the square root of the elements

of the equlibrium population distribution, xie, then a

171

symetric matrix b is obtalined from equation (E.7). Thus,

i3

the eigenvalues for the master rate equation are real.

Under single collision conditions, the population in the

initially~populated state nmust decay exponentially with a

lifetime determined by the quenching rate for that state:

.

1/c = 1/x_ + kQH(v) M (E.8)

»
v

N
»
~
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The eigenvalues of the rate matrix qu will not, {n

e
o
general, be equal to the quenching rates, however. It will be i
shown below that, at early times (or low pressures), the r
solution (E.4) does decay with a rate given by equation (E.8). )
The solution (E.4), at early times, can be expanded in a
Taylor Series to give
x,(t) = ;cj u1 chu1 g8 F e (E.9)
= 3
x, (0) + chu1 (th) + ...
J
In order for the fluorescence to decay with a rate constant
M(v), the population distribution must be :
]
4
xi(t) = xi(O) exp(-R(i)’(i) t) (E.10) :
x1 (0 = Regy, (1) i
and the tl - terms in equation (E.10) and equation (E.9) must 1
1
be equal:
Ye, ud ¢ = -r (E.11) ‘
i B S (1),(1)
J
The eligenvalue problem, equation (E.2), can be written as
k k
Z.Ri’j u, Pyouy (E.12) i
Multiplying equation (E.12) by Ck and summing over index k
yields
k k |
R )3 2¢, Ryy U L Cp o hou, (E.13)
Q:Z: k j k
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N Substituting equatifon (E.5) {n the left-hand-side of equation ‘
ﬁi‘
(E.13) provides
TR, x,(0) = T cop u S (E.14)
1y 73 k k 1
j k
Assuming a single quantum state is initially populated,
M
xj(o)séj,jo’ and recognizing that R(i),(i) = kQ M, then
M . k
kg (1) }i Cp iy Yy (E.15)
Thus, the elgenvalue expanslon does decay with the quenching
rate at low pressures or at early times.
For a strongly coupled vibrational manifold, the
eigenvalues of the rate matrix qu are obtained from a
convolution of kinetic rates. Thus, under multiple colliision
conditions, the scaling of observed quenching rates
(eigenvalues) is not equivalent to the scaling of individual
quenching rates, kQM(v). Indeed, for the numerical pulsed
solution #1 presented in table IX, the eigenvalues scale
exponentially with vibrational state, as shown in figure El.
This is true even though the total quenching rate constants
are independent of vibrational state for v7<6.
|
|
ﬁgn
Wi
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. rete ejcations for the populations in the stable and
~
T
T < '3ted states are givea by equations (F.1-F.2).
A A + x N - k NV (F.1)
~ 3 + u - S
iN 4t = R- N /o +# x N Y - kK, N Y (F.2)
U P u u - s + u
w o7
N = number Jensity {n stable state, Js
S numhver density In predissocliated state, de

lifetime of stable state

lifet{ime of unstable state

The steady-state solutions of equations (F.1-F.2) are:

-

~

P4
]

k v/ (1)1 + k_Y) (F.3)

P
"

+ 3 Y .
(Rp k_NS\)/(I/Tu + k+ ) (F.4)
The total exclited state population, NS + Nu, Is therefore
h h = Y . Y/ T Y/ T .
NN Rp(k+\+k_\+1/TS)/[(l/Ts)(l/Tu)+(k_ [T )+ YT Y] (FLS)

The total excited state density at zero buffer pressure ("=0"

is, from equation (F.5):

The total fluorescence intensity 1is proportional .

\

i

! excited state density, I aNs+Nu' The relative
I(y=0)/I(y) is obtained by dividing equati .

|

3
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equation (F.5). The result is given by equation (F.7):

I(y=0)/1( )=[(1/r )+(k_y Yr(kyt [t )1/ (k y+k_y+l/t ) (F.7)

The predicted relative intensity as a function of buffer gas
pressure as given by equation (F.7) is shown with the observed

fluorescence intensity in figure 26.

The lifetime of the stable states at zero buffer
pressure, Y=0, is obtained from the pulsed lifetime studies of
section IVC. For the mix pressure of 6.6 mTorr, the lifetime
is 32,1 ys. The predissociated lifetimes of

BrCl(B;v°=6,J">42) range from 8.8 us for J°= 42 to 1.0us for

122

J = 80 An average predissociated lifetime of 2.5 us is

used in the modeling of equation (F.5). The stablization rate
constants, k_ and k+, are based on a simple fractionm of the

total rotational removal rate constants,

10

KJM(6) = 1.60 x 10 cm3/molec-s

10

KJHe(6) =1.93 x 10 cm3/molec-s

k, = f, KJ(6) (F.8)

- 2 4+

The modeled equation (F.5) is used to fit the observed

He

f and k

1 2 Q
best agreement between the data and the model was obtalined for
-12

data of figure 26 with the parameters f The

=0,7, and k He=5.0x10 cm3/m01ec-s.

2 Q
Figure 26 i1{llustrates the modeled quenching with these

the values f1=0.6, f

parameters. The agreement is quite good.
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Figure 26. Quenching of BrCl(B) for initially-populating the
predissociated state J“=44 in v “=6, indicating stabilization
of the predissociated populatiog. The mix pressure is 6.6 mT.

The parameters of the model are reasomable., The '
stabilization rate constant, k+, should be slightly greater i
than one-half of the total rotational removal rate constant, '
since roughly half of the total rotational transfer would be :

for AIKO0. The transfer to predissoclated states, k_, is
k_=(0.7)(0.6)KR(6)=0.4 KR(6), which accounts for the remainder :
of the rotational removal. The helium quenching rate constant d
is intermediate between the quenching of v =6 at very low

-11 cm3/molec-s and the electronic '

13

pressures, kQ(6) = 5.2x10
quenching rate, keq = 1,3x10 cm3/molec-s. At helium )
pressures of 10 mTorr to 1 Torr the BrCl(B;v”) distribution

will be nonthermal and a significant population will exist in

all the stable vibrational states, v°<7., Thus, an

e intermediate quenching rate would be expected.
v':"ij:' :
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Appendix G
Synthetic CW LIF Emission Spectra

The spectral resolution in the CW experiment (see
section IIIA) is insufficient to provide rotational state
isolation. Some rotational state distribution information is
available from rotationally-convolved spectra, however. This
appendix describes a computer mocdel that generates such
convolved spectra. By comparing the computer generated
spectra with the observed spectra, some conclusions regarding

rotational transfer can be obtained (see Section IVB).

The fluorescence intensity from a single rotational state
is given by equation (6). Converting intensity to photon

counts, I = n hv, equation (G.1) is obtained.

- " — 3 - o b rd
nvl’v"(J ’J ) = qu”vuv S(J ’J )N(v )f(J ) (G’l)
where
n . .(J°,J") = intensity (in photons/s) of the (v°,J7)
v L,V " "
to (v",J") transition

C = arbitrary constant
v = (v7,37) to (v",J") transition frequency

q.- .o = Franck-Condon factor

v,V

S(J°,J") = rotational linestrength factor
J/(2J+1) P-branch

(J+1)/(23+1) R-branch
N(v”) =total population density in vibrational state v~

£(J7) = N(v°,J7)/N(v")
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%Eb Thus, for a given vibrational population distributiom, N(v7),
and a given rotational distribution, £(J”), the observed

relative intensity of each ro-vibrational transition can be

predicted. The "stick intensity” spectrum in figure Gl .
represents the intensity of each tramnsition located at the

transition emission wavelength. This "stick intensity”

spectrum is indicative of the emission observed under infinite :

resolution.

The convolution of individual emission intensities under
finite resolution can be computed by equation G.2.

niy) = ZEJT""""U 3°) RO. (W (37,37) =0 ) (6.2)
v,v'J,

where

RO=A ) = [stn d(x=2)/d0 = )17 (G.3)

Figure Gl illustrates a resolution function, R(X- %), with a
0.6 nm resolution centered at 664.,0 nm as a dashed triangle.
By calculating the convolved emission intensity from

equation (G.2) as a function of emission wavelength, the

Aj’
solld curve of figure Gl is obtained. This curve represents
the predicted emission under the given resolution. Note that

the intensity scales in figure Gl are arbitrary and different

for the "stick intensity” and convolved spectra.

The predictions of equations (G.l) and (G.2) depend on

the vibrational and rotational population distributions, N(v”)

and f(J°). The vibrational distribution {s input to the

b '\‘"a
(4
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Figure Gl. BrCl(B) synthetic LIF emission spectrum.

computer model from the relative populations observed in the
CW spectra at the same conditions. A thermal distribution of
rotational states, see equation (89), is used for the
rotational distribution factor, f(J°). The rotational
temperature s a parameter of the computer model. The
population of the parent rotatiomal state must be modified to
reflect the pump source term. The additional population in

the parent rotational state is also taken as a parameter of

the computer model.

.:I
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The rotational population distribution within v7=6 is

modified due to rotational predissociation for J“> 42, The
l1{fetimes of these states are drastically reduced. A second,

non-radiative decay path is avalilable for these states and the

The steady state population in any rotational level is

described by equation (52),

M

M g
Ny = 2k, (37=0) NpM/ [k v J(I+1) 4R 1] (G.4)
J'

intensity observed in emission i{s correspondingly reduced. ;
The number density in a predissociated state (and thus the 1

fluorescencve intensity from that state) compared to the

number density in a stable rotational state is therefore,

PD
J

M
N./N R

3 M) (G.5)

= 1 + kPDJ(J+1)/(kr + K

The predicted population in a predissociated state is then

modeled by the equation (G.6):

PD _ PD . .
NJ = (NJ /NJ) £(J7) N(v~) (G.6)

The abrupt reduction in intensity of the "stick" spectra at
roughly 658.0 nm in figure Gl 1s due to this predissocation

effect.

This computer model has been applied to the observed CW
LIF spectrally resolved data as presented in section IVB.
Conclusions regarding rotational temperaure at low mix
pressures and rotational memory i{n V-T collisions are

presented in section IVB.
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Error Analysis

The error analysis for the pulsed lifetime studies and

the steady-state experiments are described in this appendix,.

[ ]
I. Pulsed Lifetime Studies E
LY

The Stern-Volmer method described in chapter IIC requires
the determination of excited state lifetimes at various
kinetic conditions., Fluorescence decay curves such as shown
in figure 28, provide the needed data for these 1lifetinmes.
Equation (72) is used to obtain the lifetimes from the N

logarithm of the fluorescence decay curves. N

An actual temporal spectra will have some non-zero
baseline intensity and equation (72) must be modified to

include this baseline. !

¢
I(t) = Ioexp(-t/T) + 15 (H.1) ‘
Ey
In[I(e)-I;] = 1a I_ -t/« (4.2) P
where
IB = baseline intensity

%S

The Biomation transient recorder was operated in the pre-

trigger mode and the first approximately 100 channels of the :

A

waveform were recorded before the initlation of the exciting '

f;n e
Rt .
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s laser pulse. The average intensity of these channels was used

as the baseline intensity,.

A weighted linear regressionm fit to the observed
fluorescence decay curve based on equation (H.2) was used to
obtain the lifetime, T . The uncertainty in the lifetime

measurement, AT, was also obtained from the linear regression.

The general, welighted linear regression is based on a
least-squares analysis of the data.187 Consider a set of N
data points (xi,yi) with uncertainty in the dependent variable

Yy of o The least-square analysis provides the following

i
values for the intercept, a, slope, m, standard deviation, o,
uncertainty in the 1intercept, A uncertainty in the

slope, Op? and correlation coefficient, r:
_ 4 2, 2 2, 2 2
a=(1/a"s) [ (x “/w, ") Y (3 /1w, 5= Tx fw VY (xyy, fu, )]

m=(1/o* ) 1Y (17w, B T y 1w, 2= T 1w, DY (v 1w, D)

2

vy ) (H.3)

Q
[]

(1/6°) T (x,

(1/6%) L (11w, ?)

Q
it

o' =X /e HT e - 1T (g rw D12

o>
L}

2,1/2

=l “an/ GO AT e DT (v 2w B-IE oy e B

where

}

w, = 01/ g , the welghts

T o? = [1/(N-2)]Z [(yi-a-mxi)zl 012]
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X

For the transient raw data counts, the uncertainty, o

s statistical and thus187,

i’

o Yy (H.4)
The error in the logarithm of the dependent variable Yy is

d 1n(y) = dyl/y (H.5)
Thus, the uncertainty in the logarithm is

9 1ny = 91 = oy/y1 = 1/(}’1)1/2 (H.6)

This weighting has been used in the pulsed lifetime linear

regression data fits.

Weighted linear regressions for the Stern-Volmer plots
have been used to obtain the rate constants (see
equation (71)). The uncertainty in the lifetimes (Om)
obtained in the above procedure are used for the weights (01)
in the Stern-Volmer analysis. The uncertainty in the Stern-
Volmer plot slopes, Q;k), is therefore the final statistical
uncertainty in the rate constant k. The weighted average and
standard deviation in N measurements of the rate coanstant are

given by equation (H.7).

<k>

2 (kylo) 1Y (1/c)) (H.7)

2

o = [1/(N=2)1 T (k, = <k>)
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Systematic errors in the pulsed lifetime experiments are
relatively small. Sources of systematic errors include
pressure changes during the acquisition of a single decay
profile, inaccurate time-base calibrations, and inaccurate
pressure transducer calibrations. The magnitude of these
systematic errors is small with respect to the statistical
error. For example, pressure changes were always less than 2%

and typically less than 0.02%, Variation in laser power and

small changes in laser frequency affect the absolute
intensities of the decay curves by as much as 50%. However,
such variations do not affect lifetime measurements.
Statistical error alone is reported for the pulsed lifetinme

experiments.

Estimates for the uncertainty Iin rate constants obtained
from the pulsed numerical solution of section IVD5 are
difficult to obtain. The analysis of T. Carrington presented
in section 1IIC4e implies the error in determined rate
constants is approximately ten times greater than the scatter
in observed temporal spectra. The standard deviat{on in
observed temporal spectra was typically 10%Z. Thus, the error

in the rate constants may be as large as 100%,

A rough estimate for error limits in the spectrally-~
resolved, temporally-resolved V-T transfer data may be
established by varing the fundamental vibrational rate

constant in the numerical solution and observing the effect on
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.
)

predicted temporal spectra. By requiring the newly predicted
spectra to match the observed spectra within experimental
scatter, a limit to the uncertalinty in rate constants was
estimated to be 15-20%Z. This error estimate applies to a
highly constrained system, however. Allowing simultaneous
variation in other parameters such as total quenching rates,
provides a significantly larger error bound, approximately
25-35%. Figure 52 indicates typical error estimates for
kvn(v,v-l) rate constants based on this numerical sensitivity

analyslis.,

II. Steady-State Error Analysis

The CW LIF spectrally-resolved energy transfer experiment
intrinsicly has more sources of systematic error and generally
produces rate constants with larger uncertainty than does the
pulsed experiment. The CW systematic errors arise from
uncertainty {n the variables used to relate intensity and
number density (see equation (6)). These errors include,

(1) uncertainty in Franck-Condon factors, (2) uncertainty in
radiative lifetimes, (3) error in determining the relative
spectral response, and (4) uncertainty and error in the

calculation of spectral band areas.

The uncertalnty in the Franck-Condon Factors is difficult
to establish. For states v"<8, the Franck-Condon factors
reported in the literature were used (see appendix B). No

estimates for the uncertalinty in these FCF”s were reported.
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The FCF”s calculated in this thesis (see appendix B)
reproduced the Coxon values100 to within 10%. For vibrational
states v">8, FCF s were calculated based on a simple
extrapolation. No spectral data were used in this
calculation. For these states the FCF”s could have
significant error. For thils reason, emission to v">8 was
avoided as much as possible. For v“=0, the only transitions

with significant FCF”s are to states v">9 and the extrapolated

FCF”s are necessary.

The radiative lifetimes determined in this thesis had an
uncertainty of 4%Z. The radiative lifetimes were independent
of vibrational state within the error bound, but variations
within this bound would directly affect the number density

calculations.

The relative spectral response was determined by
observing the emission from a calibrated blackbody source
(see appendix C). The error in the measured response 1is
difficult to estimate, but the spectral response was
reproducible to within 15-20%. The error in the spectral
reglon near the PMT cutoff and long pass filter cut-off

wavelengths is coansiderably larger.

The uncertainty in measuring spectral band areas is

affected by the reproducibility of the Lasico planimeter (see

2

appendix I). For areas greater than 1 cm“, this uncertainty

was approximately 10%Z. Additional error may be introduced
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ﬂﬁ‘ into the band areas by incomplete deconvolution of overlapping

RoNY

vibrational bands.

The propogation of these errors may lead to an
uncertainty Iin the rate constants of greater than 30X, Such
an error bound applies only to the CW data reduced by linear

regression fit to equation (42).

Some of the CW data was used as a comparison to computer
predicted populations. In this case, no fit to the data was
accomplished and error estimates are more subjective. The
only practical method of estimating errors was to determine
the sensitivity of predicted populations to the input rate
constants. By requiring the predicted populations to lie
within the scatter of the observed data, limits on the range
for rate constants were established., The rate constants are
correlated and more than one rate constant affects each
predicted population. Thus, the method 1s very subjective.
Constraining the quenching rate constants to within the
established error bounds of the rate constants determined in
the pulsed lifetime studies, the uncertainty in the Av=-1
vibrational transfer rates is established as 30-50 %Z. This

error estimate in shown in figure 55.
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v Appendix I

Steady-State Number Densities and Spectral Band Areas

The relative areas under the spectral features of CW LIF
spectrally resolved data like that presented {n figures 21-22
are proportional to the relative steady-state populations of i
the excited states, see equation (6). The methods for ",
determining the relative areas of the spectral features are

described in this appendix.

I. Vibrational Transfer Data

The areas bounded by the photon count intensity and the
baseline (dark current) in the spectrally-resolved CW LIF
spectra like that shown in figure 21, were measured with a
Lasico Model 9314 electronic planimeter. The linearity of the -
planimeter was better than 10 percent for areas greater than
1 cmz. The absolute calibration of the planimeter was

unimportant, since only relative areas were required. “

The higher rotational levels of vibrational states v are

overlapped with low rotational levels of vibrational states ~

[P

v+ av, where Av=even. For example, in figure 21, the "tail"” of

the v°=3 to v"=5 emission is overlapped with the band head of Y
| the v°=5 to v"=6 emission. Deconvolution of these spectral

features 1s required to obtain accurate relative number

B -N_3_TF_®

densities.
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iﬁq It has been shown in section IVB that the satellite

Ly’

rotational states Iin all vibrational levels are approximately
thermally populated, possibly with elevated rotational
temperatures. The convolved rotational populations decrease
approximately linearly at high rotational levels (see

figure 25). This observation provides a simple method for
deconvolution of the vibrational emission areas. The emission
intensity of a given vibrationmal band may be linearly
extrapolated to higher rotational levels from the trend at
lower rotational levels. When this extrapolation reaches the
baseline intensity, the rotational population 1Is assumed to be
zero., Figure 21 1is reproduced in figure Il with the
extrapolated intensities shown as dashed lines. The areas
bounded by the extrapolation and baseline are added to the
area of the associated vibrational band and subtracted fron

the convolved vibrational band.

I1. Rotational Transfer Data

Total rotational removal rates are obtained by applying
equation (64) to the spectrally-resolved CW LIF data. The
relative population of the parent rotational state is required
for the data reduction. This population Iis proportional to
the area under the sharp P-R doublet emission feature as
observed in figures 21-22, At higher buffer pressures, the

P-R doublet emission from the parent rotational state is
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Figure Il1. Spectral band area deconvolution.

partially blended with the emission Iin the adjacent rotational

states.

The resolution lineshape of a single spectral feature 1s

given by
RG=a) = [ sin a(amr )/d00=1 )17 (1.1)

Such a function is well approximated by an isosceles triangle.
The area of such a feature is therefore proportiomal to the
FWHM times the peak height. The FWHM depends only on the
resolution and not on the kinetic conditions. The peak
heights can be slightly affected by rotational convolution and

should not be used directly to obtain the relative areas. By
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ﬂ%? locating the intensity at the FWHM point of the doublet

hid emission, the peak height can be more accurately determined.
This calculated peak height and FWHM determine an isosceles
triangle. The area of this triangle as measured by the
planimeter was used to obtain the relative population in the

parent rotational state. The areas under both pleces of the

P-R doublet were added to obtain the total population in the
parent rotational state. Note that for J°’=38, the relative

rotational line strength of the P- and R- branches 1s
SP(38)/SR(38) = 39/38 = 1.02 (1.2)

The areas obtained for the two spikes of the P-R doublet are
indeed equal within the experimental scatter of approximately

10 percent.
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8gb Appendix J ;

Steady-State Removal Rates

The buffer gas, steady-state, spectrally-resolved LIF
data reduction is based on equation (103). The ratio of the
total removal rate constant, KRY(V), to the vibrational :
transfer rate constant, ka(v,vo), is needed to apply this X

equation to the observed data and to extract the vibrational

rate constants., This ratio,
Y Y :
Ke (v)/kV (v,vo) (J.1) 'd

is easily calculated, assuming detailed balance, Landau-Teller )

scaling and a multiquautum fraction of f=0.4 applies. The

electronic quenching is assumed negligible. The only

fmportant quenching is due to the rotational transfer in v =6, .
-11

kQHe(6) = 5.2 x 10 cm3/molec-s. The total removal rate

constant based on these assumptions is, from equation (25): P

1) = kN + )k (v, v ) (3.2)

Av b

The vibrational transfer rate constants are related to

the rate constant ka(v,v—l) by the relatioanships (J.3)

.
Y
ky (v,v=2) = (0.4) k¥ (v,v-1) (3.3)
Y Y
ky (v,v+l) = exp(-Aev,vﬂlkBT)(v+1/v)kV (v,v-1) :
Y Y X
kV (v,v+2) exp( ACv,v+2/kBT)(o'4)(v+2/v)kV (v,v-1) E
L)
A
‘_\‘# o )
4 284 ]
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‘o, The total removal rate constant for v°<6 is therefore

W'

KRY(v)=[o.4 + 0.4(vel)/v + .064(v+2)/v]ka(v,v-1) (J.4)

Table J.I 1lists the ratio (J.1) for various v° states based on

equation (J.5).

Table J.1
Rotational Removal Rate Constant Ratio

kY (v)/ka(v,v+Av)

R

v* v’ KRY(V)/kVY(v,v+Av)

6 5 1.65 ;
5 4 1.60 .
4 3 1.54

6 4 3.85

5 3 3.70 4
4 2 3.50

5 6 10.4

4 5 4.88

o
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