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Abstract

Spectral line broadening and shifting rates of the atomic strontium 5s* 'Sy — 5s5p
3 P, and 5s5p 3P0,1,2 — 5s6s 381 transitions perturbed by helium, neon, argon, krypton, and
xenon were measured using tunable laser absorption spectroscopy. Noble gas pressures
ranged from 0 to 1000 Torr. Broadening and shifting rates were converted to cross
section and used to determine the Lennard-Jones (6-12) difference potential constants
according to the theory of line perturbations by elastic collisions. Broadening cross
sections for the 5s* 'Sy — 5s5p P, transition ranged from 0.894(0.040)x10™* cm? for
helium to 3.01(0.20)x10™"* cm? for xenon. Line shifting cross sections ranged from
0.290(0.015)x10™"* cm? for helium to -1.320(0.025)x10"* cm? for xenon. Line
broadening and shifting cross sections and the difference potentials for the 5s5p 3P0,1,2 -
5s6s S transitions were observed to be independent of the total angular momentum of
the initial state. Line broadening cross sections ranged from 1.63(0.32)x10"* cm? for
neon to 7.3(1.6)x10™"* cm? for xenon. Line shifting cross sections ranged from
0.692(0.042)x10™"* cm? for helium and -4.600(0.032)x10"* ¢cm” for xenon. The van der
Waals attractive term in the difference potential was found to correlate with the
polarizability of the perturbing species.

Spectral line broadening rates of the diatomic bismuth P(20) through P(195) and
R(33) through R(208) rotational transitions in the v"'=3 — v'=1 vibrational manifold of

the X (O; )—> A(O:) electronic transition perturbed by helium, neon, argon, and krypton

were measured using laser-induced fluorescence spectroscopy. Noble gas pressures

XX



ranged from 0 to 405 Torr. Broadening rates were converted to cross section and to the
sum of the total quenching rate constants from the lower and upper states of the transition
according to the theory of line perturbations by inelastic collisions. Line broadening
cross sections were observed to be independent of the total angular momentum of the
initial state and determined to be approximately 0.6x10™* cm?, 1.0x10™* em?, 2.0x10™
cm?, and 2.3x107* cm? for helium, neon, argon, and krypton respectively. This lack of
total angular momentum dependence was explained by the close energy spacing of
rotational levels in the diatomic bismuth molecule. The sum of the total quenching rate
constants for the P(172) and R(170) transition states perturbed by helium was determined
to be 11.6(2.3)x10™"° cm*/sec and 9.8(1.4)x10™* cm’/sec respectively and was found to
exceed a previous measurement of the total quenching rate constant from the J'=171
rotational level of the upper state of the transition. Also, the sum of the total quenching
rate constants for the R(200) transition states perturbed by helium, neon, and argon was
determined to be 7.9(1.6)x10"* cm?/sec, 6.35(0.75)x10"° cm*/sec, and 9.2(1.4)x10™"°
cm’/sec respectively. This was also found to exceed previous measurements of the total
quenching rate constants from the J'=201 rotational level of the upper state of the

transition.
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BROADENING AND SHIFTING OF ATOMIC STRONTIUM

AND DIATOMIC BISMUTH SPECTRAL LINES

1. Introduction

The objective of this research is to study the effects of noble gases on atomic
strontium and diatomic bismuth visible transitions. Specifically, this research seeks to
determine if the line broadening and, in the case of atomic strontium, line shifting rates of
these transitions in the presence of noble gases depend on the total angular momenta of
the energy states involved. It has been known for more than a century that atomic and
molecular spectral lines are broadened and shifted by perturbing species. While a
considerable body of theoretical work has been accomplished on this topic over the years,
only recently have experimental techniques been developed to precisely measure these
effects. In particular, the advent of the narrowband tunable dye laser has advanced the
state of the art and made high-resolution measurements of spectral line profiles possible.
With such data, it is now possible to precisely quantify the broadening and shifting of
spectral lines by perturbing species.

The general physical model which accounts for the perturbations of spectral lines
is as follows. Atoms and molecules are known to exist in quantized energy states and can
transition between states with the absorption or emission of a photon. The presence of

perturbing species can alter the energies of these states thereby altering the frequency of
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the photon. This kind of influence, which occurs when the perturbing species collides
elastically with absorbing or emitting species, leads to a broadening and shifting of the
spectral line. It is also possible for perturbing species to collide inelastically and remove
population from the lower and upper states of the transition. This kind of influence
effectively shortens the lifetimes of the states which increases the uncertainty in the
state’s energy thereby broadening the transition.

These dual mechanisms for line broadening and shifting, that is, elastic versus
inelastic collisions, are central to this work. Any dependences the line broadening and
shifting rates exhibit on the total angular momenta of the states involved in the transition
must therefore be explained in these terms. When elastic collisions dominate, the
interaction potential between the species absorbing or emitting radiation and the
perturbing species determines the broadening and shifting rates. Therefore, line
broadening and shifting rates are used to characterize the interaction potential between
two species. If the line broadening and shifting rates depend on the total angular
momenta of the energy states involved, then so must the interaction potential. Similarly,
when inelastic collisions dominate, the total quenching rate constants from the lower and
upper states of the transition determine the line broadening rate. Therefore, any
dependence on total angular momentum exhibited by the line broadening rates indicates
an angular momentum dependence of the total quenching rate constants.

This work is presented in two parts. The first is a study of line broadening and
shifting of the atomic strontium 552 180 — 5s5p 3P1, 5s5p 3Po — 5s6s 381, 5s5p 3P1 -

5365 ° S1, and 5s5p 3P, —> 5s6s °S; transitions around 14500 cm™ by helium, neon, argon,

krypton, and xenon. For simplicity, the 5s5p *Po — 5s6s °S;, 5s5p °P; — 5s6s Sy, and

1-2



5s5p 3 P, — 5s6s 3 S, transitions are henceforth designated 5s5p 3 Po,12 — 5s6s 381. The
second is a study of the line broadening of diatomic bismuth rotational lines in the v"=3

— Vv'=1 vibrational manifold of the X (0;' ) - A(O; ) electronic transition around 17260

cm™. Specifically, P and R branch lines ranging from P(20) to P(195) and R(33) to
R(208) in this manifold are perturbed by helium, neon, argon, and krypton.

A significant amount of new line broadening and shifting data is contained in this
document. Of all the transitions and noble gases mentioned in the previous paragraph,
only two have been investigated previously. These are the 5s* 'Sy — 5s5p °P; transition
perturbed by neon and argon. This work also offers an interesting comparison of line
broadening and shifting caused by elastic collisions versus inelastic collisions. The line
broadening and shifting in atomic strontium is believed to be due to elastic collisions so
the elastic theory of line broadening is applied to this data. In contrast, the line
broadening in diatomic bismuth is believed to be due to inelastic collisions so the
inelastic theory of line broadening is applied in this case. The two different applications
then lead to different physical insights about the interactions between these species and
the noble gases.

The motivation for this work has both practical and scientifically interesting
aspects. Practical applications are centered around the immediate consequences of line
broadening and shifting on atomic and molecular spectra. Because many remote sensing
applications rely on knowing these spectra precisely, perturbations by local conditions are
important to understand. For example, data from Earth satellites monitoring the spectra

of trace molecules in the atmosphere like carbon monoxide and hydroxyl are affected by



other atmospheric constituents. Also, line broadening and shifting has an impact on
absorption bands in the atmosphere, which could affect the performance of future Air
Force weapon systems like the Airborne Laser and the Spacebased Laser. Additionally,
atomic transitions are currently widely used as frequency standards and, in this case, the
importance of quantifying frequency perturbations is obvious. And finally, the lineshape
functions of some atoms are purposefully altered by perturbing species in order to
custom-design absorption filters for the compression of frequency-chirped laser pulses.
Understanding line broadening and shifting effects of perturbing species allows this to be
accomplished.

From a purely scientific perspective, the study of line broadening and shifting
leads to insight about the physics of atomic and molecular collisions. When elastic
collisions dominate, line broadening and shifting is used to determine the interaction
potentials between two species. This, in turn, is used to validate quantum mechanical
calculations. The interaction potential is also important in chemical kinetics where it is
the most important paradigm for understanding collisions between species and chemical
bonding. When inelastic collisions dominate, the line broadening rate leads to a
determination of the sum of the total quenching rate constants from the lower and upper
states of a transition. Quenching rate constants are, in turn, an important part of building
a physical description of the dynamics of a system in the gaseous phase.

The next chapter presents an overview of the theory necessary to interpret the line
broadening and shifting data acquired in this research. Chapter III provides an extensive
background review of other research relevant to this investigation. Chapter IV discusses

the atomic strontium work beginning with the experimental set up and ending with
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conclusions derived from the data analysis. And finally, Chapter V discusses the

diatomic bismuth work and is similarly arranged.



II. Theory

This chapter details the theory necessary to analyze and interpret the data that was
generated during the experimental portion of this work. To begin, the essential elements
of lineshape theory are reviewed with the intent of understanding the causes of line
broadening and shifting. The result of this discussion is the development of a
mathematical expression for the lineshape function which incorporates these causes.
Next, the relevant physical properties and spectroscopic features of atomic strontium and
diatomic bismuth are discussed. And finally, two applications for line broadening and

shifting analysis are detailed.

2.1 Line Broadening and Shifting

The phenomena known as spectral line broadening and shifting have several
causes which are discussed in this section. These include radiative decay (called lifetime
or natural broadening), collisions with perturbing species (called collisional or pressure
broadening), and the Doppler effect (called Doppler broadening) [7]. In general, spectral
lines are perturbed by some or all these effects simultaneously. Therefore, the theory of
each mechanism is developed along with a discussion about how they combine with each
other. The practical result of this discussion is the derivation of a single lineshape
function which accurately models the spectra that are observed here. Since the
dependence of the lineshape function on pressure is of primary interest, the relationship

between these quantities is highlighted.



2.1.1 Lifetime Broadening The goal of this section is to describe lifetime
broadening and develop a mathematical expression for the spectral lineshape function of
an atomic or molecular transition broadened exclusively by this mechanism. Although
lifetime broadening itself is not central to this work, it does contribute to the relevant
lineshape function which incorporates the effects of lifetime broadening, pressure
broadening, and Doppler broadening. It also serves as a starting point for the theoretical
development of pressure broadening by inelastic collisions.

Lifetime broadening, also called natural broadening, results from the fact that
atoms or molecules in excited energy states decay to lower states in time. Atoms or
molecules radiating electromagnetic energy are modeled classically as charges
undergoing simple harmonic motion. The electric fields of such charges are sinusoidal.
When an atom or molecule decays from an excited energy state to a lower energy state, it
radiates for a period of time and stops after making the transition. Thus the electric field
of an ensemble of such bodies is modeled as a sinusoid whose amplitude decays in time
as depicted in Figure 2-1. Initially all bodies are in an excited state and are radiating.
Over time, each decays according to its probability of decay and the amplitude of the
sinusoid drops accordingly [7].

This model applies to absorption as well as emission because an ensemble of
bodies will attenuate an oscillating electric field as it absorbs electromagnetic energy.
The absorption rate is proportional to the probability of decay as detailed by the Einstein
A and B coefficient formalism. In this case, the end result is still an exponentially
decaying sinusoidal oscillator. Thus lifetime broadening is observed in both absorption

and fluorescence. This is important because while this derivation assumes a fluorescence
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process, the experimental technique utilized absorption spectroscopy. The following

results, however, are valid for both.

Figure 2-1. Exponentially decaying sinusoidal oscillator. This function describes the
electric field of an ensemble of atoms or molecules decaying from an excited energy
state.

Mathematically, the lineshape function is defined as the intensity of the radiation
absorbed or emitted by a transition per unit frequency as a function of frequency. The
intensity per unit frequency is found classically by computing the square of the
magnitude of the electric field’s Fourier Transform. According to the physical picture

described above, the electric field as a function of time, x(t), is

Wyt

x(t) = Re{xoei Zr} (t>0) -1

where x, is the amplitude of oscillation, @, is the transition angular frequency, and y is

the damping constant. A plot of this function is given in Figure 2-1 and shows the



decaying sinusoidal oscillator. First, intensity per unit frequency is computed and then
the relationship between the damping constant and the decay rates of the energy states
involved is derived.

The intensity of the transition per unit frequency, /, (a)) , 1s found by taking the

square of the magnitude of the electric field’s Fourier Transform. That is,

2

(2-2)

I, (w)= ‘ﬁ fw x(t)e ™ dt

Substituting Equation 2-1 into 2-2 and performing the integration yields

2

}/ .
‘ Xy E+l(0

[L(a)):‘\/g (§+ia))2 +o]

(2-3)

This expression can be rewritten as

2

(2-4)

» _| Yo { ! + 1 }
I, )_‘\/Q vilw-0,) L+i(lo+o,)

Computing the square, neglecting the terms with (a) + a)o) in the denominator [7], and

area-normalizing to unity gives

(2-5)

This lineshape function is known as the normalized Lorentzian line profile and is shown
in Figure 2-2. It is area-normalized so that f I, (w)dw =1 and the full width at half

maximum (FWHM), dw, , 1s

ow, =y (2-6)
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Figure 2-2. Lorentzian lineshape of a transition broadened by lifetime effects. This
function is the square of the magnitude of Figure 2-1’s Fourier Transform and has a
FWHM given by Equation 2-6.

The damping constant y, which was shown above to be the same as the

Lorentzian lineshape function’s FWHM, is related to the decay rates of the upper and
lower states as follows. The Uncertainty Principle dictates that the lower and upper
energy states of a transition are not exactly defined, but uncertain according to the times
in which they are observed. Consider Bohr’s Equation

E,-E, =ho (2-7)
where E; and E, are the energies of the lower and upper states respectively, 7 is

Planck’s constant /4 divided by 27, and @ is the angular frequency of the radiation

absorbed or emitted. As illustrated in Figure 2-3, if £, and E| are uncertain, then the

resultant angular frequency @ is uncertain as well.



Ny

Upper Energy State, £, Uncertainy

I

Photon of angular
frequency @

Lower Energy State, E; i Uncertainty

Figure 2-3. Transition between the lower and upper energy states of an atom or molecule.
Because of the Uncertainty Principle, the angular frequency of a transition is not an exact
quantity. It has an uncertainty that is a function of the uncertainties in the lower and
upper state energies.

The FWHM of the Lorentzian lineshape function ow, is regarded as the same as
the uncertainty in the transition angular frequency @ . Therefore, the mathematical
relationship between ow, and the lifetimes of the lower and upper states follows from the
Uncertainty Principle. The average times in which the energy states j and & can be

observed are the lifetimes, 7, and 7, , of these states. This implies that the uncertainties

in the energies of these states, AE; and AE,, are

aE =T (28
T

J
J

and

AE, =— (2-9)
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Since the angular frequency of radiation emitted during this transition is given by
Equation 2-7, the uncertainty in the transition frequency, ow, , is

AE .+ AE 1 1
S, =—L—— L - — 4 — (2-10)

h T, T,

The FWHM is equal to the damping constant so that

ow, =y=—+— (2-11)

T, T,

Therefore, the damping constant is the sum of the inverse lifetimes of the initial and final
states [7]. Thus an atomic or molecular transition broadened by lifetime effects has a
Lorentzian profile given by Equation 2-5 with a FWHM governed by the lifetimes of the
lower and upper states given by Equation 2-11.

2.1.2 Pressure Broadening The discussion of lifetime broadening offered in the
previous section lays the foundation for further types of spectral line broadening. In this
section, pressure broadening, which is the primary topic of this dissertation, is discussed.
The objective is to give a physical description of pressure broadening and derive a
mathematical representation of the spectral lineshape function resulting from it. In
addition, the dependence of the lineshape function on pressure is detailed as well.

Pressure broadening is defined as the perturbation of spectral lines by the pressure
under which they are observed. An ensemble of bodies, either atoms or molecules, which
are not moving relative to an observer will absorb and emit radiation that is affected only
by lifetime broadening. The same bodies in the presence of other bodies are subject to
additional broadening and, as will be derived shortly, line shifting. Intuitively, as

pressure is raised, the amount of this influence increases. The exact mechanisms by



which the presence of other bodies, often called buffer gases, influence the spectral
lineshape is the topic of the remainder of this section. It is broken into two subsections
according to the type of interaction, either elastic or inelastic, between the body
absorbing or radiating energy and the buffer gas. The goal in each is to derive a
lineshape function for that particular mechanism.

2.1.2.1 Inelastic Collisions and Pressure Broadening Inelastic
collisions broaden spectral lines by changing the effective lifetimes of the energy states
involved in the transition. In the absence of collisions, fluorescent decay is the only
means by which an atom or molecule may leave an excited state. The rate of fluorescent
decay is determined by the lifetime of the state, 7, and is related to the Einstein 4

coefficient by Equation 2-12 [7].
1
A=— (2-12)
T

Another avenue by which atoms or molecules may leave an energy state is by

inelastic collisions (see Figure 2-4). The rate at which this occurs is called the quenching
rate A?. The total rate of decay from a state is then the rate of fluorescent decay plus the
quenching rate. If A4 is replaced with 4 + A7, the energy state has a new lifetime, an

effective lifetime 7% , which is

1 q
F—Aﬁ‘A (2-13)

Quenching influences both the lower and upper states of an atom or molecule. Therefore

A aea (2-14)
T

and



1
7:14]{4'14;1 (2-15)
T

where the subscripts j and k denote the lower and upper states respectively.

Upper Energy State, £,

ZRR P

Lower Energy State, E; =
4 UL

Figure 2-4. Transition between the lower and upper energy states of an atom or molecule

affected by quenching. In addition to fluorescent decay, inelastic collisions may remove

atoms or molecules from an energy state if other states are energetically accessible. This
quenching changes the effective lifetime of the state.

As detailed in the previous section, lifetime broadening results from the lifetimes
of energy states. Since quenching collisions effectively change the lifetimes of these

states, quenching participates in broadening. The lineshape function is then still a

Lorentzian as shown in Figure 2-5, but the FWHM is found by substituting rjﬁ and 77

for 7, and 7; in Equation 2-11. That is,

1 1 1 1
—t—=—+—+ 49+ 4! 2-16
o ‘ (210

ow, =



Therefore, pressure broadening due to inelastic collisions further broadens spectral lines
and the FWHM of the Lorentzian is increased by the total quenching rate of the lower

and upper states.

Figure 2-5. Lorentzian lineshape of a transition broadened by both lifetime effects and
quenching. This profile has a FWHM given by Equation 2-16.

With the lineshape function for inelastic collisions established, the next step is to

derive the dependence of this lineshape on pressure. This is simply a matter of replacing

the quenching terms A7 and 4 with terms explicit in pressure. In general,
A? = N(v)o* (2-17)
where N is the density of the perturbing bodies, <v> is the average relative velocity

between the bodies absorbing or radiating energy and the perturbing species, and o/ is

the total quenching cross section. Inserting Equation 2-17 into 2-16 and factoring gives

2-10



Sw, =i+i+N<v>(ag +o!) (2-18)

T, T,

where the subscripts j and & refer to the lower and upper energy states respectively. Since
pressure is proportional to number density, the FWHM of the Lorentzian lineshape
resulting from the combination of pressure broadening and lifetime broadening is linear
in the pressure of the perturbing species N . The rate at which the FWHM changes as a
function of pressure is the derivative of Equation 2-18 with respect to N and is called the
broadening rate [7].

2.1.2.2 Elastic Collisions and Pressure Broadening Elastic collisions
broaden spectral lines by perturbing the phase of the sinusoidal electric field associated
with atoms or molecules absorbing or emitting energy. This is different from the
mechanisms of lifetime broadening and broadening by inelastic collisions, which perturb
the amplitude of the electric field. Although both effects occur simultaneously,
perturbations to the amplitude of the electric field are neglected in deriving the influence
of elastic collisions on atomic and molecular transitions.

The lineshape function of a transition broadened by elastic collisions is derived
according to the following physical description. Consider a body a to be in the middle of
a transition when it experiences an elastic collision with a body . In body a’s frame of
reference, body b has a position 7, a relative velocity v, and collides with an impact

parameter p as illustrated in Figure 2-6. When body b is near body a, the charged

particles which make up these bodies interact with each other and shift the energy levels

of body a. Figure 2-7 shows how energy levels j and & shift as a function the distance

r= |77| between the two bodies. Because angular frequency is a function of the energy
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difference between states, this frequency may be altered if the presence of the perturbing

body does not shift the upper and lower energy states by the same amount [7].

<

Figure , body b
passes i B i o o, r body
experiences a change in energy state.

This model can be quantified as follows. A general expression for the electric

field as a function of time is
x(r)= Re{xoeij"w(f)dt} (t>0) (2-19)

This is the generalized form of Equation 2-1 and is used when the angular frequency of
oscillation @ is not constant in time. Spectral line perturbations by elastic collisions are
then derived by assuming a functional form for a)(t) , computing the integral, and taking
the square of the magnitude of the electric field’s Fourier Transform.

The Lennard-Jones (6-12) potential is a common functional form for the

interaction potential. It assumes the interaction potential can be expressed as the sum of
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T

Figure 2-7. The influence of a passing body b on the energy states of body a. As body b
passes near body a, interactions between the two shift a’s energy levels. Since the
transition frequency is a function of the energy difference between the states, frequency is
altered accordingly.

6

three terms: a constant offset, an attractive van der Waals term proportional to —» ", and

12

a repulsive term proportional to »~° [49]. As such, the energies of the lower and upper

states are
c’/ cC/
0 12 6
and
ct ¢!
Ek :E]? +r%—r—: (2-21)

respectively. E JO and E, are the constant offsets of the lower and upper energy states

respectively. They are the internal energies of the body absorbing or radiating energy



when the perturbing species is far away. C/ and C, are proportionality constants for the

attractive terms of the lower and upper states respectively, and C}, and C}, are

proportionality constants for the repulsive terms of the lower and upper states
respectively. Substituting Equations 2-20 and 2-21 into Equation 2-7 and solving for

angular frequency gives

w:l[E]?_E?Jr(CfZ—C{;)_(Cé‘—CJ)J (2-22)

12 6
h r r

In order to make this expression more wieldy, the difference potential, V(r), is defined as

k _J k_cJ
V(r)= % —% = (C”ruclz ) e rﬁcﬁ ) (2-23)

where C, =C} —~C/ and C,, =C}, —C/,. Substituting Equation 2-23 into 2-22 gives

o(r)= % (E—E°+7(r)) (2-24)

At this point, @ has been established as a function of  as expressed by Equation
2-24. In order to solve Equation 2-19, however, @ must be converted to a function of
time. This is accomplished by applying the Pythagorean Theorem to the quantities

defined in Figure 2-6. If the time of closest approach body b makes to body a is ¢,, then

r=yp> v (-1, ) (2-25)
where v = |\7| is the relative speed between bodies a and b. Substituting Equation 2-25

into Equation 2-24 gives

1
w(t):E(E,?—Ej+V(\/p2+v2(z—t0)2 D (2-26)
Inserting Equation 2-26 into Equation 2-19 gives
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x(t):Re{xoel'[”’(Ek eper (ool }(t>0) (2-27)

This is the electric field as a function of time for a body absorbing or emitting radiation
while experiencing an elastic collision.

As an example of the effects of phase-perturbing collisions, Equations 2-26 and 2-
27 are plotted as functions of time in Figure 2-8 for a body undergoing three elastic
collisions consecutively. The result of each collision is to briefly, but radically, perturb
the frequency of oscillation. This perturbation, in turn, effectively interrupts the phase of
the oscillation by introducing brief periods of oscillation at different frequencies. In this
illustration, all three collisions induce positive changes in the oscillation frequency. This
is because relatively small impact parameters were chosen causing the first term in

Equation 2-23 to be greater than the second at the point of closest approach. It can be

G

easily shown that an impact parameter greater than ( J induces a negative

6
perturbation to the oscillation frequency at the point of closest approach. The magnitude,
however, of this perturbation is smaller than in the illustrated case because large impact
parameters result in smaller interactions.

Up to now, this approach has provided a clear and intuitive way to proceed. It is
abandoned, however, in favor of a similar line of reasoning which makes no assumptions
about the interaction potential as was required above. This approach, known as the
method of Hindmarsh and Farr [25], begins with Equation 2-19 and derives a lineshape
function for transitions perturbed by elastic collisions. As stated previously, the intensity

of the transition per unit frequency, 7, (@), is found by taking the square of the



Figure 2-8. Oscillator angular frequency and electric field magnitude perturbed by elastic
collisions as a function of time. As shown at the top, the transition frequency a)(t) is

sharply perturbed by elastic collisions. The effect this has on the electric field x(t) is
shown at the bottom.

magnitude of the electric field’s Fourier Transform. The method of Hindmarsh and Farr,

which is equivalent, is to first calculate the complex autocorrelation of x(¢) and then take

its Fourier Transform [16].

Following this methodology, the autocorrelation of the electric field is
#ls) =[x (xle + )] (2-28)

or
#(s)= [Re{xoe"'fo‘”(")‘”'xoe"L”’(")"" H (2-29)

where the brackets indicate an average over time ¢. The phase of the electric field is

assumed to be the sum of the unperturbed phase and n(t), which is the departure in phase
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of the perturbed oscillation from the unperturbed oscillation caused by a foreign species.

That is,

_[a)(t')dt' = w,t +7(7) (2-30)

and

ra;(t')dz' =w,(t+5)+ 7t +5) (2-:31)
Under this assumption, the autocorrelation can be written as
¢(S) = % [Re{ei2w°’ei‘”°sei(”(’+“)“7 («)) }+ Re{ei‘”Osei(”(’+“)_’7 (’))}1 (2-32)
In the optical regime, one oscillation of the electric field occurs in a time much shorter
than the collision time of bodies in a gas phase. Thus no significant perturbation of the

phase occurs within one oscillation of the field and the first term in Equation 2-32 is zero.

The remaining expression is
¢( S) _ % [R e { i0s ei(r](t+s)—7](t))}l (2-33)
To continue, let

n(t+5)-nlt)=nlt,s) (2-34)

and apply this to Equation 2-33. This gives

¢(S): AR (eia)os o105) 4 grios e_m(,,s))l (2-35)

2 12

Equation 2-35 may be rewritten as
B(s) =2 (e [ 4+ ew [ ) (2-36)
or
#s) = w(s)+y *(s) (2-37)

where
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ws)=2Le o] (2-38)

The Fourier Transform of Equation 2-37 gives the intensity profile and is

I, (w)= f wls)e ™ ds + f w*(s)e ™ ds (2-39)
The next step is to evaluate the time average in Equation 2-38 before applying it

to Equation 2-39 and performing the integration. Consider a change in the quantity

y/(s)e_i“’°s corresponding to a change in s called As. Then

A{l//(s)e_i“’°°' }: % A[ei "(”‘“)l (2-40)
Writing out the delta on the right side of the equation explicitly gives
A{l//(s)e_i“’°°' }: %[ei”(”‘“+A‘“) - e”’(”“)], (2-41)
This equation can be written more simply by defining An = 77(t,s + As)— f](t, S). This
gives
A{l//(s)e_i“’°°' }: %[ei 7 (”‘“)(e’A” + 1)1 (2-42)
Because A7 occurs in a manner which is statistically independent of 77, the time average

may be distributed over the two factors of Equation 2-42. This leads to

A{l//(s)e_i“’°°' }: %[ei "(”‘“)l [eiA" - 11 (2-43)
Substituting Equation 2-38 into the above equation gives

Ay (s)e ™ }= y(s)e v |e™ —1] (2-44)
The second factor in Equation 2-44 is evaluated by applying the impact

approximation as follows. The factor [e’M - 11 is the time average of the function

¢™" —1 in the time interval As. The impact approximation assumes that A7 is the result

2-18



of all collisions which occur in the same time interval. Assuming all species follow

rectilinear trajectories, the number of collisions with impact parameters between p and

dp which occur in the time interval As is

27N (v)|As| pdp (2-45)
Knowing this, it is possible to replace the time average of the function e”” —1 with the
sum over all impact parameters of the function 272NV <v>|As|{ei’7(p ) l}pdp , Where n(p) is

the phase perturbation of a collision with impact parameter p. Thus

[ ~1] = 2an(v)ias| [ e -1} pdp (2-46)
With the second factor in Equation 2-44 written in more manageable terms, it is
possible to derive an expression for y/(s) before inserting it into Equation 2-39. Inserting

Equation 2-46 into Equation 2-44 and rearranging gives

Awls)e™™ j 2N (v)as| [ e - 1}pd p (2-47)

l//(s)e—m)os
Since the average over a large number of collisions is involved, this can be treated as a

differential equation whose solution is

l//(S) — Ce([a)o—N<v>(0',. —io; ))M (2-48)
where C is the integration constant and

o, =2x [ (1-cosn(p))pdp (2-49)

and

o, =2 ['sinn(p)pdp  (2-50)
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To conclude the derivation, Equation 2-48 is inserted into Equation 2-39 and the

integration performed. This gives

=2N(v)o 1
IL(a))—2N< > r{(w+(a)0+N<v>G,-))2+(N<V>G’)2 (2-51)

1
" (a) - (a)o + N<v>0'i ))2 + (N<v>0', )2 }
The first term is neglected because in the optical regime, » + @, is a very large number.

After area-normalizing the remaining term to unity ( f I, (w)dw =1), this leaves

” =l N<v>ar ]
) o e Ny, ) < (¥ T >3

This is again a Lorentzian lineshape function. It has a broadening term which governs

the FWHM and is given by

ow, =2N <v>c7

r

(2-53)
The line center is shifted by the amount A and is given by
Ao =N(v)o, (2-54)
In the above derivation, the effect of lifetime broadening is ignored. According to
Demtroder [7], this effect is additive so that the Lorentzian linewidth is further

augmented by Equation 2-11. That is,

ow, = .1, 2N(v)o, (2-55)

T, T,

Altering Equation 2-52 so its FWHM is defined by Equation 2-55 gives
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(@)=~ (2-56)

S|
T

|
&

+
2.

This lineshape function, which is illustrated in Figure 2-9, is again Lorentzian. It
has a FWHM given by Equation 2-55 and a line center shift given by Equation 2-54.
Also, since pressure is directly proportional to number density, both the FWHM and the
line center shift are linear in pressure. The rates at which the FWHM and the line center
change as a function of pressure are the derivatives of Equations 2-55 and 2-54 with

respect to N and are called the broadening and shifting rates respectively.

I ()

Figure 2-9. Lorentzian lineshape of a transition broadened and shifted by elastic
collisions. Its FWHM is given be Equation 2-55 and its line center shift is given by
Equation 2-54.

2.1.3 Doppler Broadening This type of line broadening results from the fact
that atoms and molecules in the gas phase are in constant thermal motion. Because of
this, the frequency of the radiation absorbed or emitted by the atom or molecule is

Doppler shifted when observed in the laboratory frame of reference. A body that
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happens to be moving towards an observer because of thermal motion will absorb or emit
light of higher frequency because of its Doppler shift to the blue in the absorber’s frame
of reference. Similarly, a body that happens to be moving away will absorb or emit light
of lower frequency because of its Doppler shift to the red in the absorber’s frame of
reference.

The lineshape function caused by Doppler broadening is Gaussian in nature and is
given by Equation 2-57. The derivation of this expression is grounded in statistical

mechanics and for an account, the reader is referred to Demtroder [7].

2

_ c(w-awy)
c 0, 2kgT

m

I, (0)= /WLTw—e (2-57)

I ;(w) 1s the intensity of radiation absorbed or emitted per unit frequency as a function of

angular frequency o, k, is Boltzmann’s constant, 7' is absolute temperature, ¢ is the

speed of light, and m 1is the mass of the species. This function is known as the
normalized Gaussian line profile and is shown in Figure 2-10. It is area-normalized to

unity and the FWHM is proportional to the square root of the temperature as given by

S0, = (& J [8InQ2)k ,T (2-58)
C m

All spectra of atoms and molecules in the gas phase exhibit this kind of
broadening in addition to the other types already discussed. Exactly how these types of
broadening combine is the subject of the next section. The key point here is that Doppler

broadening is an experimental effect which must be accounted for in the data analysis.
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Knowing that the FWHM of the Gaussian lineshape is proportional to the square root of

the temperature allows this to be accomplished.

1 (@)

Figure 2-10. Gaussian lineshape of a transition broadened by the Doppler effect. This
type of broadening is due to the Doppler shift associated with the thermal motion of
bodies absorbing or emitting radiation. Its FWHM is given by Equation 2-58.

2.1.4 The Voigt Profile In this final section, the effects of lifetime broadening,
pressure broadening, and Doppler broadening are combined into a single lineshape
function which accurately models the line profiles observed in this research. This is done
by recognizing the fact that Doppler broadening is caused by ensembles of bodies
moving in different directions relative to the observer. The Gaussian line profile which
results is the summation of radiation absorbed or emitted by these ensembles. Since each
of these ensembles exhibits its own combined lifetime and pressure broadening/shifting
effects as manifested in the Lorentzian lineshape function, the combined lineshape

function is the summation of all the Lorentzian lineshape functions of all ensembles.
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That is, the combined lineshape function is the convolution of the Lorentzian and

Gaussian lineshape functions or [30]

L@)=[ I,(@-»I;dy (259

To derive a combined lineshape function, expressions for the Lorentzian and
Gaussian lineshape functions are substituted into Equation 2-59. As derived previously,

the Lorentzian lineshape function is

1 ow,
Ile)= 27 (a)—(a)0 +Aa)))2 +(5‘”—L)2

2

(2-60)

Depending on the type of pressure broadening that applies, The FWHM ow, is given by

either Equation 2-18 or Equation 2-55 and the line center shift is either zero or given by

Equation 2-54. The Gaussian lineshape function is

1 24/In(2)y 2
4In(2) 1 [ S ]
L) == " 50 ¢

G

(2-61)

where y=w -, and ow, is given by Equation 2-58. Substituting these into Equation

2-59 gives
2InQ2) dw, e
I (@)= ——dy (2-62)
v Jrb (6w, ) i(z In(2) 2-loare) i +1n(2)(§;‘j; j

This is known as the Voigt lineshape function [30]. It has four parameters: line center

(@, ), line center shift (Aw ), Lorentzian linewidth (d®, ), and Gaussian linewidth

(0w, ). It1is also area-normalized to unity.
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While there is no way to analytically accomplish the improper integral in
Equation 2-62, this result may be manipulated to make it more amenable to computation.

Consider the following simplified version of Equation 2-62

) e_yz
WA=C o (2-63)
where
(a)o + Aa))
A=2In( (2-64)
G
B=,(2) 00, (2-65)
oW,
and
Co 2In(2) dw, (2-66)

Jr* (6

The integrand may be rewritten as

e
=¢ I { (4+iB)  y—(d- iB)}dy (2-67)

and each term integrated separately so that

1,(4)= % ) (1~ Erf (B —id))+ e ) 2(1-Erf (B + iA))} (2-68)

Simplifying and rewriting in its original terms gives

2f ooy J
I, ()= In(2 &L 2[&”0 o {2 cos(4 In(2)w -, );%)
G

—i41n(2)(ew— a)o)—
e “ Erf({in(2) 22— i2in(2) 22 (2-69)

[41n(2)(a} wo)d L

S et (fin(@) 2+ 2@ e )
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The improper integral has been traded for the complex error function which itself
contains an improper integral that is evaluated by numerical methods.

Figure 2-11 shows a plot of the Voigt lineshape function superimposed with
Lorentzian and Gaussian lineshape functions of equal linewidth. The Voigt has the same
wide central region as the Gaussian lineshape, but with broader wings like the
Lorentzian. It includes the effects of lifetime broadening, pressure broadening, and
Doppler broadening. The core is characteristic of Doppler broadening while the broad

wings are characteristic of pressure broadening.

I, @)

Figure 2-11. Voigt lineshape function of a transition overlaid with Lorentzian and
Gaussian lineshape functions. In this illustration, 6w, = o, so the Lorentzian and
Gaussian lineshape functions cross at the angular frequencies of half intensity for each.
The Voigt lineshape is a convolution of the Lorentzian and Gaussian lineshape function
and therefore has features of both.
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2.2 Properties and Spectroscopy of Atomic Strontium and Diatomic Bismuth

The two species studied in this research are atomic strontium and diatomic
bismuth. This section details the relevant physical properties of these bodies and
discusses the spectroscopy of each. Atomic strontium is described first followed by
diatomic bismuth.

2.2.1 Atomic Strontium The properties of atomic strontium are as follows. It is
an alkaline earth metal found in the second column of the periodic table of elements
below calcium. It has atomic number 38 and an atomic weight of 87.62 amu [54]. There
are four stable strontium isotopes with abundances given in Table 2-1 [56]. Of these

isotopes, ¥'Sr is the only one which possesses a nuclear spin (/ = %) [53]. This causes a

hyperfine splitting in some energy states of *’Sr which will be discussed shortly. Also,

the ground state electronic configuration of atomic strontium is [Kr]5s* [23].

Table 2-1. Stable isotopes of strontium and their natural abundances

Isotope | Abundance
(%)
58Sr 82.58
8oGr 9.86
7Sr 7.00
Sy 0.56

The energy levels of atomic strontium have been known for some time and a
diagram of the states nearest the ground state is given in Figure 2-12 [38]. The two
valence shell electrons give rise to singlet and triplet terms. The atomic strontium

transitions studied in this research are also indicated in Figure 2-12 and the energies of
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the states connected by these transitions are given in Table 2-2 [38]. The three triplet-to-
triplet absorption transitions 5s5p 3P0,1,2 — 5s6s 381 around 14534 cm’ (688 nm) are
chosen in order to investigate the dependence of line broadening on the total angular
momentum quantum number J" of the initial state. The ground state-to-triplet state
intercombination transition 5s* 'Sy — 5s5p ’P, at 14504.351 cm™ (689.4 nm), which lies
near the other three, is studied to validate the experimental apparatus and analysis

techniques and to expand upon previous work accomplished on this transition.

Singlet States Triplet States
ISO IP1 lD2 Ssl 3P0 3P1 3P2 3D1 3D2 3D3
— -15000 cm’!
5565 5s6s
>
2N
2
5s5p % —-25000
5s4d
— -35000
— -45000
52

Figure 2-12. Lower electronic energy states of atomic strontium. The transitions of
interest are noted.

The emission intensities of the transitions studied in this research have been
investigated previously. The 5s> 'Sy < 5s5p °P; intercombination transition emission

intensity is reported by Havey et al. [22] and the three 5s5p * Po.12 < 5s6s 3S, transition
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emission intensities are reported by Garcia and Campos [15]. All four emission
intensities are listed in Table 2-3. The forbidden intercombination transition is relatively
weak and the triplet-to-triplet transition intensities scale according to the degeneracies of
the states involved. Since there are 2J +1 degenerate states for each term, the emission

2J'+1
2J"+1

intensities of the 5s5p 3P0,1,2 < 5s6s 381 transitions are weighted by [23]. With

this, the relative emission intensities are computed for each transition and reported in

Table 2-3. They agree well with the experimental results of Garcia and Campos.

Table 2-2. Energies of the atomic strontium states connected by the transitions studied in
this research [37]

Energy State | Energy
(cm™)
5s65°S; | -16886.805
5s5p°P, | -31027.037
5s5p°P, | -31421.249
5s5p °Py | -31608.080
557 'Sy | -45925.600

Table 2-3. Atomic strontium emission intensities of transitions studied in this research

Transition Emission Intensity | Relative | Reference
Intensity
(10° sec™) (unitless)
55° 'Sg <« 5s5p°P; | 0.048(0.002) - [22]
5s5p *Po «— 5s6s°S; | 8.9(0.8) 1
585p °Py « 5s6s°S; | 27.1(2.0) 3 [15]
5s5p *Py < 5s6s°S; | 41.5(4.0) H
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The spectra of atomic strontium have been reported to exhibit features due to
isotope shifts and hyperfine structure [2]. It is important to understand these features
because of their possible influence on the line profiles measured in this research. That is,
what appears in the laboratory to be a single, broad transition may, in fact, be several less
broad transitions spaced closely together. Without properly accounting for this, the
evaluation of the linewidth may be overstated. In the remainder of this section, the
isotope shifts and hyperfine structure of atomic strontium are reviewed leading to the
generation of two theoretical line profiles which account for these effects.

Barsanti ef al. have investigated the isotope shifts and hyperfine structure of a
number of atomic strontium transitions and energy states [2]. Relevant to this work is
their reported shifts of the 552 180 — 5s5p 3 P, and 5s5p 3 P; — 5s6s 3 S; transitions for 86Sr
and *’Sr and the hyperfine structure of the 5s5p *P; and 5s6s S, energy states of *'Sr.
Table 2-4 gives the spectral line center shifts of the less-abundant isotopes **Sr and *’Sr
relative to ¥Sr for the 5s° 180 — 5s5p 3P1 and 5s5p 3P1 — 5s6s 381 transitions. The
positive shifts indicate a displacement to lower energy. Also, Table 2-5 gives the
magnetic and electric hyperfine coupling constants 4 and B for the 5s5p *P; and 5s6s

3S, energy states of *’Sr. The displacement AE  of an energy state due to magnetic

hyperfine coupling between the nuclear spin quantum number / and the total angular

momentum quantum number J is given by

m

AE =§{(F(F+1)—1(1+1)—J(J+1))} (2-70)

where the new total angular momentum quantum number F' takes on the range of values

I+J,I1+J-1, ...,

1-J | [50]. The displacement AE, of an energy state due to
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electric hyperfine coupling between the nuclear charge distribution and the electron cloud

charge distribution is given by

3GNC+1)-I(I+1)J(J +1
AP :B{( )(2](21)—1)(J(2J)—§) )} 7D

where [50]

C=F(F+1)-I1(+1)-J(J+1)  (2-72)

Table 2-4. Isotope line center shifts of **Sr and *’Sr relative to **Sr. A positive shift
represents a displacement to lower energy. These values are reported by Barsanti et al.

[2].
Transition 8ogr ¥7gr
(cm'l) (cm'l)

552 'Sy — 5s5p °P; | 0.00534(0.00017) | 0.00217(0.00033)
555p °P; — 5s6s °S; | 0.06585(0.00067) | 0.01748(0.00067)

Table 2-5. Magnetic and electric hyperfine coupling constants for the atomic strontium
5s5p P and 5s6s S, energy states. These values are reported by Barsanti et al. [2].

Energy State A B
(cm™) (cm™)
5s5p °P, -0.008739(0.000067) | -0.00123(0.00030)
5565 °S; -0.018113(0.000067) -

Figure 2-13 shows energy levels of the ¥Sr 55> 'Sy, 5s5p 3P1, and 5s6s °S; states
including their hyperfine structure. The selection rule for transitions between hyperfine
levels is AF =0,£1 [23] and the allowed transitions are labeled. Therefore, including the
isotope shifts, there are five distinct atomic strontium 52 180 — 5s5p 3P1 transitions.
These include two due to **Sr and **Sr and three due to the hyperfine structure of the *’Sr

5s5p P, energy levels. Barsanti ef al. report no isotope shift data on **Sr because of its
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low abundance [2]. Therefore, it is henceforth neglected. Also, there are nine distinct
atomics strontium 5s5p 3P1 — 5s6s 381 transitions. These include two due to **Sr and

%St and seven due to the hyperfine splittings of the ®’Sr 5s5p *P; and 5s6s °S; energy

states.

F=l
A A 92
F=—
SS6S3SI A A A )
p=l
2
F=l
v 2
555p 3P, — A =3
Pt 2
; sl
2
9
21 =2
582 1S, F=7

Figure 2-13. Hyperfine structure of the 5s5p P, and 5s6s °S, energy states of *’Sr with
transitions allowed under the selection rule AF = 0,11 labeled. Three transitions are

allowed in the 5s° 180 — 5s5p 3P1 manifold and seven in the 5s5p 3P1 — 5s6s 381
manifold.

With the information given above, it is possible to generate theoretical line
profiles for the atomic strontium 552 1So — 5s5p 3P1 and 5s5p 3P1 — 5s6s 381 transitions.
For unbroadened transitions, the Gaussian lineshape function given by Equation 2-57
adequately models the line profile. The line centers are given by the isotope shifts in

Table 2-4 and the hyperfine transition energies of *’Sr are computed using the energy
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state perturbations prescribed by Equations 2-70, 2-71, and 2-72 with the constants in
Table 2-5. The Gaussian linewidth is given by the temperature as indicated in Equation
2-58. And finally, the signal strengths of the three isotopes are determined by their
natural abundances as given in Table 2-1. Since the *’Sr isotope spectral line is split by
hyperfine structure, the signal strengths of these components are dictated by the
degeneracies of the states involved. Similar to the relative emission intensities of the
555p *Po.12 < 5s6s °S; transitions described previously, the signal strengths are weighted

2F'+1
2F"+1

by [23].

Figure 2-14 shows a theoretical line profile of the atomic strontium 5s° 'Sy —
5s5p P transition with the isotope shift and hyperfine structure described in the previous
paragraph. The Gaussian linewidth corresponds to a temperature of 728 K. This value
was chosen because, as will be reported in Chapter IV, it was the temperature at which
the transition was observed in this research. The transition due to *°Sr is only slightly
offset from the main line and introduces no discernable asymmetry to the total line
profile. However, the hyperfine structure of the *’Sr transition introduces a slight
asymmetry to the wings of the total line profile.

Similarly, Figure 2-15 shows a theoretical line profile of the atomic strontium
585p °P; — 5s6s °S; transition with the isotope shift and hyperfine structure described
above. The Gaussian linewidth corresponds to a temperature of 1473 K. Again, this
value was chosen because, as will be reported in Chapter IV, it was the temperature at
which the transition was observed in this research. In this case, the transition due to 86Qr

exhibits a large offset from the main line and introduces a major asymmetry to the total
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Figure 2-14. Line profile of the atomic strontium 5s* 'Sy — 5s5p P transition including
contributions by the isotopes **Sr, **Sr, and the hyperfine levels of *’Sr. The hyperfine
levels produce a slight asymmetry in the wings of the total line profile.

line profile. The intensity of the hyperfine structure of the ¥'Sr transitions is small
because it is spread over seven lines and, as such, introduces no discernable asymmetry to
the wings of the line profile.

In conclusion, it is clear that the isotope shifts and hyperfine structure of atomic
strontium are important to the observations of this experiment. Armed with the insight
gained above, however, it is possible to account for these effects in the data analysis.

2.2.2 Diatomic Bismuth The properties of atomic bismuth are as follows. It is
the heaviest element in the 15th column of the periodic table of elements. It has atomic
number 83, atomic weight 208.98037 amu [54], and only one stable isotope: 29Bj [33].
Its ground state electronic configuration is [Xe]4f145d106szp3 meaning it has five valence
shell electrons [23]. Two of these are in a closed sub-orbital and the remaining three are

in a half-filled sub-orbital.
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Figure 2-15. Line profile of the atomic strontium 5s5p °P; — 5s6s °S; transition
including contributions by the isotopes **Sr, *Sr, and the hyperfine levels of *’Sr. The
isotope shift of **Sr produces a large asymmetry in the total line profile.

Bismuth forms a stable, heavy molecule for which Hund’s case (¢) coupling

applies. Figure 2-16 shows the electronic energy states of Bi, near the ground state [9].

The ground state term is X (O; ) and the excited state term studied here is A(O: ) [13].

According to theory, the rovibrational energy levels, £ (v,J ), as a function of the
vibrational quantum number v and the total angular momentum quantum number J are
given by [24]

EW,J)=TW)+BW)J(J+1)=DW)J*(J +1)* (2-73)
T(v) is the combined electronic and vibrational energy while B(v) and D(v) are
constants associate with rotational energy. In this research, the v'=3 — v'=1

vibrational manifold is studied and the spectroscopic constants for this manifold, as

determined by Franklin, are given in Table 2-6 [14].

2-35



20000

)

15000

-1

Potential Energy (cm

10000

5000

-5000
-10000

-15000

-20000

E 4 5 6 7 s
Internuclear Separation (A)

Figure 2-16. Electronic energy states of diatomic bismuth near the ground state

Table 2-6. Spectroscopic constants for the v'=3 — v'=1 vibrational manifold of the Bi,
X (0; ) - A(O;’ ) electronic transition as determined by Franklin and Perram [14]

Vv'=3 v'=1

(cm'l) (cm'l)
T(v) |600.991 17938.565
B(v) | 0.022622 0.019592
D(v) | 1.635x107 1.761x10”

Figure 2-17 shows a small portion of the Bi, spectrum in the v'=3 — v'=1
vibrational manifold. Rotational lines appear in P and R branch pairs 13 levels apart.
Appendix A lists the P and R branch rotational line centers in this vibrational manifold as
determined by the spectroscopic constants of Table 2-6 [14] as well as the line centers
measured by Franklin [13]. These numbers generally agree to within approximately
several hundredths of a wavenumber. Therefore, it is possible to assign the spectrum

unambiguously using Equation 2-73 and these constants.
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Figure 2-17. A small portion of the diatomic bismuth spectrum in the v"'=3 — v'=1
vibrational manifold of the X (0; ) - A(O: ) electronic transition. Rotational lines

appear in P and R branch pairs 13 levels apart.

2.3 Applications of Line Broadening and Shifting

This section describes how line broadening and shifting rates induced by elastic
collisions may be used to determine the difference potential between states. It also
discusses how the line broadening rate induced by inelastic collisions is related to the
total quenching rate constants of the lower and upper states of a transition.

2.3.1 Difference Potentials The difference potential was introduced briefly in
Section 2.1.2.2, Elastic Collisions and Pressure Broadening. It is defined as the energy
difference between two states ignoring the unperturbed energy gap between them.

Referring to Figure 2-7, the difference potential, V(r), is defined mathematically here as

v(r)=E,-E,-(E’ -E°) (2-74)
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If the lower and upper state energies £, and E, vary exactly the same way as a foreign

body perturbs a body absorbing or radiating energy, then the energy gap between the
states remains constant and the difference potential is exactly zero. If they do not, then
the difference potential exists as defined by Equation 2-74. This section begins where
Section 2.1.2.2 ends and presents a method for determining the difference potential from
the broadening and shifting rates of spectral lines perturbed by elastic collisions.

The difference potential is derived from 77(,0) , Which, as stated previously, is the
departure in phase of the perturbed electric field oscillation from the unperturbed
oscillation caused by an elastic collision of impact parameter o [25]. To begin, the
results of Section 2.1.2.2 are transcribed below. The FWHM of a transition broadened by

elastic collisions is

Sw, = Tij+ %Jr 2N(v)o, (2-75)
and the line center shift is
Ao =N(v)o, (2-76)
where
o, =2x f (1—cosn(p))pdp (2-77)
and
o, =2z [ sinn(p)pdp (2-78)

The line broadening and shifting rates which follow from Equations 2-75 and 2-76 are

% =2(v)o, (2-79)
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and

% =(v)o, (2-80)

The approach is to derive an expression for n(p) which involves the difference potential,

insert it into the above equations, and solve for the difference potential.

Recall from Equation 2-24 that the angular frequency of a transition is a function
of the separation » between the absorbing or radiating body and perturbing body. r
itself is a function of time so that Equation 2-24 may be more explicitly written as

o(t)= % (E? - E) + v(r(t) (2-81)

Using this expression for the angular frequency, the phase of the oscillation is then
1
[ole)ar = j:% (B2 —E° +V(r(t)ar (2-82)
or
ﬂco(t’)dt‘ = w,t +% _EV(r(t’))dt’ (2-83)

Comparing this equation with Equation 2-30 yields the following expression for n(t)

)= [V elear (2-84)

To aid in the evaluation of this integral, a change of variables is accomplished. The
integral in time is exchanged for an integral over distance according to the relationship

between time and impact parameter p prescribed by Equation 2-25. That is,

V(r )rdr

77(/0): h<2v> J:m

(2-85)
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To evaluate the integral in Equation 2-85, a functional form for the difference
potential V(r) must be applied. Again, the Lennard-Jones (6-12) potential expressed in

Equation 2-23 is chosen. That is,

V(r)= &—% (2-86)

o 1
)= 2 - -87)
X
where
a= 63_”(1) 5 <v>§ % (2-88)
256\ 3« Cﬁ?
and
3z Cq E
x=p| ———— 2-89
”(8 h<v>] =

The next step is to insert the expression for 77(x) into the cross section integrals of

Equations 2-77 and 2-78 and press to a conclusion. Performing this operation gives

3z C ‘ i
o, = 87{? , <V>J B(a) (2-90)
and
3z C ‘ i
o, _27{? , <V>J S(a) (2-91)
where
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Bla)= [sin*fi (s~ L (2-92)
and
S(@)= [ sinf L e (2-93)
These integrals are solved analytically by Mathematica; the results of which are quite

long and presented in Appendix B.

Inserting Equations 2-90 and 2-91 into Equations 2-79 and 2-80 gives

A(Z‘V’L ) 167r<v>{%” h%)] B() (2-94)
and
A(AA]V“’):M(V{% h%}JSS(a) (2-95)

This is a system of two equations and two unknowns where the unknowns are the
difference potential constants C, and C,,. The constant C; is stated explicitly while C,
and C,, are incorporated in the constant ¢ .

While there is no way to invert these equations and express C, and C,,

analytically, there is a way to obtain a numerical result. Taking the ratio of the line

shifting rate to the line broadening rate gives

A(AAI\;U) — S((l) (2-96)
Mow)  4B(ar)
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Equation 2-96, plotted in Figure 2-18, is an implicit equation for & which can be solved

by numerical methods. With o known, C; is calculated by either Equation 2-94 or 2-95.

And finally, C,, is determined by Equation 2-88.

0.3 T T T T T T y T y T
0.2
0.1
0.0
-0.1
-0.2
-0.3
-0.4
-0.5
-0.6

0.7 . 1 . 1 . 1 . 1 . 1 .
-3 -2 -1 0 1 2 3

log, (@) (unitless)

S(@)/(4 B()) (unitless)

Figure 2-18. M as a function of log,, («)

4B(x)

A special case arises in the limit as & goes to infinity, which is evaluated
numerically to be approximately 0.146813. If the measured ratio of the line shifting rate
to line broadening rate falls above this value, the Lennard-Jones (6-12) potential is not an
accurate description of the difference potential. In this case, it is assumed to be

completely repulsive so that
C
V(r)= r% (2-97)

Inserting this into Equation 2-85 and integrating yields

2-42



np)= (2-98)
v P

Applying this result to Equations 2-77 and 2-78 gives

2

e () ot

and

(i) () o e

And finally, relating these cross sections to the line broadening and shifting rates of

Equations 2-79 and 2-80 gives

A(j;)L)zzﬂﬁ <V>;IC12 (F(lzl)j”r(%)cos(ﬁ) (2-101)

and

Maw) _ e <V>;Clz G%)j”r(%)sin(ﬁ) (2-102)

In this case, the difference potential constant C), is over-constrained by the two
equations above [25].

2.3.2 Total Quenching Rate Constants The goal of this section is to show that
the line broadening rate caused by inelastic collisions is the sum of the total quenching
rate constants of the lower and upper states of a transition. Total quenching rate here, and
throughout this dissertation, refers to total rotational energy transfer out of a state. It is

the total removal rate from a rotational state and can involve transfers to other rotational
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states in the same vibrational manifold or to other vibrational manifolds in either the
same or other electronic states.

To begin, Equation 2-18, which is the result of Section 2.1.2.1, Inelastic
Collisions and Pressure Broadening, is transcribed below.

Sw, :i+i+N<v>(aj +o7) (2-103)

Tj Ty

The line broadening rate is the derivative of the FWHM with respect to number density.

A(é‘a)L):

o =let + o!) (2-104)

Since the conversion from cross section to rate constant k£ is

o= La (2-105)
(v)
the line broadening rate is [32]
Adw,)
T=(kj +k!) (2-106)

That is, when inelastic collisions dominate, the line broadening rate is the same as the

sum of the total quenching rate constant from the lower state, k7, and the total quenching
rate constant from the upper state k. Equation 2-106 is simplified by defining the sum

total quenching rate constant k? as follows

kY= k! kS (2-107)
This gives
Ao (2-108)
AN
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Stated again in these terms, when inelastic collisions dominate, the line broadening rate is

the same as the sum total quenching rate constant.
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III. Background

The purpose of this chapter is to explore all previous relevant work in the line
broadening and shifting of atoms and molecules. In addition to summarizing previous
such research in atomic strontium, atomic calcium and barium are reviewed as well
because of their structural similarity to strontium. In the case of diatomic bismuth, the
literature was scanned for line broadening work in any diatomic species with an emphasis
on heavy diatomics. In addition to providing previous results for comparison, this
chapter also serves to place the current work in the context of other research. It is divided
into two sections. The first contains a discussion of relevant research in atomic calcium,
strontium, and barium. The second reviews line broadening in a variety of diatomic

species.

3.1 Line Perturbations and Difference Potentials in Atomic Species

This section reviews all previous line broadening and shifting research in atomic
calcium, strontium, and barium. It also includes research on difference potentials of these
atoms; regardless of whether they are derived from experimental data or computed from
first principles. Line broadening and shifting rates reported by previous researchers are
converted to cross section and summarized here along with difference potential constants.

3.1.1 Atomic Calcium Atomic calcium has been studied extensively for a
number of reasons. For one, it is a relatively simple atom compared to strontium and

barium making it amenable to quantum mechanical calculation [18]. Also, the
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broadening and shifting of calcium transitions by atomic hydrogen are observed in stellar
spectra indicating the surface gravity of stars [39, 48]. Similarly, local conditions of
atomic calcium in plasmas may be determined from such measurements [27, 5]. And
finally, the 4s 'Sy — 4s4p P, intercombination transition at 15210.067 cm™ (657.5 nm)
has been proposed as an optical frequency standard [43] and for compression of
frequency-chirped laser pulses [6].

The first modern study of line broadening and shifting of atomic calcium was
undertaken by Ch’en and Lonseth in 1971. They investigated broadening and shifting in
the strong 4s® 'Sy — 4s4p 'P; transition (see Figure 3-1) at 23652.324 cm™ (422.8 nm)
using the absorption of a broadband optical source and a grating spectrograph. These
researchers report line broadening and shifting rates of this transition perturbed by helium
and argon. These rates are converted to cross section by Equations 2-79 and 2-80 and
reproduced in Tables 3-1 and 3-2. Ch’en and Lonseth also performed difference potential
calculations and report the constants C; and C,,. These constants are displayed in
Tables 3-3 and 3-4 [5].

A year later, Smith reported line broadening and shifting rates of the same
transition with the same experimental technique, but extended the set of perturbing
species to include neon, krypton, and xenon. Smith’s line broadening and shifting rates
are converted to cross section by Equations 2-79 and 2-80 and summarized in Tables 3-1

and 3-2 [46]. In 1974, Shabanova computed theoretical difference potential constants C

and C,, for the energy states connected by this transition perturbed by helium, neon,

argon, and krypton. His results are reproduced in Tables 3-3 and 3-4 [45].
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Singlet States Triplet States
1SO IP1 1])2 SSI 3P0 3P1 3P2 3D1 3D2 3D3
4s5s

4s5s

[371%, [39], [48]" — -20000 cm™!

4s4p

4s3d — 230000

— -40000

— -50000

452

Figure 3-1. Lower electronic energy states of atomic calcium. Transitions studied
previously are referenced. The asterisk indicates theoretical work.

In 1977, Malvern published theoretical calculations of the broadening and shifting
of the 4s” 'S — 4sdp 'P, 45 'S — 4s4p °P, and 4s4p °P — 4s5s°S (~ 16329 cm™ or 613
nm) transitions perturbed by helium and neon. He ignored the fine structure of the atom
and, in the case of the 4s4p 3P — 4s5s °S transitions, justified this by claiming that the
broadening rate is due mostly to the upper state. Since the upper state is the same in this
multiplet, the broadening rates should be the same and the fine structure can be ignored.
The line broadening and shifting rates calculated by this researcher are converted to cross
section by Equations 2-79 and 2-80 and summarized in Tables 3-1 and 3-2. Also, the line
broadening and shifting cross sections for the 4s4p *P — 4s5s *S multiplet are plotted in

Figure 3-2 for comparison with other experimental work on this transition [37].



Table 3-1. Line broadening cross sections of atomic calcium transitions perturbed by
helium, neon, argon, krypton, and xenon reported by previous researchers. All cross
sections except those reported by Crane et al. [6] and Devdariani et al. 8] are determined
from the published line broadening rates using Equation 2-79. The asterisk indicates
theoretical work.

He Ne Ar Kr Xe
Broadening | Broadening | Broadening | Broadening | Broadening
Cross Cross Cross Cross Cross
Section Section Section Section Section

(10" em?) | (10 em?) | (10" em?) | (10" em?) | (10" em?)
45 'Sy — 4s4p 'P; (23652.324 cm™)

[5] | 1.0 ; 25 ; ]
[46] | 1.14(0.03) | 1.2(0.05) 3.95(0.43) | 3.60(0.30) | 4.29(0.40)
[37]* | 1.14 1.1 _ ; -

[18] | 1.96(0.29) - - - -

[8]* | 0.92 1.53

[21] | 1.03(0.01) | 1.20(0.04) | 2.74(0.05) | 3.32(0.07) | 4.12(0.07)
45 'Sy — 4s4p °P; (15210.067 cm™)

[37]* | 0.551 0.937 - - -

[43] | 1.00(0.05) | 1.45(0.11) | 3.12(0.16) - -

[6] - 0.77(0.06) | 1.27(0.21) - -
4s4p *P — 4s5s°S (~ 16329 cm™)

[371* | 2.27 | 1.89 \ - | - \ -

The first experimental study of the 4s4p 3 Po.12 — 4s5s 3 S| multiplet was
conducted by O’Neill and Smith in 1980. They used broadband absorption and a
monochromater to study the broadening and shifting of these transitions by helium, neon,
and argon. This work is directly relevant to the current research because it involves the
analogous transitions which were studied in strontium. Their results are converted to
cross section according to Equations 2-79 and 2-80 and plotted in Figure 3-2. There
appears to be no consistent trend of cross section as a function of the total angular
momentum quantum number of the initial state J" in either the broadening or shifting

cross section. Also, it is interesting to note that the line broadening cross section is
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smallest for neon and not for helium, the lightest of the perturbing species, as one might
expect. And finally, the shifting cross section for helium is positive indicating a shift of

the line center towards the blue and negative for neon and argon [39].

Table 3-2. Line shifting cross sections of atomic calcium transitions perturbed by
helium, neon, argon, krypton, and xenon reported by previous researchers. All cross
sections except those reported by Devdariani et al. [8] are determined from the published
line shifting rates using Equation 2-80. The asterisk indicates theoretical work.

He Ne Ar Kr Xe
Shifting Shifting Shifting Shifting Shifting
Cross Cross Cross Cross Cross
Section Section Section Section Section
10" em?) | (10™em?) | (10 em?) | (10 em?) | (107 em?)
4s* 'Sy > 4s4p 'P; (23652.324 cm™)
[5] | -0.060 - -1.7 - -
[46] | -0.073(0.004) | -0.640(0.003) | -1.93(0.01) | -2.08(0.02) | -2.53(0.02)
[371* | 0.13 -0.12 - - -
[18] | -1.39(0.21) - - - -
[8]* | -0.08 -0.74 - - -
45 'Sy — 4s4p Py (15210.067 cm™)
[37]* | 0.24 | 0.52 | - \ - \ -
4s4p °P — 4s5s°S (~ 16329 cm™)
[371* | 0.73 | 0.23 | - \ - \ -

Table 3-3. Difference potential constant C, for the atomic calcium 4s* 'Sy and 4sdp 'P,

energy states perturbed by helium, neon, argon, and krypton reported by previous
researchers. The asterisk indicates theoretical work.

He Ne Ar Kr
C6 Cﬁ Cﬁ C6
(10°% erg cm®) | (10™* erg cm®) | (10 erg cm®) | (10 erg cm®)
[5] 0.92 - 9.2 -
[45]* 0.26 0.50 1.9 3.3
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Table 3-4. Difference potential constant C,, for the atomic calcium 4s® 'Sy and 4s4p 'P,

energy states perturbed by helium, neon, argon, and krypton reported by previous
researchers. The asterisk indicates theoretical work.

He

Ne

Ar

Kr

Cl2
(10" erg cm'?)

C12
(10" erg cm'?)

Cl2
(10" erg cm'?)

Cl2
(10" erg cm'?)

[3]

109

76

[45]*

0.080

0.062

0.52

1.9

Shifting Cross Section
T T T

s Broadening Cross Section
T T T

— | Hes -
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Figure 3-2. Line broadening and shifting cross sections of the atomic calcium 4s4p * Po.io
— 4s5s °S; transitions around 16329 cm™ perturbed by helium, neon, and argon as a
function of the total angular momentum quantum number J" of the initial state. These
cross sections are computed from the line broadening and shifting values published by
O’Neill and Smith [39] and Malvern [37] using Equations 2-79 and 2-80. Malvern’s
theoretical results, being independent of J", are plotted as horizontal lines.

In 1981, Smith and Raggett conducted an extensive experimental survey of
atomic calcium line broadening in mid-level transitions. They used broadband absorption
and a spectrograph to resolve the lines, and the transitions were broadened by helium.

Figure 3-3 shows which transitions were studied. Line broadening cross sections from
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the 4s3d *D — 3d4p °F multiplets showed no dependence on the total angular momentum
quantum number J of either the initial or final states. Neither did the line broadening
cross sections from the 4s3d *D — 3d4p *D multiplets [47]. This provides further
experimental evidence that line broadening in atoms is not dependent on total angular

momentum.

Singlet States Triplet States
IP1 1])2 1F3 3P1 3P2 3])1 3])2 3D3 3FZ 3F} 3F4 1
4s6p — -3000 cm
3d4p
4s5p —§— 3ddp  — -12000
— -21000
453d — -30000

Figure 3-3. Mid-level electronic energy states of atomic calcium. Transitions studied by
Smith and Raggett [47] are noted.

Giles and Lewis revisited the 4s” 180 — 4sdp 1P1 transition in 1982 and studied
the broadening and shifting of this line and other higher level transitions by argon.
Again, the absorption profiles of these transitions were measured against a broadband

source using a monochromater. Their line broadening and shifting rates are converted to
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cross section by Equations 2-79 and 2-80 and included in Tables 3-1 and 3-2 [18]. In
1985, Devdariani ef al. published theoretical line broadening and shifting cross sections
for this transition perturbed by helium and neon. Their results are directly reproduced in
Tables 3-1 and 3-2 [8].

Next, Harris et al. studied the broadening of this transition perturbed by helium,
neon, argon, krypton, and xenon in 1986 using laser spectroscopy. Their work is
significant because it is the first reported atomic calcium line broadening experiment
using the laser-induced fluorescence of a transition. This technique is superior to
broadband absorption because the line broadening introduced by monochromaters is
eliminated. Their line broadening rates are converted to cross section by Equation 2-79
and displayed in Table 3-1 [21].

Spielfiedel et al. published theoretical calculations in 1991 of the broadening of
the atomic calcium 4s4p * Po.12 — 4s5s 3S, transitions perturbed by hydrogen. This work
is noteworthy because it indicates a line broadening dependence on the total angular
momentum quantum number of the initial state J". This trend, however, is not linear in
J". Since this work only reports perturbations by a non-noble gas, the line broadening
rates are not converted to cross section and included here for comparison [48].

And finally, R6he-Hansen and Helbig studied the 4s* 'Sy — 4s4p °P; transition
broadened by helium, neon, and argon in 1992 using Doppler-free laser spectroscopy
[43]. Crane et al. also studied this transition perturbed by neon and argon in 1994 using a
new, indirect technique of determining the Lorentzian linewidth [6]. Since this transition
is analogous to the strontium 5s* 'Sy — 5s5p P transition studied in this research, the

results of both groups are presented in Table 3-1. The line broadening rates of Rohe-
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Hansen and Helbig are converted to cross section by Equation 2-79 while the cross
sections published by Crane et al. are reproduced directly.

In summary, all previous experimental atomic calcium line broadening and
shifting work involving transitions within a multiplet have indicated there is no
dependence of the line broadening rate on the total angular momentum quantum number
J of either the initial or final states. Furthermore, the theoretical work involving calcium
transitions within a multiplet does not definitively predict such a dependence. Line
broadening and shifting rates have been measured for the calcium 4s” 'Sy — 4s4p *P; and
4s4p 3P0,1,2 — 4s5s 381 transitions which are analogous to the strontium transitions
studied in this research. The calcium line broadening data in the 4s4p 3 Po.12 — 4s5s 3 S
transitions indicate neon, not helium, produces the least amount of line broadening. Also,
helium induces a positive line shift (to the blue) in this transition while neon and argon
induce a negative shift.

3.1.2 Atomic Strontium The line perturbations and difference potentials of this
atom are less researched than those of atomic calcium. Nevertheless, these aspects of
atomic strontium are studied for many of the same reasons. In reviewing the literature, it
appears the primary reason for studying line perturbations in atomic strontium is to
validate interaction potentials calculated by theoretical physicists [19]. Also, many
researchers who performed these experiments on atomic calcium also performed them on
atomic strontium for comparison.

Farr and Hindmarsh performed the first study of the line broadening and shifting
of an atomic strontium transition in recent times. In 1971, they investigated the strong

55 'Sy — 5s5p 'P; transition (see Figure 3-4) at 21698.482 cm™ (460.9 nm) perturbed by
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helium and argon using the absorption of a broadband optical source and a spectrograph.
In addition to publishing line broadening and shifting rates for this transition, they use
them to determine the difference potential between the lower and upper states. Their line
broadening and shifting rates are converted to cross section by Equations 2-79 and 2-80

and presented in Tables 3-5 and 3-6. The difference potential constants C, and C,, are

presented in Tables 3-7 and 3-8 [12].

Singlet States Triplet States
ISO IP1 lD2 Ssl 3P0 3P1 3P2 3D1 3D2 3D3
— -15000 cm’!
5565 5s6s
— -25000
— -35000
— -45000

Figure 3-4. Lower electronic energy states of atomic strontium. Transitions studied
previously are referenced. The asterisk indicates theoretical work.

In 1974, Shabanova computed theoretical strontium difference potential constants

C, and C,, for the energy states connected by the 5% 'Sy — 5s5p 'P; transition perturbed

by helium, neon, argon, and krypton. His results are reproduced in Tables 3-7 and 3-8

[45]. Wang and Ch’en repeated the experiment of Farr and Hindmarsh on this transition
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Table 3-5. Line broadening cross sections of atomic strontium transitions perturbed by

helium, neon, argon, and xenon reported by previous researchers. The cross sections of

Farr and Hindmarsh [12] and Wang and Ch’en [57] are determined from their published
line broadening rates using Equation 2-79. The asterisk indicates theoretical work.

He Ne Ar Xe
Broadening | Broadening | Broadening | Broadening
Cross Cross Cross Cross
Section Section Section Section

(10 cem?) | (10 em?) | (10 em?) | (10" cm?)
557 'Sy — 5s5p 'P; (21698.482 cm™)

[12] | 0.627(0.014) - 1.69(0.04) -

[57]1] 0.96 - 3.0 5.4

[20] | 1.17(0.10) | 1.35(0.15) - -

[8]* | 0.98 1.65 - -
557 'Sy — 5s5p °P; (14504.351 cm™)

[6] | - | 0.98(0.12) | 1.52(0.18) | -

Table 3-6. Line shifting cross sections of atomic strontium transitions perturbed by
helium, neon, argon, and xenon reported by previous researchers. The cross sections of
Farr and Hindmarsh [12] and Wang and Ch’en [57] are determined from their published

line shifting rates using Equation 2-80. The asterisk indicates theoretical work.

He Ne Ar Xe
Shifting Shifting Shifting Shifting
Cross Cross Cross Cross
Section Section Section Section

(10" cm?) | (10" em?) | (10" cm?) | (10" cm?)
557 'Sy — 5s5p 'P; (21698.482 cm™)

[12]] 0.00(0.03) _ 2.0(0.1) ]
[57]] 0.1 ; 25 13
[8]* | -0.18 0.73 - -

in 1979, except they recorded absorption profiles at extremely high pressures and
extended the set of perturbing species to include xenon. Their line broadening and
shifting rates are converted to cross section by Equations 2-79 and 2-80 and presented in
Tables 3-5 and 3-6. They also perform difference potential calculations with their line

broadening and shifting rates. These results are presented in Tables 3-7 and 3-8 [57].
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Table 3-7. Difference potential constant C, for the atomic strontium 557 'Sy and 5s5p 'P,
energy states perturbed by helium, neon, argon, krypton, and xenon reported by previous
researchers. The asterisk indicates theoretical work.
He Ne Ar Kr Xe
C6 C6 C6 C6 C6
(10 erg cm®) | (10 erg cm®) | (10 erg em®) | (107" erg cm®) | (10”° erg cm®)

[12] | 1.06(0.15) ] 4.3(0.4) _ ]
[45]* | 0.26 0.52 22 3.2 ]
[57] | 0.541 _ 10.2 ; 44.4
[20] _ _ 3.4(1.0) 13(4) 18(5)

Table 3-8. Difference potential constant C,, for the atomic strontium 5s> 'Sy and 5s5p

'P, energy states perturbed by helium, neon, argon, krypton, and xenon reported by
previous researchers. The asterisk indicates theoretical work.

He Ne Ar Kr Xe
Cl 2 Cl 2 Cl 2 Cl 2 Cl 2

(10" ergem') | (10" ergem') | (107" ergem™) | (10" ergem') | (107" erg cm'?)

[12] 2.5(0.8) ; 1.3(0.3) ] ]
[45]1* | 0.099 0.081 0.75 2.7 -
[57] 0.426 ; 86 938 ]
[20] _ ; 0.71(0.50) 5.4(3.0) 8.1(4.0)

Harima et al. studied the atomic strontium 5s° 180 — 5s5p 1P1 transition perturbed
by helium, neon, argon, krypton, and xenon in 1983. They measured the absorption
coefficients of this transition in the far wings and applied the Unified Franck-Condon
method of Szudy and Baylis [51] to determine difference potentials directly from the
lineshape. This method is fundamentally different from the approach of Hindmarsh and
Farr [25] which utilizes both line broadening and shifting rates. Harima et al. report line
broadening cross sections for this transition perturbed by helium and neon and difference

potential constants of the lower and upper states of this transition for argon, krypton, and

3-12



xenon. The former results are summarized in Table 3-5 and the latter in Tables 3-7 and
3-8 [20].

In 1985, Devdariani ef al. published theoretical line broadening and shifting cross
sections for this transition perturbed by helium and neon. Their results are directly
reproduced in Tables 3-5 and 3-6 [8]. And finally, Crane et al. studied the atomic
strontium 5s° 'Sy — 5s5p ’P, intercombination transition at 14504.351 cm™ (689.5 nm)
perturbed by neon and argon in 1994 using a new, indirect technique of determining the
Lorentzian linewidth. The line broadening cross sections of this transition are
remeasured in the current research and the results of Crane ef al. are transcribed in Table
3-516].

In summary, perturbations to the atomic strontium 5s* 'So — 5s5p 'P; transition
have been fairly well researched. While difference potential constants exist for the lower
and upper states perturbed by helium, neon, argon, krypton, and xenon, there is no data in
the literature on the line broadening and shifting rates of this transition perturbed by
krypton. There has been only one previous study of the 5s* 'Sy — 5s5p P,
intercombination transition and in this case, only the line broadening was examined and
no difference potential work was performed. No previous line perturbation or difference
potential work has been accomplished on the 5s5p 3 Po.12 — 5s6s 3 S; transitions around
14534 cm™ (688 nm). The current research explores this multiplet in an effort to address
this shortcoming.

3.1.3 Atomic Barium Of the three atoms reviewed in this chapter, barium has
the least amount of previous line perturbation or difference potential work accomplished

on it. Like calcium and strontium, studies of atomic barium transitions are motivated by
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interest in the long range forces between atoms. Recent experiments and theoretical work
on this element have served to quantify the nature of these interactions. Also, barium has
the potential for use as a narrow-band blocking filter for laser radars [34].

Shabanova’s theoretical work in 1974 included a calculation of the difference
potential constants C, and C,, for the 6s” 'Sy and 6s6p 'P, energy states of atomic
barium (see Figure 3-5) perturbed by helium, neon, argon, and krypton. His results are
presented in Tables 3-9 and 3-10 [45]. This work is followed in 1985 by the work of
Devdariani et al. who published theoretical line broadening and shifting cross sections for
the atomic barium 6s” 'Sy — 6s6p 'P; transition at 18060.264 cm™ (553.7 nm) perturbed

by helium and neon. Their results are directly reproduced in Tables 3-11 and 3-12 [8].

Singlet States Triplet States
ISO lp1 ID2 3P0 3P1 3P2 3D1 3D2 3D3 3F2 31:3 3F4
—{ -15000 cm!
5dé6p
-25000
-35000
2
6s — -45000

Figure 3-5. Lower electronic energy states of atomic barium. Transitions studied
previously are referenced. The asterisk indicates theoretical work.
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Table 3-9. Theoretical difference potential constant C, for the atomic barium 6s” 'Sy and

6s6p 'P; energy states perturbed by helium, neon, argon, and krypton reported by
Shabanova [45].

He Ne Ar Kr
C6 C6 C6 C6
(10** erg em®) | (10" erg om®) | (10 erg em®) | (10" erg em”)
0.20 0.40 1.7 2.8

Table 3-10. Theoretical difference potential constant C,, for the atomic barium 6s” 'S

and 6s6p 'P| energy states perturbed by helium, neon, argon, and krypton reported by
Shabanova [45].

He Ne Ar Kr
C, C, Cy Ci
(10" ergem'?) | (10" ergem') | (10" ergecm') | (107" erg cm'?)
0.11 0.043 0.42 1.6

Table 3-11. Line broadening cross sections of atomic barium transitions perturbed by
helium, neon, and argon reported by previous researchers. All cross sections except those
of Devdariani [8] are determined from their published line broadening rates using
Equation 2-79. The asterisk indicates theoretical work.

He Ne Ar
Broadening | Broadening | Broadening
Cross Cross Cross
Section Section Section
10" em?) | (10" em?) | (10" em?)
6s® 'Sy — 6s6p 'P; (18060.264 cm™)
[81* | 0.99 1.66 -
[34] | 2.4(0.2) - 7.0(0.7)
[11]] 0.93(0.29) - 2.4(0.6)
6s5d °D; — 5d6p 'D, (14040.431 cm™)
[10] | 0.889(0.074) | - | 2.14(0.16)
6s5d °D, — 5d6p °F3 (13731.920 cm™)
[10] | 0.873(0.076) - | 2.20(0.18)
6s5d *D; — 5d6p °F,4 (14160.526 cm™)
[10] | 0.882(0.081) - | 2.37(0.19)
6s” 'Sy — 6s6p °P; (12636.616 cm™)
[11]7] 1.03(0.09) | - | 1.53(0.14)
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Table 3-12. Line shifting cross sections of atomic barium transitions perturbed by
helium, neon, and argon reported by previous researchers. All cross sections except those
of Devdariani [8] are determined from their published line shifting rates using Equation
2-80. The asterisk indicates theoretical work.

He Ne Ar
Shifting Shifting Shifting
Cross Cross Cross
Section Section Section
(10" em?) | (10" em?) | (10" cm?)
6s” 'Sy — 6s6p 'P; (18060.264 cm™)
[8]* | -0.15 | 057 | -

6s5d °D; — 5d6p 'D, (14040.431 cm™)
[10] | 0.44(0.07) - | -1.92(0.19)
6s5d °D, — 5d6p °F3 (13731.920 cm™)

[10] | 0.34(0.07) - | -2.01(0.18)
6s5d °D3 — 5d6p °F, (14160.526 cm™)
[10] | 0.34(0.07) - | -1.74(0.19)

6s” 'Sy — 6s6p °P; (12636.616 cm™)
[11]7] 0.17(0.08) | - | -0.98(0.21)

The first modern experimental paper on line perturbations in atomic barium was
published by Kuchta ef al. in 1990. They performed a Doppler-free laser spectroscopy
experiment on barium and report the line broadening rates of the 6s* 'Sy — 6s6p 'P;
transition perturbed by helium and argon. Their results are converted to cross section by
Equation 2-79 and displayed in Table 3-11 [34]. Ehrlacher and Huennekens followed
this work in 1992 by performing laser absorption experiments on the 6s5d *D; — 5d6p
'D, at 14040.431 cm™ (712.2 nm), 6s5d *D, — 5d6p °F5 at 13731.920 cm™ (728.2 nm),
and 6s5d *D3 — 5d6p °F, at 14160.526 cm™ (706.2 nm) transitions of atomic barium
perturbed by helium and argon. They report both line broadening and shifting rates for
these transitions and their results are converted to cross section by Equations 2-79 and 2-

80 and presented in Tables 3-11 and 3-12 [10]. And finally, in 1993 Ehrlacher and
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Huennekens performed a similar experiment on the 65> 180 — 6s6p 1P1 and 6s> 1So —
6s6p °P; at 12636.616 cm™ (791.4 nm) transitions perturbed by helium and argon. These
results are converted to cross section by Equations 2-79 and 2-80 and presented in Tables
3-11 and 3-12 [11].

In summary, there has been relatively little experimental or theoretical work on
line perturbations or difference potentials of atomic barium. In particular, the 6s6p ° Po.io
— 6s7s S, multiplet, which is analogous to the strontium transitions studied in this
research, has not been studied. As such, no conclusions can be drawn from atomic
barium about the dependence of line perturbations on the total angular momentum
quantum number J of either the initial or final state of a transition. The only barium
work which is directly comparable to this research is the line broadening and shifting
work of Ehrlacher and Huennekens on the intercombination transition 6s° 180 — 6s6p
3 P;. This corresponds directly to the atomic strontium 5 s2 180 — 5s5p 3 P; transition

which is also examined in this research.

3.2 Line Broadening in Diatomic Species

Line broadening in diatomic species has been studied for two primary reasons.
The first is its important role in remote sensing applications; especially in diagnosing the
conditions of the atmosphere from space. In this case, trace atmospheric molecules, like
carbon monoxide and hydroxyl, are examples of the species of interest [42, 40]. The
second reason is basic science. As discussed in the previous chapter, line broadening is
caused, in part, by inelastic collisions. Investigations into the line broadening rates of

molecules perturbed by buffer gases give insight into the kinetics of these systems.
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After reviewing the literature, it is clear that a considerable amount of research
has been accomplished on the broadening of infrared spectral lines in light diatomic
molecules. While little research has been accomplished on heavier species, none has
been performed on the broadening of diatomic bismuth lines. In the remainder of this
chapter, four previous diatomic line broadening studies are summarized. These include
line broadening in Br,, O,, NO, and CO. In particular, the dependence of the line
broadening cross section on rotational level is highlighted.

In 1976, Innes et al. studied the broadening of diatomic bromine lines by argon.
These researchers performed an absorption experiment using a broadband light source

and recorded P and R branch lines ranging from J"=20 to J"=80 in the v'=1 —

v'=19 vibrational manifold of the Br, X IZ; — BT o electronic transition. This work

is significant because, like the current study, it involves a large number of heavy diatomic
rotational levels perturbed by a noble gas. They report no dependence of the line
broadening rate on branch or on total angular momentum quantum number J" of the
initial state. Their line broadening rate is converted to total cross section by Equation 2-
104 and has a value of 3.00(0.41)x10™* cm? [28].

Another work of interest is the study of line broadening in the O, A band and NO
fundamental band performed by Pope in 1998. In this work, absorption spectroscopy
using a broadband infrared source and a Fourier transform spectrometer was used to
measure the pressure broadening rates of nearly all the observable spectral lines in the
respective bands broadened by helium, neon, argon, and krypton. His results for O, and

NO are converted to total cross section by Equation 2-104 and plotted in Figures 3-6 and
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3-7 respectively. They are displayed as functions of the branch-independent quantum
number m ; which is —J" for the P branch and J"+1 for the R branch [1]. Although O,
and NO are relatively light molecules compared to Biy, this work is relevant because of
its comprehensiveness and because it showcases the trend of decreasing line broadening
cross section with increasing total angular momentum quantum number J" of the initial

state in both branches for all perturbing species [41].
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Figure 3-6. Line broadening cross sections of the O, A band perturbed by helium, neon,

argon, and krypton as a function of the branch-independent quantum number m . These
cross sections are determined from the data reported by Pope [41] using Equation 2-104.

The last work chosen for summary is a study of the carbon monoxide fundamental
band by Luo ef al. in 2001. These researchers performed a laser absorption experiment
on the P and R branch lines of this band perturbed by helium and argon. Their results are

converted to total cross section by Equation 2-104 and plotted in Figure 3-8 as functions
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Figure 3-7. Line broadening cross sections of the NO fundamental band perturbed by
helium, neon, argon, and krypton as a function of the branch-independent quantum
number m . These cross sections are determined from the data reported by Pope [41]
using Equation 2-104.

of the branch-independent quantum number m . As with Pope’s data, this research
exhibits the trend of increasing broadening cross section with decreasing total angular
momentum quantum number J" of the initial state in both branches and for both
perturbing species. This dependence, however, is much less pronounced in helium than
in argon [36].

In summary, the line broadening cross section of light molecules perturbed by
noble gases appears to depend on the total angular momentum quantum number J" of
the initial state. Specifically, this cross section appears to rise with decreasing J". There
is currently no theoretical explanation for this behavior found in the literature. While this

trend appears in light molecules, it disappears in at least one heavy diatomic: Br,. The
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Figure 3-8. Line broadening cross sections of the CO fundamental band perturbed by
helium and argon as a function of the branch-independent quantum number m . These
cross sections are determined from the data reported by Luo et al. [36] using Equation 2-
104.

current research investigates line broadening in another heavy diatomic molecule, Biy, to

discover if this lack of trend is characteristic of heavy species.
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IV. Broadening and Shifting of Atomic Strontium Spectral Lines

Broadening and shifting of the atomic strontium 552 180 — 5s5p 3P1 and 5s5p
3 Po.12 — 5s6s 3S, transitions by noble gases were investigated using absorption
spectroscopy. This chapter discusses the details of this experiment and what was learned
from it. It is split into three sections. The first covers the design of the experiment, data
acquisition and reduction details, results, and sources of error. The second provides an
analysis of the data and includes a comparison with previous research. And finally, the
last section draws conclusions from the analysis and makes recommendations for future

research.

4.1 Measurement of Atomic Strontium Spectral Line Profiles

Lineshape profiles of the atomic strontium 552 180 — 5s5p 3 P, and 5s5p 3P0,1,2 -
5s6s S transitions perturbed by the nobles gases helium, neon, argon, krypton, and
xenon were observed using the absorption of a narrowband tunable laser. The laser,
being monochromatic compared to the frequency range of the transition, offered a direct
means of observing the absorption profile. The first part of this section compares
standard absorption spectroscopy with another similar technique and derives the equation
necessary for reducing the data generated during this experiment. The second describes
the experimental apparatus. The next three subsections discuss data acquisition and
reduction details and results, and the final subsection discusses possible sources of

systematic error.
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4.1.1 Absorption Spectroscopy Using a Narrowband Source Absorption
spectroscopy using a narrowband source is perhaps the most direct and intuitive way of
observing the lineshape function of a transition. By this technique, a monochromatic
tunable source is directed through a medium and the intensity observed upon exit. As the
frequency of the source is tuned across a transition, the absorption in the medium is given

by the Lambert-Beer Law [7].
1(x)=1,(x)e ™" (4-1)
I, (x) is the intensity of the light incident upon the medium at wavenumber x, / (x) is

the intensity of light exiting the medium, and a(x) is the absorbance. The absorbance

depends on many things, the most intuitive of which is the path length the light travels
through the medium.

Although direct absorption spectroscopy using a narrowband source may be the
most obvious way to observe a line profile, it is not the only technique available. In
recent years, polarization spectroscopy has gained popularity as a means of observing
spectral lines free of Doppler broadening. This technique uses a circularly polarized laser
pump beam to selectively saturate a transition thereby making the medium birefringent to
a linearly polarized probe beam. The degree of birefringence is directly proportional to
the saturation of the medium making this technique a type of saturation spectroscopy.
Furthermore, the pump and probe beams are counter-propagating, which allows for
absorption only by velocity-specific ensembles of bodies. That is, because of the
Doppler effect, only absorbing bodies with velocity vectors transverse to the pump and

probe beams yield a signal. Therefore, the line profile is Doppler free [7].



While polarization spectroscopy may be an ideal experimental technique for some
investigations and has the added appeal of being Doppler free, it was not suitable for this
research because of the properties of the atomic strontium energy states involved. In
polarization spectroscopy, the pump beam, with a circular polarization of ¢ or o,

induces transitions according to the selection rule AJ, =+1, where J, is the projection

of the total angular momentum quantum number J onto an arbitrary axis and takes on
the values —J, —J +1, ..., +J. The initial state is therefore depleted of bodies with

particular values of J, " causing the linearly polarized probe beam, which is equal parts

left and right-hand circular polarized, to be preferentially absorbed of light with the
opposite circular polarization. This birefringence causes a rotation in the plane of the
linearly polarized probe beam, which can be detected if the beam is observed through a
linear polarizer [7]. However, this technique only works for J">1 because there must be
more than one initial state to absorb the circularly polarized light causing the medium to

become birefringent. When J"=0, the only state available to absorb light is the J, "=0

state, which is saturated by the pump beam leaving the probe beam with nothing to
observe. In this research, two of the four transitions observed, the 52 180 — 5s5p 3 P, and
the 5s5p *Po — 5s6s S, transitions, have J"=0. Therefore, polarization spectroscopy
was not a viable option.

When studying spectral line profiles by standard absorption spectroscopy, the
absorbance’s dependence on wavenumber is the feature of interest. Absorbance can be

written as the product of three terms.

a(x)=N lo,,(x) (4-2)



where N is the density of bodies through which the light travels in the lower quantum

state j, / is path length, and &, (x) is the absorption cross section. The absorption cross

section can be expanded as

o)~ Ja £ £ 2)rt0 @

where 4,; is the Einstein 4 coefficient of the transition, g, and g, are the degeneracies
of the lower and upper states respectively, x, is the center wavenumber of the transition,

and f (x) is the lineshape function. The lineshape function as expressed above is given
per unit frequency and therefore has units of length when wavenumbers are used.

Solving for the lineshape function f (x), Equations 4-3, 4-2, and 4-1 are

! ()%}(7}[?}(1]((3] S

Thus the lineshape function is a series of constants times the natural log of the ratio of the

combined to give

incident light intensity to the transmitted light intensity [7]. This is the fundamental
equation used to process the raw data from this experiment.

4.1.2 Atomic Strontium Experimental Setup The experimental apparatus was
designed to create a strontium vapor, mix it with a buffer gas, and record the transition
profiles of interest as they were perturbed by the buffer gas. Strontium is a solid at room
temperature so vapor was created in a tube furnace. The 5s* 'Sy — 5s5p P transition at
14504.351 cm™ (689.4 nm) was observed at a furnace temperature of 455 C. The 5s5p

3Po.12 —> 5s6s S transitions at 14721.275 cm™ (679.3 nm), 14534.444 cm™ (688.0 nm),
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and 14140.232 cm™ (707.2 nm) respectively were observed at a furnace temperature of
1200 C. The remainder of this section details the experimental apparatus and discusses
the signal-to-noise ratios of the atomic strontium transitions observed with it.

A schematic diagram of the experimental apparatus is given in Figure 4-1. A
Coherent 899-21 ring laser was configured in dye mode and pumped with a Spectra
Physics model 2080 argon ion laser lasing at 488 and 514.5 nm simultaneously. The ring
laser used Exciton dye LDS 698 (Pyradine 1), which lases between 12821 and 14925
cm™ (780 and 670 nm), along with a combination of Pyradine 2 and DCM Special optics.
The argon ion laser power output was approximately 7 W and the ring laser output was
between 100 and 200 mW. This quantity varied depending on the alignment of the
optics, the condition of the dye, and the wavelength to which the laser was tuned. As will
be discussed later, this power level was reduced considerably for application in this
experiment. The ring laser was integrated with a wavemeter for frequency control and
the system was operated by computer, which was also used to record experimental data.
The ring laser center frequency was controlled to within 0.0017 cm™ (50 MHz) and the
linewidth was nominally less than 0.000033 cm’ (1.0 MHz).

To create an atomic strontium vapor, several grams of strontium granules
(Aldrich, 99%) were placed inside quartz tubes that were heated by a Lindberg model
55342-4 hinged tube furnace. The quartz tubes were 1.83 m long and 3.8 cm in diameter.
They were specially manufactured for this work (Quartz Scientific) and lined with
tantalum foil (ESPL, 3 mils, 99%) to prevent strontium from reacting with quartz. They
were also manufactured with openings at each end for connection to a gas handling

system. The heated length of the tube furnace was 0.76 m which allowed 0.54 m of
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quartz tube to protrude from each end. The experiment was designed this way for two
reasons. First, the tube had to be connected to a gas handling system and it was not
possible to do this inside the furnace. Second, the windows at the ends of the tube
needed to be away from the strontium vapor so as not to be degraded by it.
Consequently, the strontium vapor created in the center of the tube diffused to the cool

ends and plated out on the cell walls.

Mirror Wave- 4—| Dye Ring Laser |<—| Ar* Laser |
White meter
<— Paper [
Chopper Trifurcated Photodiodes
Fiberoptic | Pre-Amps

Variable
Neutral
Density

<F Reference Cell Atomic Sr Vapor P
S Test Cell  Atomic Sr Vapor & Buffer Gas o

Photodiode
Pre-Amp | Tube Furnace | Notch Filters

[ Ring Laser | | Ring Laser
Lock-Ins Interface Box Control Computer

Figure 4-1. Schematic diagram of the atomic strontium absorption experimental
apparatus

Two tubes were employed side by side in the furnace during each data run. One
was kept at constant pressure while the pressure in the other was varied to bring about the
line broadening and shifting effects. This provided a constant frequency reference by
which to observe line shifting. The tube furnace temperature could be varied between
ambient temperature and 1200 C and held constant.

In order to avoid interference effects, diffuse light rather than the coherent

collimated light exiting the dye laser was used. Towards this end, the ring laser beam
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was directed onto a piece of white paper. A trifurcated fiber optic cable was placed on
the reverse side of the paper and the light split into three roughly equal parts. One part
was used, in conjunction with a variable neutral density filter to avoid detector saturation,
to monitor the laser intensity as a function of wavenumber. The second part was used on
the quartz tube held at constant pressure; hereafter called the reference cell. And the third
part was used on the quartz tube with varying pressure; hereafter called the test cell.

All three signals were monitored by identical Hamamatsu type S2281 silicon
photodiodes. The two photodiodes used to monitor the reference and test cells were
covered with notch filters (Corion P70-700-F) which passed light between 13596 and
15449 cm™ (735.5 and 647.3 nm). This was to reduce signal generated by the heat of the
tube furnace. The dye laser source beam was chopped by a Stanford Research Systems
model SR540 chopper operating at 330 Hz immediately before it was incident on the
white paper. The detector signals were sent to three independent battery operated pre-
amps and then to three Stanford Research Systems model SR850 lock-in amplifiers set to
the chopping frequency. The signal outputs from the lock-ins were sent to the laser
control computer where they were digitized and stored as the laser was scanned.

Both the test cell and the reference cell were evacuated by a Varian SD-300
roughing pump. This achieved a pressure on the order of 107 Torr before the data
acquisition process was begun. Pressure in the reference cell was monitored by an MKS
Baratron capacitance manometer that was sensitive to 100 Torr. Pressure in the test cell
was monitored by an MKS Baratron capacitance manometer that was sensitive to just
over 1000 Torr. Signals from both devices were conditioned by type 270 MKS Baratron

signal conditioners. The signal conditioners were zeroed after the system was baked out



and allowed to pump down for several hours. Because the strontium was observed to
plate out on the cool interior cell walls outside the furnace, pressure registered by the
manometers was buffer gas pressure only.

As mentioned previously, the atomic strontium 552 1So — 5s5p 3P1 transition was
observed at a furnace temperature of 455 C. At this temperature, the signal-to-noise ratio
of the line profile ranged from approximately 20:1 to 3:2 during the course of the
experiment. The 5s5p 3 Po.12 — 5s6s 3 S, transitions were observed at a furnace
temperature of 1200 C. At this temperature, the signal-to-noise ratios of the line profiles
ranged from approximately 70:1 to 5:1 during the course of the experiment. This
difference in signal-to-noise ratios is explained as follows.

The absorption signals observed in this experiment are the products of three
competing factors: absorption cross section, vapor pressure of atomic strontium in the
absorption cell, and fraction of strontium atoms in the initial state of the transition. The
absorption cross section can be calculated from Equation 4-3. For an unbroadened
transition, the line profile is assumed to be Gaussian and the lineshape function f (x)
takes the form of Equation 2-57. With the furnace temperatures given above, all
quantities are known and the absorption cross section at line center can be computed.
These numbers are presented in Table 4-1. The atomic strontium 5s5p 3P0,1,2 — 5s6s 381
transition absorption cross sections are two to three orders of magnitude larger than those
of the 5s° 180 — 5s5p 3P1 transition.

The next factor to be considered is the vapor pressure of atomic strontium created

in the absorption cells by heating solid strontium. For the 5s* 'Sy — 5s5p P; transition,
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Table 4-1. Absorption cross sections at line center of the atomic strontium transitions
studied in this research. These cross sections are computed from Equation 4-3 assuming
a Gaussian line profile with the appropriate temperature and using the transition emission

intensities listed in Table 2-3.

Transition Cross Section
(10" cm?)
55° 'Sy — 5s5p °P, 2.850

585p “Py — 5s6s°S; | 356.3
585p °P; — 5s6s°S; | 1127
555p *P, — 5s6s°S; | 1875

strontium granules were heated to 455 C, which is well below the strontium melting point
of 777 C. For a system in equilibrium, the vapor pressure of atomic strontium at this
temperature is on the order of 10™* Torr. For the 5 s5p 3P0,1,2 — 5s6s 381 transitions,
strontium granules were heated to 1200 C, which exceeds the strontium melting point and
approaches its boiling point of 1382 C. In this case, the atomic strontium vapor pressure
is reported to be on the order of 10? Torr for a system in equilibrium [35]. The
experimental apparatus for this research, as described above, was an open system in
which a strontium vapor was continuously created and lost. As such, there was a non-
uniform vapor density across the heated cell length which never reached equilibrium. In
this situation, the true atomic strontium vapor pressures are thought to have been lower
than predicted above. However, the relative pressures should have been at least
approximately correct. Therefore, the atomic strontium vapor pressure for the 5s5p 3P0,1,2
— 5s6s 381 transitions observed at 1200 C is estimated to have been six orders of
magnitude larger than the atomic strontium vapor pressure for the 5s* 'S — 5s5p P,

transition observed at 455 C.
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And finally, the third factor governing the absorption signal is the fraction of
strontium atoms in the initial state of the transition. According to the Boltzmann

distribution, the fraction of atoms in an excited state j compared to the ground state is
N, 2J,+1 3%
—L——L e (4-5)
N, 2J,+1

where N and N, are the number densities of atoms in the ground and excited states

respectively, J, and J, are the total angular momentum quantum numbers of the ground

and excited states respectively, and AE is the energy difference of the excited state above
the ground state [52]. Inserting the appropriate quantities for the 5s5p 3P0,1,2 energy states
into Equation 4-5 (AE is computed from the values presented in Table 2-2) gives
numbers on the order of 10 compared to the ground 5s* 'S state. Therefore, the 5s5p

3 Po.12 energy levels were only sparsely populated compared to the ground state.

The results presented above are combined as follows to predict the difference in
absorption signals between the atomic strontium 5s5p 3P0,1,2 — 5s6s 381 transitions and
the 5s” 'Sy — 5s5p °P; transition. According to Table 4-1, the absorption cross sections
of the 5s5p 3P0,1,2 — 5s6s 381 transitions are two to three orders of magnitude larger than
the 5s” 'Sy — 5s5p °P; transition. The vapor pressure is estimated to have been six orders
of magnitude larger for the 5s5p *Pg 12 — 5s6s °S; transitions than for the 5s* 'Sy — 5s5p
*P, transition because of the higher oven temperature. And finally, the Boltzmann factor
reduces the number of atoms available for the 5s5p 3P0,1,2 — 5s6s 381 transitions by six
orders of magnitude. Taken together, the absorption of the 5s5p *Pg 12 — 5565 °S;

transitions is predicted to be two to three orders of magnitude larger than the absorption
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of the 5s° 180 — 5s5p 3P1 transition. While this difference in signal is much larger than
what was actually observed, it does support the observation that the signal-to-noise ratios
of the 5s5p 3P0,1,2 — 5s6s 381 transitions were larger than the signal-to-noise ratios of the
55 1So — 5s5p 3P1 transition.

4.1.3 Atomic Strontium Data Acquisition The data acquisition phase of this
experiment involved preparing a strontium vapor with the test cell under noble gas
pressure and recording a transition profile. The ring laser was set to scan one
wavenumber (30 GHz) across the atomic strontium transitions of interest with the line
profile roughly centered in the scan. This scan length was a compromise between the
need to scan as far out into the line wings as possible and the dissipative nature of the
experiment. Once the tube furnace was elevated to a temperature which generated a high
absorption signal without making the medium opaque (between 80 and 90% absorption),
data acquisition proceeded until the absorption signal had declined to approximately 10 to
20%. The signal was generally considered unusable when the signal-to-noise ratio
dropped below one. This loss of signal over time was caused by the fact that the test and
reference cells were longer than the tube furnace allowing the strontium to diffuse to the
cool ends and plate out on the cell walls. At this point the apparatus was cooled, cleaned,
and reloaded with strontium.

Each experimental run took between 30 and 45 minutes before strontium was
depleted. This time is understood in terms of the diffusion coefficient of the atomic
strontium/buffer gas mixture and its impact on the diffusion time for atomic strontium to
travel the half-length of the absorption cell. According to Steinfeld ez al. [49], the

diffusion time, ¢, for a body to travel a distance d in a cylinder is given by

4-11



3d*?
t_

= 4-6
4D (4-6)
The diffusion coefficient D is known to be
3
(v) @)

D= 5
32No
where <v> is the average relative velocity between the diffusing body and the buffer gas,
N is the total number density of the diffusing body/buffer gas combination, and o is the

collision diameter of the diffusing body/buffer gas pair. Furthermore, The average

relative velocity is

(4-8)

where 4 is the reduced mass of the diffusing body/buffer gas pair. Therefore, given the
temperature and density of the system and the masses and radii of the diffusing
body/buffer gas pair, the diffusion coefficient and diffusion time can be calculated.

The diffusion coefficients and diffusion times for typical sets of experimental
conditions are computed from Equations 4-7, 4-6, and 4-8 and reported in Table 4-2.
This computation is performed for two cases. The first case is for the atomic strontium
5% 'Sy — 5s5p °P; transition perturbed by a typical neon pressure when the oven
temperature was 455 C. The second case is for the atomic strontium 5s5p 3P1 —> 5568 ° S
transition perturbed by a typical krypton pressure when the oven temperature was 1200
C. The distance d is assumed to be half the heated length of the absorption cells, which
was 38 cm. The number density of atomic strontium is computed from the vapor

pressure of strontium given as a function of temperature in the CRC Handbook of
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Chemistry and Physics [35]. Collision diameters are computed from the atomic

strontium radius given by Brown et al. (r,, =2.15A) [4] and the noble gas radii given by

Hirschfelder et al. (r,, =1.412A, r.. =1.81A) [26].

Table 4-2. Diffusion coefficients and diffusion times for typical experimental conditions
of this research. The diffusion time is the time required for atomic strontium in the vapor
phase to travel 38 cm, which was half the length of the absorption cells.

Atomic Strontium | Buffer Gas | Diffusion | Diffusion
Vapor Pressure [35] | Pressure | Coefficient Time
(Torr) (Torr) (cm%/sec) | (minutes)
552 180 — 5s5p 3P1 Perturbed by Neon (455 C)
4 0 447x10° | 4.04x10”
8.30x10 199.9 2.70 6.68
585p °P; — 5s6s °S, Perturbed by Krypton (1200 C)
29.0 3.38 5.34
200 152.0 2.20 8.21

According to Table 4-2, the diffusion coefficient is very large and the diffusion
time short when no buffer gas is present. This situation, however, changes dramatically
with the addition of even a modest amount of buffer gas. For the 5s5p 3P1 —> 5s6s° St
transition, 29.0 Torr of krypton reduces the diffusion coefficient and raises the diffusion
time to over five minutes. Further addition of buffer gas continues to reduce the diffusion
coefficient and raise the diffusion time. Therefore, as the experiment began, atomic
strontium quickly diffused to the cool ends of the absorption cell where it was lost.
However, with a fresh supply of strontium in the absorption cell, the absorption signal
remained high. As the experiment progressed, the strontium supply was depleted, yet the
decreasing diffusion coefficient, caused by the addition of buffer gas, allowed the signal

to remain measurable. The data acquisition phase of this experiment was, therefore, a
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balance between a decreasing supply of strontium in the absorption cell and an increasing
buffer gas pressure. Taken together, these effects allowed for data acquisition over a 30
to 45 minute time frame.

The ring laser control computer was set to collect a data point from each of the
three lock-in amplifiers every 0.00083 em™ (25 MHz). This led to the acquisition of
1200 data points across the transition. A one-wavenumber scan was completed in one
minute which resulted in a scan rate of 0.017 cm™ (0.50 GHz) per second. This
combination of data interval and scan rate meant that a data point was taken every 50 ms.
To accommodate this interval, the lock-in time constants were set to 10 ms.

During the 5s* 'Sy — 5s5p °P; data acquisition, the reference cell was left at zero
Torr. However, for the 5s5p 3 Po.12 — 5s6s 3 S, data acquisition, the reference cell was
back-filled with about 30 Torr of buffer gas to prolong the absorption signal. Although
this shifted the transition line center, pressure was not changed during the experiment and
this line center remained a fixed reference. The test cell was filled to various pressures of
noble gases and a test cell and reference cell data set were collected simultaneously.

Table 4-3 details the data acquisition matrix of the entire strontium experiment.
The first column indicates the noble gas used to perturb the transition. The second
column gives the temperature at which the tube furnace was set for that noble gas. The
third column gives the pressure to which the reference cell was backfilled and held. The
subsequent columns give the discreet pressures to which the test cell was filled for that
data point.

The number of data points taken ranged between four and eight depending on the

signal intensity and how long it lasted. The range of pressures varied widely depending
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Table 4-3. Atomic strontium data acquisition matrix. This table gives the noble gas
pressures and oven (tube furnace) temperatures at which the atomic strontium transitions
were observed in the test and reference cells.

Oven | Ref Test
Temp | Cell Cell
(C) | (Torr) (Torr)

55° 'Sy — 5s5p °P; (14504.351 cm™)

He | 455 0 0 1249.81499.6 | 748.7 | 1003.3 - - -
Ne | 455 0 0 |100.3]199.9(299.9 | 400.2 - - -
Ar | 475 0 0 1200.4 |401.9]600.4 | 800.4 - - -
Kr | 455 0 0 75.0 | 150.3 | 224.9 | 300.3 - - -
Xe | 455 0 0 75.1 | 150.1 | 225.1 | 300.1 - - -

585p “Py — 5s6s °S; (14721.275 cm™
He | 1200 | 203 [19.5] 74.4[100.5]139.2] 181.7 [219.9] - -
Ne | 1200 | 30.5 [30.1] 60.1] 90.2 [ 119.9| 150.1 | 199.8 | 249.8 | 300.1
Ar | 1200 | 209 [203] 40.1| 66.5] 80.0 | 100.5 | 119.9 | 140.0 | 180.0
Kr| 1200 | 334 [302] 59.7| 86.7 | 121.1| 1475 [ 1799 - -
Xe | 1200 | 29.9 [29.9] 59.8| 89.8 [ 120.1 | 150.2 | 180.0 | 209.8 | 239.8
585p °P; — 5s6s°S; (14534.444 cm™
He | 1200 | 23.6 [22.1] 61.1]103.3]1408] 1782 | -
Ne | 1200 | 35.6 [32.5] 63.9] 93.0 [ 1224 1519 [179.7| - -
Ar| 1200 | 305 [23.1] 68.8|1249]160.6| - -
Kr| 1200 | 29.5 [29.0 | 64.8|109.6 | 152.0| 201.7 [260.7 | - -
Xe| 1200 | 339 [28.7] 64.7] 833 |1042] - - - -
585p °P, — 5s6s °S; (14140.232 cm™
He | 1200 | 20.5 [20.5] 52.1]100.0]150.1] 200.7 | - - -
Ne | 1200 | 39.9 [29.0| 70.9]101.7 [ 160.8 | 214.3 | 252.6 | 304.9 | 454.4
Ar| 1200 | 323 [279] 64.6|103.4]150.0] 2105 [ 2533 ] - -
Kr| 1200 | 34.5 [33.8] 71.2| 93.2]120.2] 150.6 | 180.3 | 213.0 | 243.6
Xe | 1200 | 38.7 [373 | 61.0]101.4 1532 203.7 [ 250.9 [ 303.4 | 353.1

on how much the signal strength was suppressed with the addition of noble gas. For the
587 'Sy — 5s5p °P; transition, over 1000 Torr of helium was added yet the signal strength
remained high enough to record a viable profile. In contrast, for the 5s5p *P; — 5565 °S;

transition, only about 100 Torr of xenon was added before the signal became unusable.
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An example of raw experimental data is given in Figure 4-2. It shows the
reference cell signal, test cell signal, and laser power for the atomic strontium 5s5p *Py —
5s6s S transition at 14721.275 cm™ perturbed by argon. The reference cell was kept at
20.9 Torr and the test cell was at 140.0 Torr. The signal strength from the three detectors
was read into the computer in discreet increments ranging from 0 to 4095. The
absorption dips are visible, but obscured somewhat by the discontinuity at about
14721.41 cm™. This discontinuity was caused by the fact that the ring laser scans in 0.33
cm” (10 GHz) increments and concatenates subsequent scans to cover the desired range.
The power output of the ring laser was often variable across the 0.33 cm™ scan length and
from scan to scan causing a distortion in the absorption signal. This distortion, however,
is normalized out by Equation 4-4.

4.1.4 Atomic Strontium Data Reduction All data taken as described in the
previous section was reduced according to Equation 4-4. That is, the test and reference
cell absorbances were computed to be the natural logarithm of the ratio of the laser power
to the cell signal strength. The data in Figure 4-2 is reduced in this manner and presented
in Figure 4-3. These lineshape functions were then smoothed out using a Fourier filter.

It was found that the application of the Fourier filter reduced the noise in the absorbance
without removing or altering fundamental information extracted from these curves.

The reference cell line profiles were fit to the Voigt lineshape function given by
Equation 2-69 using the nonlinear least squares fitting algorithm offered in a program
called PeakFit v4.0 (Jandel) [29]. Each fit provided the following parameters: signal
strength, line center, Gaussian linewidth, and Lorentzian linewidth along with statistical

estimates of their uncertainties. Also, each parameter was allowed to float during the fit.
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Figure 4-2. Raw data of the atomic strontium 5s5p 3 Py — 5s6s 3 S transition at
14721.275 cm™ perturbed by argon. The reference cell was backfilled with 20.9 Torr of
argon to stabilize the signal while the test cell contained 140.0 Torr of argon.

Three of these four parameters were used for specific purposes. The line center was used
as a fixed reference point by which to gauge the line center shift in the test cell. The
Gaussian linewidth in the reference cell was used to determine temperature. The purpose
of this was to fix the Gaussian linewidth when the test cell data was fit. And finally,
since the pressure in the reference cell was fixed, the standard deviation in the Lorentzian
linewidths measured in the reference cell was used to establish the relative uncertainty in
the Lorentzian linewidth of the reference cell [3]. This relative uncertainty was then

applied to the Lorentzian linewidths measured in the test cell.
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Figure 4-3. Absorbances of the atomic strontium 5s5p 3 Py — 5s6s 3 S, transition at
14721.275 cm™ perturbed by argon before and after Fourier filtering. The filtering
algorithm reduced the noise in the data without removing fundamental information about

the lineshape.

In order to use the temperatures determined from the Gaussian linewidths in the

reference cell and apply them to the fits in the test cell, the temperatures were assumed to

be the same in both. This assumption was verified by first fitting both the reference and

test cell atomic strontium line profiles to Voigt lineshape functions allowing all

parameters to float. The temperatures determined from the Gaussian linewidths using

Equation 2-58 were then compared between the two. The atomic strontium 5s* 'Sy —

5s5p P transition perturbed by argon represents a typical case. All five spectral line
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profiles from both the reference and test cells were fit to Voigt lineshape functions
allowing all parameters to float. In the reference cell, the temperature was determined to
be 616(72) K, while in the test cell it was determined to be 690(256) K. In both cases,
the uncertainty in the temperature was determined from the standard deviation of the
Gaussian linewidths [3]. These two values lie within the uncertainty estimates of each
other. In another typical case, the atomic strontium 5s5p 3Po — 5s6s 381 transition
perturbed by krypton gave a reference cell temperature of 1008(97) K and a test cell
temperature of 1062(74) K with the uncertainty determined as before. Again, these two
values lie within the uncertainty estimates of each other. Therefore, the assumption that
the reference and test cell temperatures are the same was verified.

The temperature inside the reference and test cells was determined by Equation 2-
58 from the average Gaussian linewidth of all peaks fit from the reference cell during a
single run of the experiment. Figure 4-4 shows a comparison of the temperature derived
this way with the thermocouple readings of the tube furnace. The abscissa is simply run
number and has no physical significance. The temperatures from the ground state to
triplet state experiment are the five data points at the left when the tube furnace
temperature was much lower. The remaining 15 data points at the right are temperatures
from the triplet-to-triplet state runs when the tube furnace was set to its maximum
temperature. As before, the uncertainty in the temperature was determined from the
standard deviation of the Gaussian widths while the thermocouple readings were assumed
to be exact. In most cases the thermocouple temperature was within the experimental
uncertainty of the temperature determined from the Gaussian linewidths of the reference

cell peaks. This gave further confidence that the temperature derived from the average
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Gaussian linewidths in the reference cell furnished a reasonable Gaussian linewidth to be

used in analyzing the test cell data.
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Figure 4-4. Comparison of the tube furnace temperatures as determined from the
Gaussian linewidths of the reference cell with the temperatures registered by the tube
furnace thermocouple. The thermocouple temperatures fall within the Gaussian width
temperature uncertainty most of the time.

Test cell line profiles were fit to the Voigt lineshape function and all parameters
except the Gaussian linewidth were allowed to float freely. The Gaussian linewidths
were fixed to the temperatures derived from the reference cell data as described above.
This meant that a different linewidth, each corresponding to the temperatures shown in
Figure 4-4, was computed for each noble gas. Continuing with the example featured in
Figures 4-2 and 4-3, Figure 4-5 shows the reference and test cell line profiles fit in this
manner with the residuals of the fit displayed beneath each. The residuals appear random

which gives confidence that the Voigt lineshape function is a good model of the observed
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line profile. Although the reference cell signal was weak in this example, it provided a

sufficient reference from which to measure the test cell line center shift.
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Figure 4-5. Line profiles of the atomic strontium 5s5p *Py — 5s6s S, transition at
14721.275 cm™ perturbed by argon and fit to Voigt lineshape functions. Residuals of the
fit are displayed beneath each profile. The test cell data and residuals are displaced
upward and the reference cell residuals downward for clarity.

The unbroadened atomic strontium 5s° 180 — 5s5p 3 P, transition exhibited
features due to the hyperfine structure of ®’Sr as predicted in Chapter II. That is, the
asymmetry in the line wings of this transition depicted in Figure 2-14 was noticeable in
the experimental data with no perturbing species present. However, these features
merged into a single line profile with the addition of buffer gas to the absorption cell.

To determine if this asymmetry had a significant impact on the Lorentzian
linewidth and line center, the unperturbed line profiles were fit to three Voigts to account

for the hyperfine structure of *’Sr. All parameters were allowed to float with the
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restriction that the three Gaussian linewidths be equal and the three Lorentzian linewidths
be equal. The results of this fit overlaid with the experimental data are presented in
Figure 4-6 and give a Lorentzian linewidth of 0.00552(0.00043) cm™ and line center of
14504.35130(0.00005) cm™. Next, the same profile was fit to a single Voigt lineshape
function again allowing all parameters to float. The results of this fit overlaid with the
experimental data are presented in Figure 4-7 and give a Lorentzian linewidth of
0.00568(0.00042) cm™ and a line center of 14504.35140(0.00004) cm™. The
uncertainties associated with these values are the statistical uncertainties of the nonlinear
fit. Therefore, the two results are not statistically different from each other. Thus the
asymmetry in the line profile of the atomic strontium 5s* 'Sy — 5s5p *P; transition due to
hyperfine structure had no significant impact on the Lorentzian linewidth or line center.
It was therefore possible to fit all atomic strontium 5s> 'Sy — 5s5p P, transition profiles
to a single Voigt yielding an accurate Lorentzian linewidth and line center.

According to the theoretical line profile presented in Figure 2-15, the atomic
strontium 5s5p *P; — 5s6s °S; transition should exhibit a significant asymmetry in the
left wing due to the isotope shift of **Sr. However, Figure 4-8, which shows the
experimental data for this transition perturbed by 22.1 Torr of helium, fails to corroborate
this feature. That is, the isotope shift of **Sr reported by Barsanti ez al. [2] was not
observed in this research. Therefore, a single Voigt profile was used to fit the line
profiles of this transition.

All line profiles were analyzed by fitting a single Voigt lineshape function to the
absorbance profiles. As an example, Figure 4-9 shows a plot of the Lorentzian linewidth

and line center shift as a function of test cell pressure for the 5s5p 3Po —> 5s6s° St
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Figure 4-6. Unperturbed line profile of the atomic strontium 5s* 'Sy — 5s5p °P;
transition at 14504.351 cm’ fit to three Voigt lineshape functions. This was to account
for the asymmetry in the wings due to hyperfine structure. The Gaussian linewidths were
set to be equal as were the Lorentzian linewidths.

22 —————
20|
1.8}
16
14}
12}
10}
08|
0.6
04|
02}
0.0 [

202 I . 1 . 1 . 1 . 1 . 1 .
14504.20 14504.25 14504.30 14504.35 14504.40 14504.45 14504.50

Energy (cm'l)

Absorbance (unitless)

Figure 4-7. Unperturbed line profile of the atomic strontium 5s* 'Sy — 5s5p *P;
transition at 14504.351 cm’ fit to a single Voigt lineshape function. The Lorentzian
linewidth determined from this fit are not significantly different than the Lorentzian

linewidths of Figure 4-6.
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Figure 4-8. Line profile of the atomic strontium 5s5p *P; — 5s6s *S transition at
14534.444 cm™ perturbed by 22.1 Torr of helium. The large asymmetry in the left wing
due to *°Sr reported by Barsanti ef al. [2] is not observed in this research.

transition perturbed by argon. As stated previously, the uncertainty in the Lorentzian
linewidth was assumed to be the standard deviation of the Lorentzian linewidths observed
in the reference cell. The uncertainty in the line center shift is the square root of the sum
of the squares of the statistical uncertainties in the fits giving the reference cell line center
and the test cell line center. It is clear that both the Lorentzian linewidth and the line
center shift are linear in pressure as predicted by theory and a least-squares fit to a
straight line is included in the figure. This linear fit gives the line broadening rate and
line shifting rate, which was the objective of the experiment. The line center shift is
defined as the test cell line center minus the reference cell line center. Thus a positive
shifting rate indicates the line center is shifting to higher energy (blue) with increasing
pressure and a negative shifting rate indicates the line center is shifting to lower energy

(red).
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Figure 4-9. Lorentzian linewidths (FWHM) and line center shifts of the atomic strontium
585p *Py — 5s6s °S; transition at 14721.275 cm™ perturbed by argon as functions of
pressure. Linear fits are superimposed.

4.1.5 Atomic Strontium Experimental Results Line broadening and shifting
rates of the atomic strontium 5s> 1So — 5s5p 3P1 and 5s5p 3P0,1,2 — 381 transitions
perturbed by helium, neon, argon, krypton, and xenon were measured as described in the
previous two sections. The results are summarized in Table 4-4. These results are also
duplicated in Appendix C, which gives a comprehensive account of all data reported in
this dissertation. The uncertainties in these measurements are the uncertainties in the
slope parameter of the least-squares fit to a straight line.

4.1.6 Systematic Errors in the Atomic Strontium Experiment Up to this
point, the only discussion of uncertainty has been in regards to the random errors
associated with measuring physical quantities. Indeed, the uncertainty in the test cell
Lorentzian linewidths of all transitions measured in the atomic strontium experiment was

derived from the standard deviation of the Lorentzian linewidths observed in the
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Table 4-4. Line broadening and shifting rates for all atomic strontium transitions and

noble gases studied in this research

Broadening Rate | Shifting Rate
(10" cm™/Torr) | (10° cm™/Torr)
55 'Sy — 5s5p °P; (14504.351 cm™)

He | 2.53(0.11) 4.09(0.21)
Ne | 1.733(0.085) | -2.12(0.14)
Ar | 1.636(0.024) | -4.84(0.13)
Kr| 2.06(0.10) -5.09(0.16)
Xe | 2.29(0.15) -5.035(0.097)
585p “Py — 5s6s °S; (14721.275 cm™)
He | 3.94(0.50) 6.41(0.65)
Ne | 1.56(0.30) -2.49(0.23)
Ar | 3.70(0.36) -12.0(1.0)
Kr| 3.48(0.46) -10.39(0.39)
Xe| 3.65(0.11) -12.334(0.085)
585p °P; — 5s6s°S; (14534.444 cm™)
He| 4.86(0.28) 5.63(0.54)
Ne| 1.63(0.23) -1.45(0.29)
Ar | 3.44(0.50) -11.135(0.082)
Kr| 3.17(0.32) -9.69(0.64)
Xe | 3.90(0.88) -9.7(1.4)
585p °P, — 5865 °S; (14140.232 cm™)
He | 3.64(0.48) 6.88(0.41)
Ne| 1.57(0.12) -1.51(0.10)
Ar | 3.13(0.23) -13.17(0.45)
Kr| 3.46(0.23) -9.33(0.32)
Xe | 3.70(0.15) -12.12(0.38)

reference cell. Since conditions in the reference cell did not change, any deviation in the
Lorentzian linewidth was due to random error. This section, however, explores the
impact of systematic error on the results presented above.

It is argued that three possible sources of systematic error to the line broadening
and shifting rates presented in Table 4-4 did not significantly contribute to the
uncertainties reported there. This is mainly because line broadening and shifting rates are

ratios of changes in quantities and even if the quantities themselves are inaccurate,
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changes should not be. The three possible sources of systematic error considered here
include errors in the Gaussian linewidth (or temperature), pressure, and energy
calibration. Each is considered separately.

As stated above, the Gaussian linewidths of the Voigt line profiles fit to the test
cell data were locked during the fitting process to the average value of the Gaussian
linewidths measured in the reference cell. The impact of an inaccurate determination of
this linewidth on the Lorentzian linewidth was determined through a sensitivity analysis.
That is, for a given set of data, the Gaussian linewidth was varied and the data refit to
determine its impact on the Lorentzian linewidth. It was found that although changes in
the Gaussian linewidth had an impact on the Lorentzian linewidth (raising the Gaussian
linewidth lowered the Lorentzian linewidth and vice versa), there was no significant
change to the overall line broadening or shifting rate. In quantitative terms, changing the
Gaussian linewidth by 6% had less than a 0.5% impact on the line broadening rate. This
is well within the experimental uncertainty previously established for line broadening rate
measurements in this research. Also, changing the Gaussian linewidth by 6% had no
impact on the line shifting rate. Therefore, systematic errors in the Gaussian linewidth
did not contribute significantly to the uncertainty in the atomic strontium line broadening
and shifting rates.

The next possible source of systematic error in the line broadening and shifting
rates is the measurement of buffer gas pressure. As stated above, buffer gas pressures
were measured outside the test and reference cells. Because atomic strontium was
observed to have plated out on the interior walls of the absorption cells immediately

outside the tube furnace, the capacitance manometers only registered buffer gas pressure.
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Any systematic error in this pressure reading would have no impact on the line
broadening and shifting rates because these rates only depend on the change in and not
the absolute magnitude of the pressure. Therefore, systematic errors in pressure did not
contribute to the uncertainty in the atomic strontium line broadening and shifting rates.
The last possible source of systematic error was the energy calibration of the line
profiles. The ring laser and its associated control computer were first calibrated to known
frequency standards ensuring the atomic strontium transitions were unambiguously
identified. Further refinement in the calibration was unnecessary because both the
Lorentzian linewidth and the line center shift are changes in energy and not absolute
values. Therefore, even if the measured line center did not exactly agree with the
currently accepted values for those transitions, the linewidths and shifts were still
accurately measured as long as the ring laser changed energy linearly over the transition
profile. That is, the absolute values of the energies reported by the ring laser control
computer were much less important than linearity of the scan. Since the ring laser was
designed to precisely scan ranges of hundreds of wavenumbers, it was believed to be
linear over the one wavenumber scan length of this experiment. Therefore, systematic
errors in energy calibration did not contribute significantly to the uncertainty in the

atomic strontium line broadening and shifting rates.

4.2 Analysis of Atomic Strontium Line Broadening and Shifting Rates
The atomic strontium line broadening and shifting rate measurements described in
the previous section are analyzed in this section. It is divided into two parts. The first

part converts the line broadening and shifting rates to cross section and compares these
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results with those of previous researchers. The second part uses the line broadening and
shifting rates to derive the difference potential between the energy states connected by
each transition perturbed by the noble gas. These results are then compared to those of
previous work.

4.2.1 Atomic Strontium Line Broadening and Shifting Cross Sections In this
section, the conversion from line broadening and shifting rate to cross section is derived
and applied to the data in Table 4-4. These cross sections are then compared to results
published by previous authors. First, however, the proper conversion must be
determined. According to the theory of Chapter II, there are two ways to convert
broadening rate to cross section depending on the type of interaction which occurs
between the species of interest and the perturbing species. If elastic collisions dominate,
Equation 2-79 is used. If inelastic collisions dominate, Equation 2-104 is used. This
distinction is important because these equations differ by a factor of two.

In order to determine which type of collision dominates the interaction of atomic
strontium with noble gases, it is first assumed to be inelastic collisions and several line
broadening rates in Table 4-4 are converted to sum total quenching rate constants by
Equation 2-108. These numbers are then compared to collisional mixing rate constants

by helium, neon, and argon in the atomic strontium 5s5p 3P0,1,2 multiplet published in

Ao, )

1988 by Kelly et al. [31]. The conversion of line broadening rate =5+ to sum total

quenching rate constant k7 is
k= 27rkBTcM (4-9)
AP

This will be formally derived in Chapter V and is given here without proof.
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Equation 4-9 is applied to the helium, neon, and argon line broadening rates of the
5s5p 3P1 — 5s6s 381 transition given in Table 4-4 and compared to the mixing rate
constants of Kelly ef al. [31] in Table 4-5. The mixing rate constants are very small
compared to the line broadening rates indicating that inelastic collisions do not
significantly contribute to line broadening. Therefore, elastic collisions must dominate
line broadening in atomic strontium and Equation 2-79 is used to convert line broadening
rate to cross section. Similarly, Equation 2-80 is used to convert line shifting rate to cross

section.

Table 4-5. Comparison of the atomic strontium 5s5p “P; — 5s6s °S; line broadening sum
total quenching rate constant for helium, neon, and argon of this research with the
collisional mixing rate constants of the 5s5p 3P0,1,2 multiplet published by Kelly et al.
[31]. The mixing rate constants are very small compared to the sum total quenching rate
constants justifying the neglect of inelastic collisions.

Line Broadening Sum Total | Mixing Rate Constant | Mixing Rate Constant
Quenching Rate Constant J"'=1->J'=0 J'=1>J'=2
(107 cm’/s) (107" cm’/s) (107" cm’/s)
He 140(8) 0.042(0.001) 0.056(0.001)
Ne 46.8(6.6) 0.000056(0.000005) | 0.000252(0.000010)
Ar 99(14) 0.000038(0.000007) | 0.000123(0.000006)

With the proper conversion to cross section established, Equations 2-79 and 2-80

are rewritten in terms of pressure, temperature, and wavenumber. This conversion

requires three steps. The first is to write the average relative velocity between the species

of interest and the perturbing species in terms of temperature. The second is to convert

number density to pressure. And the third is to convert angular frequency to

wavenumber.
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To start, the relationships between line broadening and shifting rate and cross

section given by Equations 2-79 and 2-80 respectively are reproduced below.

N = 2<v>0, (4-10)
% =(v)o, (4-11)

The average relative velocity between the species of interest and the perturbing species is
given by Equation 4-8. Number density N can be related to pressure P assuming the
Ideal Gas Law holds true. Thus

AP
k,T

AN = (4-12)

And finally, changes in angular frequency are related to changes in wavenumber as
follows:

ASw, )= 2mcA(5x,) (4-13)

AAw) = 27cA(Ax) (4-14)

Inserting Equations 4-8, 4-12, 4-13, and 4-14 into Equations 4-10 and 4-11 and solving

7 ik, T A(S
G,: T ,Ll B c (xL) (4_15)
8 AP

for cross section gives

and
3 T 2
o = 2| HksTC A(Ax) (4-16)
8 AP
Equation 4-15 converts the Lorentzian line broadening rate % into a cross section o,

and Equation 4-16 converts the line shifting rate % into a cross section o;. The
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subscripts 7 and 7 refer to the real and imaginary parts of the cross section introduced
during the development of the Lorentzian lineshape function from elastic collisions.
The line broadening and shifting rates of the atomic strontium 5s° 'Sy — 5s5p P,
transition perturbed by helium, neon, argon, krypton, and xenon are converted to cross
section by Equations 4-15 and 4-16 and presented in Table 4-6. Also, gas kinetic cross
sections are computed from the atomic radius of strontium given in the previous section
and the atomic radii of the noble gases given by Hirschfelder ef al. [26] Both the noble
gas atomic radii and gas kinetic cross sections are also displayed in Table 4-6. The gas
kinetic cross sections are found to be an order of magnitude smaller than the line
broadening and shifting cross sections. This is expected because the gas kinetic cross
sections represent a hard-shell type of collision. The line broadening and shifting cross
sections, however, result from the elastic collision associated with the noble gas atom

passing near the strontium atom, but not necessarily as close as in the hard-shell case.

Table 4-6. Line broadening and shifting cross sections of the atomic strontium 5s* 'Sy —
5s5p P, transition at 14504.351 cm™ perturbed by helium, neon, argon, krypton, and
xenon compared to gas kinetic cross sections. The broadening and shifting cross sections
are computed from the line broadening and shifting rates presented in Table 4-4 using
Equations 4-15 and 4-16. Gas kinetic cross sections are computed from the strontium
atomic radius given by Brown ef al. [4] and the atomic radii of noble gases given by
Hirschfelder et al. [26].

Broadening Cross | Shifting Cross Atomic Gas Kinetic
Section Section Radius [26] | Cross Section

(10" cm?) (10" cm?) (A) (107" cm?)
He 0.894(0.040) 0.290(0.015) 1.288 3.71
Ne 1.269(0.062) -0.310(0.021) 1.412 3.99
Ar 1.571(0.023) -0.929(0.026) 1.721 4.71
Kr 2.43(0.12) -1.206(0.037) 1.81 4.91
Xe 3.01(0.20) -1.320(0.025) 2.028 5.48
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Similarly, the line broadening and line shifting rates of the atomic strontium 5s5p
3 Po.12 — 5s6s 38, transitions perturbed by the same collection of noble gases are
converted to cross section by Equations 4-15 and 4-16 and presented in Figure 4-10. This
figure plots the cross sections as a function of the total angular momentum quantum
number J" of the initial state. Additionally, all line broadening and shifting cross

sections reported here are listed in table form in Appendix C.

Broadening Cross Section | Shifting Cross Section
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Figure 4-10. Line broadening and shifting cross sections of the atomic strontium 5s5p
3P0,1,2 — 5s6s 381 transitions around 14534 cm™ perturbed by helium, neon, argon,
krypton, and xenon as a function of the total angular momentum quantum number J" of
the initial state. These cross sections are computed from the line broadening and shifting
rates presented in Table 4-4 using Equations 4-15 and 4-16.

Next, prior relevant research outlined in Chapter I1I is compared to the results
given above to gain confidence in this analysis. The atomic strontium 5s* 'Sy — 5s5p P,

cross sections are discussed first followed by the 5s5p 3P0,1,2 —> 5s6s° S| cross sections.
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According to Chapter III, only one researcher has previously studied broadening
of the atomic strontium 5s> 180 — 5s5p 3 P, transition by noble gases. Several authors
have investigated line broadening in the analogous atomic calcium 4s” 'Sy — 4s4p °P,
transition, and one has studied the atomic barium 65> 1So — 6s6p 3P1 transition. The
results of this research are presented with this earlier work in Table 4-7 for comparison.
Although no one has previously published line shifting results for the atomic strontium
587 'Sy — 5s5p °P; transition, some research has been accomplished on the analogous
transitions of calcium and barium. Again, the results of this research are given with this
earlier work in Table 4-8 for comparison. The closeness of the current results to previous

work confirms the credibility of this research, at least for this transition.

Table 4-7. Comparison of the atomic strontium 552 180 — 5s5p 3 P, line broadening cross
sections of this work with analogous transitions of previous research. The asterisk
indicates theoretical work. The current research is shaded in gray.

He Ne Ar Kr Xe
Broadening | Broadening | Broadening | Broadening | Broadening
Cross Cross Cross Cross Cross
Section Section Section Section Section
10" em?) | (10Mem?) | (10 em?) | (10 em?) | (10" ecm?)
[37]* | 0.551 0.937 - - -
1| [43] | 1.00(0.05) 1.45(0.11) 3.12(0.16) - -
[6] - 0.77(0.06) 1.27(0.21) - -
) [6] - 0.98(0.12) 1.52(0.18) - -
0.894(0.040) | 1.269(0.062) | 1.571(0.023) | 2.43(0.12) | 3.01(0.20)
3| [11] | 1.03(0.09) - 1.53(0.14) - -
"Ca 4s* 'Sy — 4s4p °P; (15210.067 cm™)
2 Sr 552 'Sy > 5s5p P, (14504.351 cm™)
3 Ba 6s® 'Sy — 6s6p °P; (12636.616 cm™)
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Table 4-8. Comparison of the atomic strontium 552 180 — 5s5p 3P1 line shifting cross
sections of this work with analogous transitions of previous research. The asterisk
indicates theoretical work. The current research is shaded in gray.

He Ne Ar Kr Xe
Shifting Shifting Shifting Shifting Shifting
Cross Cross Cross Cross Cross
Section Section Section Section Section
(10" cm?) (10" cm?) (10" cm?) (10" cm?) (10" cm?)
1|[37]*]0.24 0.52 - - -
2 0.290(0.015) | -0.310(0.021) | -0.929(0.026) | -1.206(0.037) | -1.320(0.025)
3| [11] | 0.17(0.08) - -0.98(0.21) - -

"Ca 4s® 'Sy — 4s4p °P; (15210.067 cm™)

2Sr 55 'Sy — 5s5p °P; (14504.351 cm™)

3 Ba 65 'Sy — 6s6p "P; (12636.616 cm™)

Although no previous work has been accomplished on the broadening or shifting
of the atomic strontium 5s5p 3P0,1,2 — 5s6s 381 transitions, the analogous transition has
been examined in atomic calcium. The line broadening and shifting results of this
research are compared to the experimental line broadening and shifting work performed
on atomic calcium by O’Neill and Smith [39] in Figures 4-11 and 4-12 respectively. The
line broadening and shifting cross sections appear to agree fairly well for helium and
neon, but not as well for argon. Even so, this agreement is surprisingly good considering
calcium and strontium are different species.

Although the 180 — 1P1 transition was not studied as part of this research, it is
useful to compare the previous research on this transition in calcium, strontium, and
barium to the current results. Table 4-9 compares the atomic strontium 5s5p *Py — 5s6s
3 S; line broadening cross sections of this research with the atomic calcium, strontium,
and barium 'Sy — 'P; line broadening cross sections reviewed in the previous chapter.

This atomic transition is chosen because it has the same change in total angular
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Figure 4-11. Comparison of the atomic strontium 5s5p 3P0,1,2 — 5s6s 381 line broadening
cross sections of this work with the atomic calcium 4s4p 3 Po.12 — 4s5s 3 S| line
broadening cross sections reported by O’Neill and Smith [39] for perturbing species
helium, neon, and argon. Cross sections are plotted as a function of the total angular
momentum quantum number J" of the initial state.
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Figure 4-12. Comparison of the atomic strontium 5s5p 3P0,1,2 — 5s6s °S; line shifting
cross sections of this work with the atomic calcium 4s4p 3 Po.12 — 4s5s 3 S; line shifting
cross sections reported by O’Neill and Smith [39] for perturbing species helium, neon,
and argon. Cross sections are plotted as a function of the total angular momentum
quantum number J" of the initial state.

4-36



momentum as the 1So - 1P1 transitions. Likewise, Table 4-10 compares the atomic
strontium 5s5p 3P0 —> 5s6s° S; line shifting cross sections of this research with those of
the atomic calcium, strontium, and barium 1So - 1P1 line shifting cross sections reviewed

previously.

Table 4-9. Comparison of the atomic strontium 5s5p “Py — 5s6s °S; line broadening
cross sections of this work with atomic calcium, strontium, and barium 'Sy — 'P; line
broadening cross sections of previous research. The asterisk indicates theoretical work.
The current research is shaded in gray.

He Ne Ar Kr Xe
Broadening | Broadening | Broadening | Broadening | Broadening
Cross Cross Cross Cross Cross
Section Section Section Section Section
(10" em?) | (10 em?) | (10 em?) | (10" em?) | (107" cm?)
[5] 1.0 - 2.5 - -
[46] | 1.14(0.03) 1.2(0.05) 3.95(0.43) | 3.60(0.30) | 4.29(0.40)
1 [37]* | 1.14 1.1 - - -
[18] | 1.96(0.29) - - - -
[8]* | 0.92 1.53 - - -
[21] | 1.03(0.01) 1.20(0.04) 2.74(0.05) | 3.32(0.07) | 4.12(0.07)
[12] | 0.627(0.014) - 1.69(0.04) - -
) [57]1 | 0.96 - 3.0 - 5.4
[20] | 1.17(0.10) 1.35(0.15) - - -
[8]* | 0.98 1.65 - - -
[8]* | 0.99 1.66 - - -
31 [34] | 2.4(0.2) - 7.0(0.7) - -
[11] | 0.93(0.29) - 2.4(0.6) - -
4 1.98(0.25) 1.63(0.32) 4.99(0.48) | 5.86(0.78) | 6.80(0.20)
"Ca 4s” 'Sy — 4s4p 'P; (23652.324 cm™)
2'Sr 557 'Sy — 5s5p 'P; (21698.482 cm™)
> Ba 65> 'Sy — 6s6p 'P; (18060.264 cm™)
* Sr 5s5p *Py — 5s6s°S; (14721.275 cm™)

The line broadening cross sections of this research are slightly larger than those

reported previously, but this is understandable considering the fact that the transitions
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Table 4-10. Comparison of the atomic strontium 5s5p 3 Py — 5s6s 3 S, line shifting cross

sections of this work with atomic calcium, strontium, and barium 180 — 1P1 line shifting

cross sections of previous research. The asterisk indicates theoretical work. The current
research is shaded in gray.

He Ne Ar Kr Xe
Shifting Shifting Shifting Shifting Shifting
Cross Cross Cross Cross Cross
Section Section Section Section Section
(10" cm?) 10" em?) | (10 em?) | (10 em?) | (10" em?)
[5] | -0.060 - -1.7 - -
[46] | -0.073(0.004) | -0.640(0.003) | -1.93(0.01) | -2.08(0.02) | -2.53(0.02)
1 [37]*| 0.13 -0.12 - - -
[18] | -1.39(0.21) - - - -
[8]* | -0.08 -0.74 - - -
[12] 0.00(0.03) - -2.0(0.1) - -
2| [57] 0.1 - -2.5 - -1.3
[8]* | -0.18 -0.73 - - -
31 [8]* | -0.15 -0.57 - - -
4 0.646(0.066) | -0.520(0.047) | -3.24(0.27) | -3.50(0.13) | -4.600(0.032)
"Cads® 'Sy — 4sdp 'P; (23652.324 cm™)
2 Sr 552 'Sy — 5s5p 'P; (21698.482 cm™)
3 Ba 65 'Sy — 6s6p 'P; (18060.264 cm™)
*'Sr 555p *Py — 5s6s °S; (14721.275 cm™)

investigated in this research begin and end in excited states. The work to which this is
being compared examined a transition which begins in the ground state and ends in an
excited state. Since the average distance to the nucleus is greater for the optically active
electrons of excited states, it makes sense that this research should report larger cross
sections.

For the line shifting cross sections, the trend identified above is less clear for
helium and neon, but definite for argon, krypton, and xenon. In fact, in helium, the line

shift is so slight that there is no agreement among researchers whether it is positive or
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negative. Even the theoretical work disagrees on this point. It is also interesting to note
that the neon line shift is approximately the same between these two transitions.

In summary, it is clear that the line broadening and shifting cross sections of the
atomic strontium 5s° 180 — 5s5p 3 P, and 5s5p 3P0,1,2 —> 5568 ° S transitions perturbed by
helium, neon, argon, krypton, and xenon reported in this research are similar to earlier
work.

4.2.2 Atomic Strontium and Noble Gas Difference Potentials In this section,
the algorithm for determining atomic strontium and noble gas difference potentials from
line broadening and shifting rates is described and applied to the data in Table 4-4. The
difference potentials are then compared to results published by previous authors. The
Lennard-Jones (6-12) potential is assumed to accurately model the interaction between
atomic strontium and noble gases. Thus the difference potential is reported as the

constants C; and C,.
Unfortunately, there is no way to analytically determine the C; and C,,

difference potential constants directly from line broadening and shifting rates. Instead,

the following numerical approach is used. According to Equation 2-96, the ratio of the

A(&UL )

line shifting rate % to the line broadening rate —* is
AlAw)
S
Wou) = 4 Bg?)) (4-17)
o a

where S(a) and B(a) are given by Equations 2-93 and 2-92 respectively. These
functions have analytical representations which are given in Appendix B and, knowing

these, o can be determined numerically. With this, the difference potential constant C,
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can be found through either Equation 2-94 or 2-95. Rewriting these equations in terms of

wavenumber and pressure, replacing the average relative velocity <v> with Equation 4-8,

and solving for C, gives

A o e

and

72-4

A

C,, 1s then found by substituting these expressions for C, into Equation 2-88 giving

(Y D ot by (e A@)Y
e 7 (z?j(@j(“h” fer) (B(a) AP J 20

and

11

C, =ﬂ3(24J(ahﬂ3 )(kBT)‘f( . Mj (4-21)

63 S(x) AP

Thus the difference potential constants C, and C,, can be found two ways using

experimental measurements of the line broadening rate, the line shifting rate, and the
temperature.

As mentioned in Chapter II, a special case arises when the ratio of the line shifting
rate to the line broadening rate is greater than approximately 0.146813. In this case, the

difference potential is completely repulsive and C, =0. C,, is determined analytically

by solving Equations 2-101 and 2-102 giving
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and

1

Cp :{”z J{r(“ r(6). i )J(h,u?‘ XkBT)f(C%fX))Z (4-23)

2 7)1“% (i)sm (=

11

Again, the difference potential constant C,, can be found two ways using experimental
measurements of either the line broadening rate or the line shifting rate and the
temperature.

The methodology described above is applied to the atomic strontium line
broadening and shifting rates of Table 4-4. Figure 4-13 gives a graphical comparison of

the line shifting to broadening rate ratios to the function ﬂ‘f} . From this comparison, the

corresponding values of a for which the curves cross is computed. In several cases, the
helium ratio is found to be greater than approximately 0.146813 and above the range of
this function. It is treated according to the special case described earlier. In several other
instances, the ratio of the line shifting to broadening rates crosses the curve more than
once leading to multiple values of . These cases are sequentially numbered.

With the values for a determined, it is possible to proceed with the determination

of the difference potential constants C, and C,,. As mentioned previously, Equations 4-
18 through 4-21 give two possible routes for determining C, and C,,. Both routes,
however, lead to the same result. The uncertainty in C, and C,, is determined from the

uncertainty in «. For the special case where the ratio of the line shifting to broadening

rate is outside the range of the function 4%(% , C}, 1s determined from Equations 4-22 and

4-41



5¢° 180 <> 5s5p JPl 5s5p 3P0 <> 5568 3S1

03 T T T T T T T T T T T T 03 T T T T T T
02} ] 02k ]
»n He @ | He
o . & o1p 1
E ool ] = oof ]
=} =} L
= 01N 1 = 01t i
FNJ,
T 02 Fx A T 02N 1
= e Kr 5 .l 321
= 03 LAr 1 x 03 *If(f v Y Ar]
< < H
= 04l ] < oaf em/\/w ) 1 ]
g, 05} 1 g), 05| 3 .
06} 1 0.6 - .
_07 1 1 1 1 1 1 _07 [ 1 1 1 1 1 1
- 2 -1 0 1 2 3 3 2 -1 0 1 2 3
log, (@) (unitless) log, (@) (unitless)
3 3 3 3
5s5p "P, > 5s6s S, 5s5p P, <> 5s6s °S,
03 ; ; . . . . 03 . . ; ; ; :
- 02r 1 = 02fHe 1
3 ol |-He . 8 o1 .
=
= ool . = ool .
2 -0.1 | Ne . 2 0.1 FN .
—~ . — =U. C
=
I -02f g T 02l 3 2 E
= Xe = Kr \
g 03 [Kr A ;3 03t v/ A
= -04f Wz 1 ] = 04fa [1 1
S st ! {1 S st 2M I |
A A
-0.6 - 20.6 4
207 1 1 1 1 1 1 0.7 1 1 1 1 1 1
3 2 2 3 3 2 2 3

-1 0 1 -1 0 1
log, (@) (unitless) log, (@) (unitless)

Figure 4-13. Ratios of the atomic strontium line shifting rates to line broadening rates

compared to the function ﬂ‘f} for all transitions and noble gases studied in this research.

In the cases where the ratio crosses the function more than once, each crossing is
sequentially numbered for future reference.

4-23. In this case, the two equations do not lead to the same result because two
independent pieces of information are used to determine the same quantity. The two
results and their uncertainties are combined in a weighted average to give the final result.
The temperatures registered by the tube furnace (see Table 4-3) are used for 7 in all
cases.

Figure 4-14 uses the difference potential constants C, and C,, as determined

above to plot the difference potential as a function of internuclear separation. For
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perturbing species where more than one solution exists for «, multiple difference
potentials are computed and plotted. These difference potentials are labeled with
superscripts corresponding to the curve crossings identified in Figure 4-13. One would
expect the difference potential barrier to occur at larger and larger internuclear
separations as the mass of the perturbing species increases. This is indeed the case for
the 5s” 'Sy <> 5s5p P, difference potential depicted in the upper left corner of Figure 4-
14. For the 5s5p 3P0,1,2 <> 5s6s °S, difference potentials, however, this trend can only be
followed if the curve crossings with superscript “1”” are used. The other solutions,
therefore, are disregarded as giving unrealistic difference potentials. Figure 4-15 plots
the difference potentials which remain and Table 4-11 lists these difference potential
constants and their uncertainties.

Next, prior relevant research outlined in Chapter III is compared to the results in
Table 4-11 in order to gain confidence in the analysis presented here. As shown in
Chapter III, there has been no previous difference potential work on either the 'S and °P,
or’ Py12 and 381 energy states in either calcium, strontium, or barium. All previous such
work has been on the 180 and 1P1 states. Nevertheless, a comparison is made between
these difference potential constants and those of the atomic strontium 5 s2 180 and 5s5p 3 Py
and 5s5p “Py and 5s6s °S; states derived from this research. As before, these energy
states are chosen because they have the same difference in total angular momentum as the

'Sy and 'P; energy states. The difference potential constant C, is compared to previous

work in Table 4-12 while C,, is compared in Table 4-13.
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Figure 4-14. Atomic strontium difference potential plots as a function of internuclear
separation for all energy states perturbed by all noble gases studied in this research.
Cases for which multiple difference potentials exist are numbered by superscripts
corresponding to the curve crossings identified in Figure 4-13.

The values for the attractive term C, reported in Table 4-12 do not agree
particularly well with each other and range two orders of magnitude. Similarly, the
values for the repulsive term C,, reported in Table 4-13 also do not agree with each other
and range six orders of magnitude. There could be several reasons for this. Perhaps
unidentified systematic errors in the experiments of the various researchers are leading to
erroneous results. Perhaps the lineshape data is good, but the methods for extracting the

Lorentzian linewidth from it are poor. Certainly this is plausible in the broadband
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Figure 4-15. Atomic strontium difference potential plots as a function of internuclear
separation for all energy states perturbed by all noble gases studied in this research. The
Lennard-Jones (6-12) potential is assumed to be an accurate model of the interaction.

absorption experiments where the true absorption profile must be separated from the
instrument lineshape function. And finally, it could be the Lennard-Jones (6-12)
potential is not an accurate model for the interaction between atomic calcium, strontium,
and barium with noble gases. In any event, the point here is to place the current research
into the context of previous research and the difference potential constants reported here
appear to be within the range of other work. Thus the difference potential results of this

research are deemed credible.
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Table 4-11. Atomic strontium difference potential constants C, and C,, for all energy
states perturbed by all noble gases studied in this research
C6 C12
(10 erg cm®) | (10" erg cm')
557 'Sy <> 585p P,

He| 0 0.186(0.036)

Ne | 0.912(0.032) 1.285(0.018)

Ar | 1.860(0.027) 3.473(0.024)

Kr | 4.04(0.12) 31.276(0.065)

Xe | 5.80(0.20) 89.26(0.48)
585p Py <> 5865 °S;

He| 0 23(11)

Ne | 2.73(0.28) 7.50(0.29)

Ar | 48.9(2.9) 2730(160)

Kr | 56.3(3.8) 5410(220)

Xe | 77.99(0.99) | 10670(160)
585p °P; <> 5865 °S;

He 1.58(0.60) 69.8(4.5)

Ne | 2.36(0.21) 8.52(0.34)

Ar | 40.8(2.8) 1840(120)

Kr | 45.2(2.6) 3250(130)

Xe | 80(11) 16480(530)
5s5p 3P2 <> 5s6s 381

He| O 20.1(7.6)

Ne | 2.231(0.085) 7.19(0.12)

Ar | 35.11(0.70) 900(110)

Kr | 52.9(1.9) 5341(49)

Xe | 79.8(1.8) 11700(260)

While comparing the values of the difference potential constants C, and C,,

directly with other work is useful, it is also valuable to study the appearance of the
difference potentials graphically. Figures 4-16 and 4-17 show side by side comparisons
of the difference potentials of the atomic strontium 55 'Sy and 5s5p P, energy states
studied here with those of the atomic strontium 5s° 180 and 5s5p 1P1 studied elsewhere.

The left hand column is the same in all four cases as the upper left hand plot of Figure
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Table 4-12. Comparison of the atomic strontium difference potential constant C, of the

552 1So <> 5s5p 3P1 and 5s5p 3Po <> 5s6s 381 energy states of this work with that of the
'Sy <> P energy states studied in previous research. The asterisk indicates theoretical
work. The current research is shaded in gray.

He Ne Ar Kr Xe
Cs Cs Cs Cs Cs
(10 erg em®) | (10°® erg em®) | (10°° erg em®) | (107 erg em®) | (10°° erg cm®)
1 0.92 - 9.2 - -
[45]* | 0.26 0.50 1.9 33 -
[12] 1.06(0.15) - 4.3(0.4) - -
) [45]1* | 0.26 0.52 2.2 3.2 -
[57] 0.541 - 10.2 - 44 .4
[20] - - 3.4(1.0) 13(4) 18(5)
3| [45]* | 0.20 0.40 1.7 2.8 -
4 0 0.912(0.032) 1.860(0.027) 4.04(0.12) 5.80(0.20)
5 0 2.73(0.28) 48.9(2.9) 56.3(3.8) 77.99(0.99)

'Cads’ 'Sy <> 4sdp 'P,

*Sr 557 'Sy <> 5s5p 'P;

’ Ba 6s” 'S <> 6s6p 'P;

4 Sr 5¢? 180 < 5s5p 3P1

> Sr 5s5p 3PO <> 5s6s 381

Table 4-13. Comparison of the atomic strontium difference potential constant C,, of the

552 1So <> 5s5p 3P1 and 5s5p 3Po <> 5s6s 381 energy states of this work with that of the
'Sy <> P energy states studied in previous research. The asterisk indicates theoretical
work. The current research is shaded in gray.

He Ne Ar Kr Xe
G, C, C, G, G,
(107" erg em'?) | (10" ergem'?) | (10" erg em'?) | (101" erg em'?) | (101" erg cm'?)
1 [5] 109 - 76 - -
[45]* 0.080 0.062 0.52 1.9 -
[12] 2.5(0.8) - 1.3(0.3) - -
5 [45]* 0.099 0.081 0.75 2.7 -
[57] 0.426 - 86 988 -
[20] - - 0.71(0.50) 5.4(3.0) 8.1(4.0)
3 | [45]* 0.11 0.043 0.42 1.6 -
4 0.186(0.036) | 1.285(0.018) 3.473(0.024) 31.276(0.065) 89.26(0.48)
5 23(11) 7.50(0.29) 2730(160) 5410(220) 10670(160)

'Cads’ 'Sy <> 4sdp 'P,

*Sr 557 'Sy <> 5s5p 'P;

’ Ba 65> 'S <> 6s6p 'P;

*Sr 552 'Sy <> 555p °Py

> Sr 5s5p 3PO <> 5s6s 381
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4-15. The axes, however, are varied to allow a direct comparison to the results of other
researchers given in the right hand column. The same applies to Figures 4-18 and 4-19,
except that in this case it is the atomic strontium 5s5p 3P0 and 5s6s 381 difference
potentials of this work in the left hand column. Again, the plot in the left hand column is
the same in all four cases and is the same as the plot in the upper right hand corner of
Figure 4-15. Also again, the axes are varied to allow direct comparisons to the plots of

other authors in the right hand column.
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Figure 4-16. Comparison of the atomic strontium 5s” 'Sy and 5s5p P, difference
potentials as a function of internuclear separation of this work with those of the atomic
strontium 5s” 'Sy and 5s5p 'P; energy states studied in previous research. This includes

the work of Farr and Hindmarsh [12] and Shabanova [45].
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Figure 4-17. Comparison of the atomic strontium 552 1S, and 5s5p 3P, difference
potentials as a function of internuclear separation of this work with those of the atomic
strontium 5s® 'Sy and 5s5p 'P; energy states studied in previous research. This includes

the work of Wang and Ch’en [57] and Harima et al. [20].

Some observations regarding Figures 4-16 through 4-19 are in order at this point.
The depths of the difference potential wells given by the work of Harima ef al. [20] are
far deeper than those of any other researcher. Perhaps this is because they used the
Unified Franck-Condon method to determine the difference potential while the others
used the method of Hindmarsh and Farr [25]. The results of Wang and Ch’en [57] appear
to coincide with this work as do the helium results of Farr and Hindmarsh [12]. Their

argon well depth and location of the repulsive barrier, however, do not agree with this
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5s5p ‘P, <> 5s6s S, Farr and Hindmarsh 5s° 'S, <> 5s5p 'P, [12]
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Figure 4-18. Comparison of the atomic strontium 5s5p 3P, and 5s6s °S; difference
potentials as a function of internuclear separation of this work with those of the atomic
strontium 5s* 'Sy and 5s5p 'P; energy states studied in previous research. This includes

the work of Farr and Hindmarsh [12] and Shabanova [45].

work. And finally, the theoretical results of Shabanova [45] trend the same as the 5s5p
3 Po.12 <> 5s6s 3 S; results of this research. On the whole, the appearances of the
difference potentials of this work do not appear to lie significantly outside the range of

difference potentials published by other researchers.
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5s5p P, > 5565 'S, Wang and Ch'en 55° 'S, <> 5s5p 'P, [57]
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Figure 4-19. Comparison of the atomic strontium 5s5p 3 Py and 5s6s 3 S; difference
potentials as a function of internuclear separation of this work with those of the atomic
strontium 5s” 'Sy and 5s5p 'P; energy states studied in previous research. This includes

the work of Wang and Ch’en [57] and Harima et al. [20].
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4.3 Discussion of the Atomic Strontium Line Broadening and Shifting Experiment

In this final section, some observations are made and conclusions drawn from the
atomic strontium line broadening and shifting rate analysis presented in the previous
section. It is split into three subsections; one concerning the atomic strontium line
broadening and shifting cross sections presented in Section 4.2.1, another concerning the
atomic strontium difference potentials presented in Section 4.2.2, and a summary and
recommendations for future research.

4.3.1 Discussion of Atomic Strontium Line Broadening and Shifting Cross
Sections The atomic strontium line broadening and line shifting cross sections of the 5s°
'Sy — 5s5p °P; transition presented in Table 4-6 are discussed first. These cross sections
are plotted as functions of the polarizability of the perturbing species in Figure 4-20.
Noble gas polarizabilities are taken from the CRC Handbook of Chemistry and Physics
[35] and listed in Table 4-14. The line broadening cross sections clearly increase with the
polarizability of the perturbing species while the line shifting cross sections become more
negative. This trend is understandable in terms of the perturbing species’ ability to
influence a body absorbing or emitting radiation. Atoms with larger polarizabilities exert
a stronger dispersion force on other atoms thereby yielding larger cross sections.

Perhaps the most interesting feature of Figure 4-20 is the fact that helium shifts
spectral lines to the blue and the other noble gases shift them to the red. This blue shift
caused by helium leads to a positive shifting cross section which, according to the theory
of Hindmarsh and Farr [25], is a necessary, but not sufficient, condition for an entirely
repulsive potential. In order for the entirely repulsive potential case to apply, the ratio of

the line shifting to line broadening rates must be greater than approximately 0.146813. In

4-52



Broadening Cross Section Shifting Cross Section

3.5 T T T T 0.6 T T T T
1 04+ .
—~ m E
NE 30 } - 02 F 4
5 | L i
= 00 ]
o 251 ' 1 -2} -
—
~— r u 1
04 | _
5 ol ] o .
= 0.6 - B
Q L
A . 08 -
1.5F B
[72] u
N E -1.0 E
e r L
O 1ok 1 -12F [] -
[] I [
L -14 |+ -
05 1 1 1 1 _16 I 1 1 1 1
0 1 2 3 4 0 1 2 3 4
-24 3 -24 3
a (107 cm) (107 cm’)

Figure 4-20. Line broadening and shifting cross sections of the atomic strontium 5s° 'Sy
— 5s5p P, transition at 14504.351 cm™ as a function of the polarizability of the
perturbing species helium, neon, argon, krypton, and xenon. The data points are taken
from Table 4-6.

Table 4-14. Polarizability of perturbing species [35]

Perturbing Species | Polarizability
(A
He 0.2049569
Ne 0.3956
Ar 1.6411
Kr 2.4844
Xe 4.044

order for this to be true, the line shift must, at the very least, be positive. The conclusion,
therefore, is that an attractive interaction between atomic strontium in both the 552 180
and 5s5p P, states and helium may be nonexistent. The only way to confirm this is to

compute the ratios of the line shifting to line broadening rates and compare the results to
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0.146813. This is performed in the difference potential analysis and will be discussed in
the next section.

Moving on to the atomic strontium line broadening cross sections of the 5s5p
3 Po.12 — 5s6s 38, transitions presented in Figure 4-10, the same general trends observed
of the atomic strontium 5s* 'Sy — 5s5p °P; transition in the previous paragraph apply
with one glaring exception. The line broadening cross sections do not appear to increase
uniformly with the polarizability of the perturbing species. This trend is shown explicitly
in Figure 4-21, which plots the atomic strontium line broadening cross sections of the
555p *Po.12 — 5s6s °S; transitions as a function of the polarizability of the perturbing
species. The cross sections fall going from helium to neon and then rise again through
argon, krypton, and xenon. This counterintuitive trend is observed across all three
transitions. For comparison, the atomic calcium line broadening cross sections of the
4s4p 3 Po.12 — 4s5s 3 S, transitions measured by O’Neill and Smith [39] are presented as a
function of the polarizability of the perturbing species in Figure 4-22. Interestingly, this
trend is observed in the atomic calcium line broadening cross sections as well.

The non-uniform trends depicted in Figures 4-21 and 4-22 have no immediate or
obvious explanation. One consideration is the fact that helium shifts the atomic strontium
spectral lines observed here to the blue while the other noble gases shift them to the red.
Although this is true for the atomic strontium 5s5p 3P0,1,2 — 5s6s 381 transitions, it is also
true for the 5s° 180 — 5s5p 3 P, transition where the cross sections trend intuitively. The
conclusion, therefore, is that line broadening cross sections are not directly correlated

with the polarizability of the perturbing species. The relationship between the two is
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Figure 4-21. Line broadening cross sections of the atomic strontium 5s5p 3P0,1,2 — 5s6s
’S, transitions around 14534 cm™ as a function of the polarizability of the perturbing
species helium, neon, argon, krypton, and xenon. It is the same data presented in Figure
4-10.

complex and any theory which aspires to predict line broadening cross sections directly
from the polarizability of the perturbing species must account for this.

The atomic strontium line shifting cross sections of the 5s5p 3P0,1,2 — 5s6s 381
transitions presented in Figure 4-10 appear to exhibit the same trend as the line shifting
cross sections of the 5s° 180 — 5s5p 3P1 transition discussed above. Figure 4-23 reveals
this explicitly by plotting these cross sections as a function of the polarizability of the
perturbing species. This trend is further confirmed by the line shifting cross sections of

the analogous atomic calcium transition reported by O’Neill and Smith [39]. The
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Figure 4-22. Line broadening cross sections of the atomic calcium 4s4p 3P0,1,2 — 485s
3S) transitions around 16329 cm™ as a function of the polarizability of the perturbing

species helium, neon, and argon. These cross sections are derived from line broadening
data reported by O’Neill and Smith [39] and are the same as those presented Figure 3-2.

observation that the helium line shifting cross section is positive in all three cases leads to
the same conclusion which was discussed above for the helium line shifting cross section
of the atomic strontium 5s> 180 — 5s5p 3 P, transition. That is, the difference potential
may be entirely repulsive. Again, the only way to confirm this is to compute the ratio of
the line shifting to line broadening rates and compare the results to 0.146813. This is
performed in the difference potential analysis and will be discussed shortly.

A significant conclusion from an examination of the atomic strontium line

broadening cross sections of the 5s5p 3 Po.12 — 5s6s 3 S, transitions shown in Figure 4-10
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Figure 4-23. Line shifting cross sections of the atomic strontium 5s5p 3P0,1,2 —> 5s6s° St
transitions around 14534 cm™ as a function of the polarizability of the perturbing species
helium, neon, argon, krypton, and xenon. It is the same data as presented in Figure 4-10.

is that there do not appear to be any trends of cross section as a function of the total
angular momentum of the initial state. The cross sections appear to remain constant
within the uncertainty of the experiment, which is approximately 10%. This lack of a
trend is interesting because it is different from what has been observed in molecular line
broadening. As noted in Chapter III, several researchers have observed that the line
broadening cross section in molecules appears to decrease with increasing magnitude of
the branch-independent quantum number m . In particular, the work of Pope on the O,

line broadening cross sections of the A band and NO fundamental band perturbed by
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helium, neon, argon, krypton, and xenon displayed in Figures 3-6 and 3-7 exhibit this
trend [41]. Also, the work of Luo ef al. on the line broadening cross sections of the CO
fundamental band perturbed by helium and neon displayed in Figure 3-8 exhibit this
trend as well [36].

The observation that the atomic strontium line broadening cross sections do not
appear to be dependent on the total angular momentum quantum number J" of the initial
state as it does in molecules could be for several reasons. For one, previous researchers
claim that the line broadening cross section is dominated by the upper state [37, 39]. If it
is the same in all transitions, then no total angular momentum dependence is expected.
Also, the causes of line broadening are different between atoms and molecules. Elastic
collisions are believed to be the cause of line broadening in atoms while inelastic
collisions are generally thought to be the cause of line broadening in molecules. When
elastic collisions dominate, the line broadening cross section is the result of the difference
potential while when inelastic collisions dominate, the total quenching rates of the upper
and lower states determine the line broadening cross section.

Pursuing the case of broadening by elastic collisions, it was shown in Chapter 11
that the line broadening and shifting cross sections are determined by the difference
potential, although not in an entirely direct way. The line broadening cross section is
given by Equation 2-90 which is a function of Equation 2-92. Similarly, the line shifting
cross section is given by Equation 2-91 which is a function of Equation 2-93. All these

equations, however, are functions of the difference potential constants C, and C,,.

Therefore, if there is a lack of a trend in the line broadening and shifting cross sections

across the three transitions, then this indicates a lack of a trend in the difference potentials
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across the three transitions as well. Or, more simply, the difference potential does not
appear to depend on the total angular momentum of the initial state.

4.3.2 Discussion of Atomic Strontium and Noble Gas Difference Potentials
The first issue addressed here is whether or not the strontium-helium difference potentials
are entirely repulsive. As shown in Figure 4-13, the ratios of the line shifting to line
broadening rates exceed approximately 0.146813 in three of the four transitions studied.
Therefore the difference potential is entirely repulsive in those cases. In the fourth case,
the atomic strontium 5s5p 3P, —> 5565 °S; transition, the ratio does not exceed this
quantity and therefore is not entirely repulsive. This is an example of the case where the
positive line broadening cross section alone is not a sufficient condition for the difference
potential to be entirely positive.

The difference potential constant C, also known as the attractive van der Waals

term, is known from theory to depend linearly on the polarizability of the perturbing
species [45]. It also depends on the ionization energy, energy levels, and oscillator
strengths of the perturbing species, which perturbs this linear dependence. Nevertheless,
it is useful to examine the van der Waals term as a function of the polarizability of the
perturbing species to see if any interesting trends emerge. This is accomplished in Figure
4-24 for all energy states studied in this research. The trend is approximately linear in all
cases as expected from theory.

An interesting trend observed in Figure 4-15 for all difference potentials reported
in this research is that the well depths do not appear to deepen with increasing
polarizability of the perturbing species as might be expected. This can be shown

explicitly by calculating the difference potential well depths directly from the Lennard-
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Figure 4-24. Atomic strontium difference potential constant C, as a function of the

polarizability of the perturbing species helium, neon, argon, krypton, and xenon for all
energy states studied in this research. The difference potential constant is approximately
linear in all cases.

Jones (6-12) difference potential constants C, and C,, using the following equation

2
V)=t (4-24)
12

where V(rmin ) is the value of the difference potential at the deepest part of the well. This

calculation is performed on all the atomic strontium difference potential constants
reported in Table 4-11 and the well depths are plotted in Figure 4-25 as a function of the

polarizability of the perturbing species. In all cases except for the atomic strontium 5s5p
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3Py and 5s6s °S; energy states, the difference potential well depth appears to deepen from
helium to argon, where it is deepest, and then to shallow out again through krypton and
xenon. Between the 5s5p Py and 5s6s °S; energy states, the well depth is deepest for
neon and shallows out again through argon, krypton, and xenon. Similar behavior is
observed in the theoretical work of Shabanova as can be seen in the lower right hand
corners of Figures 4-16 and 4-18 [45]. This behavior is also observed in the difference
potentials of other atoms. Rotondaro and Perram report the same trend in the difference
potentials of atomic rubidium 5281 » and 52P1 » and 5281 » and 52P3/2 energy states
perturbed by helium, neon, argon, krypton, and xenon [44].

The trend observed in the previous paragraph is explained as follows. According
to Equation 4-24, the difference potential well depths depend on the interplay between

the difference potential constants C, and C,,. That is, they depend on the balance
between the attractive term C, and the repulsive term C,,. If C, and C,, are thought of

as coordinates in a space, the difference potential constants may be plotted in a two
dimensions and compared to contours of Equation 4-24. This is accomplished in Figure
4-26 for the difference potential constants of the 55* 'Sp and 5 s5p P, energy states given
in Table 4-11. Each contour represents a well depth and only the first three contours,
corresponding to well depths of -0.025, -0.050, and -0.075 cm™, are labeled for clarity.
The data points are plotted as open circles. As can be seen from this figure, the well
depths for helium and xenon lie fairly near the “top” of the terrain while the argon data
point lies deeper. Thus the well depths deepen from helium to argon and shallow out

again from argon to xenon.
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Figure 4-25. Atomic strontium difference potential well depths as a function of the
polarizability of the perturbing species helium, neon, argon, krypton, and xenon for all
energy states studied in this research

4.3.3 Conclusion and Recommendations for Future Research In summary, it
appears that the line broadening and shifting cross section trends of the atomic strontium
5% 'Sy — 5s5p °P; transition with perturbing species’ polarizability are consistent with
physical intuition. That is, the line broadening cross sections increase uniformly with the
polarizability of the perturbing species while the line shifting cross sections decrease
uniformly. This trend, however, is not exhibited for the atomic strontium 5s5p 3P0,1,2 -
5s6s 381 transitions. In this case, the line broadening cross sections of all three transitions

are smallest when perturbed by neon. This trend, while unexplained, is also reported by
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Figure 4-26. Difference potential constants C, and C,, of the atomic strontium 5s* 'S

and 5s5p P, energy states perturbed by helium, neon, argon, krypton, and xenon
compared to contours of Equation 4-24. The helium and xenon data points lie on shallow
parts of this terrain while argon lies deeper leading to the trends observed in Figure 4-25.

previous research on the analogous transitions of atomic calcium perturbed by the same
species. The atomic strontium line shifting cross sections of these transitions, however,
do uniformly decrease as expected.

To within 10%, the atomic strontium line broadening and shifting cross sections
of the 5s5p 3P0,1,2 — 5s6s 381 transitions do not appear to exhibit any trends with the total
angular momentum of the initial state. This lack of trend is different from what is
observed in molecules. Previous researchers, however, claim that the upper state
dominates the interaction and if the upper state is the same for all three transitions, no
trend is expected [37, 39]. Also, atomic line broadening is thought to be dominated by
elastic collisions while molecular line broadening by inelastic collisions. Since

difference potentials are the origin of line broadening and shifting when elastic collisions
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dominate, this apparent lack of trend in the line broadening and shifting cross sections
indicates a lack of trend in the difference potentials.

The atomic strontium and noble gas difference potentials show that the helium
difference potential is, in three of four cases, entirely repulsive. Also, the difference

potential constant C, trends appropriately with the polarizability of the perturbing

species. And finally, the depth of the difference potential well for all energy states
studied here is deepest for argon, yet relatively shallow for helium and xenon. This trend
is also observed in previous research and explained in terms of the interplay between the

difference potential constants C, and C,.

For future research, it should be noted that the line broadening and shifting
measurements of atomic strontium performed in this dissertation have never been
accomplished before. As is often the case with new work, the results come with large
estimates of uncertainty. This is clearly seen by examining the atomic strontium line
broadening and shifting cross sections presented in Figure 4-10. Future work in this area
should then address this deficiency and produce less uncertain results. Several specific
ideas to accomplish this are proposed.

The atomic strontium experiment of this research used absorption spectroscopy to
measure spectral line profiles. Absorption spectroscopy, however, produces high signal-
to-noise ratios because the reduction of a large signal is measured. The signal-to-noise
issues of this research are clearly seen in Figure 4-2 where the “constant” laser source
was quite noisy leading to the noisy line profiles of Figure 4-3. These noisy line profiles

then led to Lorentzian linewidths with relatively large estimates of uncertainty.
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With this in mind, the entire experiment should be reaccomplished using
fluorescence spectroscopy instead. Fluorescence spectroscopy has the advantage of
measuring signals on no background leading to much higher signal-to-noise ratios. If
absorption spectroscopy is used again, however, it is recommended that a heat pipe
apparatus be employed so the line profile may be measured and remeasured many times
to reduce the signal-to-noise ratio.

Another interesting idea is to follow up on the observation of this work that the
atomic strontium line broadening cross sections appear to be independent of the total
angular momentum quantum number J" of the initial state. To investigate this, an atom
with a large number of fine structure states corresponding to a wide range of J" values
should be chosen for study. It would then be possible to measure the line broadening

rates out of these states to see if any trends with J" emerge.
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V. Broadening of Diatomic Bismuth Spectral Lines

Broadening of rotational lines in the v"'=3 — v'=1 vibrational manifold of the

X (0; ) - A(O: ) electronic transition of diatomic bismuth by noble gases was

investigated using fluorescence spectroscopy. This chapter discusses the details of this
experiment and what was learned from it. It is split into three sections. The first covers
the design of the experiment, data acquisition and reduction details, results, and sources
of error. The second provides an analysis of the data and includes a comparison with
previous research. And finally, the last section draws conclusions from the analysis and

makes recommendations for future research.

5.1 Measurement of Diatomic Bismuth Spectral Line Profiles

Lineshape profiles of diatomic bismuth rotational transitions in the v'=3 —

v'=1 vibrational manifold of the X (O; ) - A(O; ) electronic transition perturbed by the

noble gases helium, neon, argon, and krypton were observed using the fluorescence
induced by a narrowband tunable laser. The laser, being monochromatic compared to the
frequency range of the transition, offered a direct means of observing the line profiles of
each transition. The subsection to follow derives the equation necessary for reducing the
data generated during this experiment. After that, the experimental apparatus is detailed.
The next three subsections discuss data acquisition and reduction details and results, and

the final subsection discusses possible sources of systematic error.
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5.1.1 Fluorescence Spectroscopy Using a Narrowband Source Fluorescence
spectroscopy using a narrowband source is perhaps the most efficient and noise-free way
of observing the line profile of a transition. By this technique, a monochromatic tunable
source is directed through a medium and the total laser-induced fluorescence intensity is
observed from the side. This method is particularly effective because it involves
observing a signal against a dark background. This often leads to a higher signal-to-noise
ratio than absorption spectroscopy where the change in a large signal is measured.

As mentioned above, the line profile is observed indirectly as the total laser-
induced fluorescence emitted by a medium when a monochromatic light source is
scanned across a transition. The fluorescence intensity is governed by the rate at which
an excited state is populated, which is, in turned, governed by the absorption rate.

Mathematically, the absorption rate is expressed as

dN
V dtj = Njgaabs (X)IO('X) (5_1)

where V' is the volume of medium illuminated by light of intensity /, (x) at wavenumber
x, N, is the number density of absorbing bodies in the lower quantum state j, 7 is path

length, and o, (x) is the absorption cross section.

In the steady state, the absorption rate is the same as the radiative fluorescence

rate [, (x) so that

1,(x)=N,t0,,(x),(x) (5-2)
Substituting Equation 4-3 for the absorption cross section and solving for the lineshape

functions gives

5-2



B o

Similar to Equation 4-4, the lineshape function here is a series of constants times the ratio
of the fluorescence intensity to incident light intensity [55]. This ratio is also called the
normalized fluorescence intensity as it eliminates variations in the data due to source
fluctuations. Equation 5-3 is the fundamental equation used to process raw data from the
diatomic bismuth fluorescence experiment.

5.1.2 Diatomic Bismuth Experimental Setup The experimental apparatus was
designed to create a bismuth vapor, mix it with a buffer gas, and record the transition
profiles of interest as they were perturbed by a buffer gas. Bismuth is a solid at room
temperature so vapor was created by heating a crucible of bismuth pellets in a six-way
cross. P and R branch rotational line profiles were measured from J"=0 to
approximately J"=212. Rather than measure rotational lines individually, continuous
spectra spanning an energy range of approximately 130 cm™ from 17208 to 17338 cm’
were measured.

A schematic diagram of the experimental apparatus is given in Figure 5-1. A
Coherent 899-21 ring laser configured in dye mode and pumped by a Spectra Physics
model 2080 argon ion laser lasing in the green at 514.5 nm was used to generate diatomic
bismuth fluorescence in a six-way cross. The ring laser was operated with Exciton dye
Rhodamine 590 Chloride which lases between 16393 and 17544 cm™ (610 and 570 nm).
The argon ion laser power output was about 7 W and the ring laser output ranged
between 300 and 400 mW. This quantity varied depending on the alignment of the

optics, the condition of the dye, and the wavelength to which the laser was tuned. The
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ring laser was integrated with a wavemeter for frequency control and the system was
operated by computer, which was also used to record experimental data. The ring laser
center frequency was controlled to within 0.0017 cm™ (50 MHz) and its linewidth was

nominally less than 0.000033 cm’! (1.0 MHz).

Mirror | Wave- <—| Dye Ring Laser |<—| Ar* Laser |
. meter
Photodiodes

| Lock-Ins

Neutral Density

Beamsplitter

Neutral Density I, Reference Cell

i Ring Laser
Beamsplitter DI Ring Laser | | g

Interface Box Control Computer

o Pre-Amps

Coil Basket Collimating Optics  Adjustable slit

I

\ X Pre-Amp
Bi, Vapor & Buffer Gas

i
Beamstop

Figure 5-1. Schematic diagram of the diatomic bismuth fluorescence experimental
apparatus

A Bi, vapor was created in a six-way cross by heating bismuth pellets (Fluka,
99.998%) in a tungsten wire coil basket. The six-way cross provided vacuum
containment for the introduction and control of buffer gases and was designed with
windows through which laser light was introduced and side fluorescence observed. The
coil basket was mounted on feed-through electrodes which were connected to a
Lakeshore model 647 electromagnet constant-current power supply. The temperature of
the bismuth pellets was controlled by adjusting the current through the tungsten wire coil

basket from the constant-current power supply. Since this was the only part of the
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apparatus which was heated, bismuth vapor diffused to the relatively cool walls of the
six-way cross and plated out.

The dye laser beam was chopped by a Stanford Research Systems model SR540
chopper operating at 330 Hz and subsequently split in two places. The first split directed
a beam onto a Hamamatsu type S2281 silicon photodiode shielded by a neutral density
filter ( N.D.=3.3) to monitor laser power. The second split directed a beam through a
neutral density filter (N.D.=3.0), a cell containing an I, vapor, and onto another
Hamamatsu silicon photodiode. The absorption lines of I, in this beam were used as
frequency references. The neutral density filters kept the beams from saturating the
detectors. Both photodiodes were powered by independent battery powered pre-
amplifiers whose outputs were fed into separate Stanford Research Systems model
SR850 lock-in amplifiers sensitive to the beam chopping frequency. The remaining
beam was directed through the six-way cross directly above the heated bismuth and used
to probe the transitions of interest.

Laser-induced fluorescence was monitored with an RCA C31034 photomultiplier
tube which was chilled for optimal performance. It was powered by a Stanford Research
Systems model PS325 high voltage power supply operated at 1200 V. The fluorescence
was focused onto an adjustable slit using a pair of collimating optics (focal lengths 250
and 150 mm respectively). The slit was mated with a fiberoptic cable which was fed into
the photomultiplier tube. The slit was also mounted on a three-degree of freedom
translatable assembly which allowed it to be moved to maximize signal strength. The
output of the photomultiplier was fed into a Stanford Research Systems model SR850

lock-in amplifier sensitive to the frequency at which the beam was chopped. The outputs
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from all three lock-in amplifiers were fed into the computer controlling the laser so that
signals as a function of frequency were recorded.

The six-way cross was connected to a gas handling system which allowed the
chamber to be evacuated by a Varian SD-300 roughing pump. This achieved a pressure
on the order of 10 Torr before data was acquired. Pressure in the six-way cross was
monitored through a tube leading to the edge of the six-way cross by an MKS Baratron
capacitance manometer sensitive up to 1000 Torr. The signal from this device was
conditioned by a type 270 MKS Baratron signal conditioner. The pressure reading was
zeroed after the system was allowed to pump down for several hours. Because the
diatomic bismuth was observed to have plated out on the interior walls of the six-way
cross, the manometer only registered buffer gas pressure.

5.1.3 Diatomic Bismuth Data Acquisition The data acquisition phase of this
experiment involved preparing a bismuth vapor under noble gas pressure and recording a
spectrum. It was, however, not practical to scan the laser across the 130 cm’ range of
interest in one session. While the laser operated reliably over wavelength ranges on the
order of tens of wavenumbers, it required adjustments beyond that. Also, the amount of
bismuth loaded in the cell was depleted after a limited period of time. For these reasons,
the 130 cm™ region of interest was arbitrarily divided into an 11 cm™ region, six 18 cm™
regions, and a 15 cm™ region. These scans overlapped by 0.33 cm™ (10 GHz) to verify
the computer controlling the laser was setting it to accurate starting and stopping points.
Also, the 130 cm™ region of interest was scanned twice and the starting point shifted by
0.167 cm™ (5 GHz). This had the effect of placing the 0.33 cm’' breaks described in

Section 4.1.3 exactly out of phase with the first scan. This was done to minimize the



impact the 0.33 cm™ breaks would have on the data analysis. If a break occurred at the
height of a peak of interest then the second scan was used knowing the break would be
0.167 cm™ away.

As was mentioned in the previous section, the laser beam passed directly over the
wire coil which heated the bismuth. In fact, the coil, which glowed white-hot when
current was applied to it, was placed low in the six-way cross to keep it out of the field of
view of the collimating optics and viewing slit so as not to flood the photomultiplier tube.
This arrangement, however, produced a weak fluorescence signal. To increase it, buffer
gas was allowed to flow from a port at the base of the six-way cross up to the vacuum
port at the top of the cross. This had the effect of drawing the bismuth vapor plume up
and raising the signal to a sufficient level.

The ring laser control computer was set to collect data from each of the three
lock-in amplifiers every 0.00167 cm™ (50 MHz) and was scanned at a rate of 0.033 cm™
(1 GHz) per second. This was half the data density acquired in the atomic strontium
experiment and the scan rate was twice as fast. The increase in scan speed was needed in
order to collect a reasonable amount of data before the bismuth was depleted. The
decrease in data density was acceptable because the signal-to-noise ratio remained
relatively high at approximately 36:1 through the course of the data acquisition. Because
of this, fewer data points were needed to accurately gauge the true signal strength. This
combination of data interval and scan rate meant that a data point was taken every 50 ms.
To accommodate this interval, the lock-in time constants were set to 10 ms.

Table 5-1 details the data acquisition matrix of the entire diatomic bismuth

experiment. The goal was to obtain data points at equal pressure intervals. As in the
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atomic strontium experiment, however, the signal strength diminished more rapidly with
pressure as the atomic weight of the buffer gas increased. This is reflected in the
maximum pressure applied for each noble gas. While the weakest usable signal was
observed at approximately 400 Torr for helium and neon, this was true at only 305 Torr
for argon and 100 Torr for krypton. In most cases only four data points were needed to
accurately determine the spectral line broadening rate. This was because the signal-to-
noise ratio in this experiment was consistently relatively high compared to the atomic
strontium experiment. For krypton, only two data points were taken before lab supplies

were depleted.

Table 5-1. Diatomic bismuth data acquisition matrix. This table gives the pressures at
which the diatomic bismuth rotational line profiles were measured for each noble gas.

Pressure | Pressure | Pressure | Pressure
(Torr) (Torr) (Torr) (Torr)
He 103 205 305 405
Ne 102 202 303 404
Ar 102 202 250 305
Kr 50 100 - -

An example of the raw data is given in Figure 5-2. It shows a small portion of the
diatomic bismuth fluorescence signal, absorption signal in the iodine cell, and laser
power as it was scanned incrementally across 130 cm™. This particular example features
the R(128) and P(115) rotational lines around 17292.6 cm™ perturbed by 102 Torr of
neon. As before, there is a discontinuity every 0.33 cm™ (10 GHz). This was explained
in Section 4.1.3. Also as before, the signals from the three detectors were read into the

computer in discreet increments ranging from 0 to 4095. The absorption dips in iodine
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were identified with an iodine atlas [17] and used as a frequency reference in order to
assign the diatomic bismuth spectrum unambiguously. This was necessary because of
interloping rotational lines from other vibrational manifolds that are clearly visible in

Figure 5-2.
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Figure 5-2. Raw data of the Bi, R(128) and P(115) transitions in the V'=3 — v'=1
vibrational manifold of the X (0; ) — A(O;’ ) electronic transition and I, reference

spectral lines around 17292.6 cm™ perturbed by 102 Torr of neon

5.1.4 Diatomic Bismuth Data Reduction Raw diatomic bismuth fluorescence
data was normalized to the laser signal intensity to give the lineshape profiles according
to Equation 5-3. The iodine lineshape profiles were determined by taking the natural
logarithm of the laser signal divided by the iodine absorption signal as given in Equation

4-4. The raw data presented in Figure 5-2 was reduced in this manner and is presented in



Figure 5-3. Because the signal-to-noise ratio remained relatively high through the course

of the fluorescence experiment, Fourier filtering was not used on the final lineshape data.
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Figure 5-3. Bi, fluorescence and I, absorbance of the Bi, R(128) and P(115) transitions
in the v"'=3 — v'=1 vibrational manifold of the X (O;) - A(O:) electronic transition

around 17292.6 cm™ perturbed by 102 Torr of neon

Although 212 P and R branch rotational lines in the v'=3 — v'=1 vibrational
manifold were observed in the 130 cm™ range of data taken, only approximately every
fifth P and R branch pair was analyzed. Table 5-2 gives a list of which lines were
selected for detailed analysis. While most of the peaks analyzed occurred in pairs, an
interloping peak occasionally disrupted one of the peaks and another nearby line was
analyzed instead. The unidentified Bi, lines in Figure 5-3 are from the v'=4 — v'=2
vibrational manifold within the same electronic transition. During the line fitting process

they were included as extra peaks to be fit, but their fit parameters were discarded.
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Table 5-2. P and R branch lines in the Bi, v"=3 — v'=1 vibrational manifold of the
X (OZ ) - A(O; ) electronic transition selected for detailed analysis

P(J") | R(J")
20 | 33
50 | 63
55 | 68
60 | 73
65 | 78
70 | 83
75 | 88
80 | 93
85 | 98
90 | 103
95 | 108

100 | 113
105 | 118
110 | 123
115 | 128
120 | 133
125 | 140
127 | 143
131 | 148
135 | 154
140 | 158
141 | 164
145 | 169
150 | 170
155 | 173
160 | 178
165 | 183
171 | 185
172 | 188
175 | 194
180 | 199
186 | 200
187 | 203
190 | 208
195 -




Temperature determination was a major issue in this experiment as there was no
thermocouple inside the six-way cross nor was there a reference cell whose data could be
monitored for such information. The only possible experimental parameter which might
have indicated bismuth temperature was the amount of current to heat the tungsten coil.
This parameter, however, was thought to correspond poorly to bismuth temperature
because the plume rose into a buffer gas at room temperature and was assumed to
thermalize rapidly.

The temperature in the bismuth vapor was determined from the signal strengths of

all observed transitions across the spectrum. Evaluating Equation 5-2 at line center x,
gives

1,(x,)=N 00 (), (x,) (5-4)
According to the Boltzmann distribution

;.
N, = N(ZJ#H)e"BT (5-5)

where N is the density of diatomic bismuth, J, is the rotational level of the lower state,
E; is the energy of the lower state, and Z is the partition function [52]. The energy of

the lower state is known from the spectroscopy of diatomic bismuth and is given by

Equation 2-73. To a very good approximation, this equation can be written as
EB3,J,)=T(3)+BE), [/, +1) (5-6)
The spectroscopic constants 7'(3) and B(3) are listed in Table 2-6. Inserting Equation 5-

6 into Equation 5-5, Equation 5-5 into Equation 5-4, and rearranging gives
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-7(3)

Ly (xo) 3 —B(3) Ne T8
ln(lo(xo)(ZJj +1)J - kT J; (Jj +1)+ O o (x0)7e (5-7)

Thus the natural logarithm of the ratio of the normalized peak fluorescence signal to the

quantity twice the total angular momentum quantum number of the ground state plus one

-B()

is linear in J, (J i+ 1). The slope of this line is
k,T

. All constants in this equation are

known except for temperature, which is then solved for if the slope is known.

Figure 5-4 gives an example of this method to determine temperature. The data
set illustrated is from the diatomic bismuth spectrum perturbed by 102 Torr of neon. In
this particular example, the slope of the line leads to a temperature of 303 K. This is
approximately room temperature and verifies the assumption that the bismuth vapor
thermalized rapidly as it rose into the viewing region. This method of temperature
determination was applied to six data sets in which the signal strengths exhibited the
linear trend and the bismuth temperature was found to be 343 +£39 K. This number was
converted to a Gaussian FWHM of 0.0112 cm™ and used as a fixed constant in the data
fitting process. It was assumed to apply to all peaks at all pressures.

Normalized fluorescence profiles of the rotational lines were fit to the Voigt
lineshape function and all parameters except the Gaussian linewidth were allowed to
float. The Gaussian linewidth was held constant to the value reported in the previous
paragraph. Continuing with the example featured in Figure 5-3, Figure 5-5 shows the
two rotational lines fit in this manner. Given below the fit are the residuals. In all cases
the residuals appear to be random giving confidence that the Voigt lineshape function

accurately models the transition profiles. As stated previously, the lines interloping from
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Figure 5-4. Bismuth vapor temperature determination plot. The signal strength data was
taken from the diatomic bismuth spectrum perturbed by 102 Torr of neon.

the v'=4 — v'=2 vibrational manifold were also fit to Voigt profiles, but their fit
parameters were discarded.

The Lorentzian linewidths were then plotted as a function of pressure and the data
points fit to a line yielding the line broadening rate. For the R(128) and P(115) lines
broadened by neon, these plots and the linear fit are given in Figure 5-6. The statistical
uncertainty of the Lorentzian linewidth parameter of the Voigt fit was used as an estimate
of the uncertainty in the linewidth. The uncertainty in the slope parameter of the least-
squares fit to a line was used as an estimate of the uncertainty in the line broadening rate.

5.1.5 Diatomic Bismuth Experimental Results The line broadening rates of the
Bi, P and R branch lines from J"= 20 through J"= 208 are plotted in Figure 5-7 for
perturbing gases helium, neon, argon, and krypton. The branch-independent quantum

number m given by m =—J" in the P branch and m = J"+1 in the R branch is used in this
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Figure 5-5. Normalized Bi, fluorescence of the R(128) and P(115) transitions in the
V'=3 — v'=1 vibrational manifold of the X (0;) - A(O;’ ) electronic transition around

17292.6 cm™ perturbed by 102 Torr of neon. A Voigt profile fit to these lines is
superimposed on the data and the residuals given below.
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Figure 5-6. Lorentzian linewidths (FWHM) of the Bi, R(128) and P(115) transitions in
the v'=3 — v'=1 vibrational manifold of the X (O;) - A(O:) electronic transition

around 17292.6 cm™ as a function of neon pressure superimposed with linear fits
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plot [1]. Only one pair of lines below J"= 50 was analyzed because P and R branch
lines were so close together below this level that they were indistinguishable when
broadened and were not suitable for analysis. The krypton line broadening rates have no
estimate of uncertainty because only two pressure data points were taken in that case
yielding an unambiguous linear fit. A list of the line broadening rates and their

uncertainties is given in Appendix C.
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Figure 5-7. Bi; line broadening rates of rotational lines in the v'=3 — v'=1 vibrational
manifold of the X (0;' ) - A(O; ) electronic transition broadened by helium, neon, argon,

and krypton as a function of the branch-independent quantum number m

5-16



5.1.6 Systematic Errors in the Diatomic Bismuth Experiment Up to this
point, the only discussion of uncertainty has been in regards to the statistical uncertainty
associated with the Lorentzian linewidth of the nonlinear Voigt fit and the uncertainty of
the slope parameter in the linear fit of the Lorentzian linewidths as a function of pressure.
Neither of these uncertainties account for possible sources of systematic error. This is
addressed in the current section.

As in the previous chapter, it is argued that three possible sources of systematic
error to the line broadening rates presented in Figure 5-7 did not significantly contribute
to the uncertainties reported there. This, again, is mainly because line broadening rates
are ratios of changes in quantities and even if the quantities themselves are inaccurate,
changes are not necessarily so. The three possible sources of systematic error considered
here include errors in the Gaussian linewidth (or temperature), pressure, and energy
calibration. Each is considered separately.

As stated above, the Gaussian linewidths of the Voigt line profiles fit to the
fluorescence data were locked during the fitting process to 0.0112 cm™. The impact of an
inaccurate determination of this linewidth on the Lorentzian linewidth was determined
through a sensitivity analysis. That is, for a given set of data, the Gaussian linewidth was
varied and the data refit to determine its impact on the Lorentzian linewidth. It was
found that although changes in the Gaussian linewidth had an impact on the Lorentzian
linewidth (raising the Gaussian linewidth lowered the Lorentzian linewidth and vice
versa), there was no significant change to the overall line broadening or shifting rate. In
quantitative terms, changing the Gaussian linewidth by 6% had less than a 0.5% impact

on the line broadening rate. This is within the experimental uncertainty previously
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established for line broadening rate measurements in this research. Therefore, systematic
errors in the Gaussian linewidth did not contribute significantly to the uncertainty in the
diatomic bismuth line broadening rates.

The next possible source of systematic error in the line broadening rates is the
measurement of buffer gas pressure. As stated above, buffer gas pressures were
measured in a tube leading to the edge of the six-way cross. Because diatomic bismuth
was observed to have plated out on the interior walls of the six-way cross, the capacitance
manometer only registered buffer gas pressure. Any systematic error in this pressure
reading would have no impact on the line broadening and shifting rates because these
rates only depend on the change in and not the absolute magnitude of the pressure.
Therefore, systematic errors in pressure did not contribute to the uncertainty in the
diatomic bismuth broadening rates.

The last possible source of systematic error was the energy calibration of the line
profiles. This possibility, however, is immediately dismissed because of the accuracy of
the calibration as displayed in Appendix A. Using the I, absorption lines and the iodine
atlas [17], the ring laser and its associated control computer were calibrated to give all
transition lines to within several hundredths of a wavenumber of the known values
reported by Franklin [13]. This accuracy was achieved across the entire 130 cm’! range
of the experiment. Therefore, the accuracy across a one-tenth wavenumber region of an

individual rotational line was very good.
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5.2 Analysis of Diatomic Bismuth Line Broadening Rates

The diatomic bismuth line broadening rate measurements described in the
previous section are analyzed in this section. It is divided into two parts. The first part
converts the line broadening rates to cross section and compares these results to previous
researchers. The second part converts the line broadening rates of a few particular
transitions studied here to sum total quenching rate constants and compares these to total
quenching rate constants measured by a previous researcher.

5.2.1 Diatomic Bismuth Line Broadening Cross Sections In this section, the
conversion from line broadening rate to cross section is derived and applied to the data in
Figure 5-7. These cross sections are then compared to results published by previous
authors. First, however, the proper conversion must be determined. According to the
theory of Chapter II, there are two ways to convert broadening rate to cross section
depending on the type of interaction which occurs between the species of interest and the
perturbing species. If elastic collisions dominate, Equation 2-79 is used. If inelastic
collisions dominate, Equation 2-104 is used. This distinction is important because these
equations differ by a factor of two.

In order to determine which type of collision dominates the interaction of
diatomic bismuth with noble gases, the energy spacing between a rotational energy level
and the next higher level in the lower state of the transition is compared to the average
kinetic energy of collision. This will indicate whether rotational energy transfer to higher
states is possible. If so, then inelastic collisions are assumed to dominate since rotational
energy transfer to lower states is always possible regardless of the energy spacing of the

states.

5-19



Rotational energy spacing is given to a sufficient accuracy by Equation 5-6. This
implies that the energy difference between a state j and the next higher state j+1

AE(3,J, ) is

J

AEB3,J, . )=2BB)J, +1) (5-8)

J
The average kinetic energy of a collision between two species in the gas phase, here

called KE  ,1is given by [52]

avg

avg

KE, = %kBT (5-9)

Applying the appropriate constants to Equations 5-8 and evaluating it for the range of

rotational levels investigated in this research (20 < J, <208) gives 0.950 cm’ <

AE (3,] M,_/) <9.46 cm™. The average kinetic energy of collision according to Equation

5-9, however, is 358 cm™. The average kinetic energy of collision greatly exceeds the
energy spacing between an energy level and the next higher level thereby easily allowing
collisional energy transfer to higher rotational energy states. Therefore, inelastic
collisions are assumed to dominate and Equation 2-104 is used to convert line broadening
rate to cross section.

With the proper conversion to cross section established, Equation 2-104 is
rewritten in terms of pressure, temperature, and wavenumber. This conversion is

outlined in Section 4.2.1 and, when applied to Equation 2-104, gives

3 2
o7 = |7 ke, Tc* A(x,) (5-10)
2 AP
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where o is the sum of the total quenching cross sections from the lower and upper

states o] and o respectively. Thatis,
c'=0]+0] (5-11)

Equation 5-10 converts the Lorentzian line broadening rate Aldy) into a cross section o /..
q g AP

The diatomic bismuth line broadening rates of P and R branch lines in the v"=3

— Vv'=1 vibrational manifold of the X (O;) - A(O:) electronic transition shown in

Figure 5-7 are converted to cross section by Equation 5-10. The results of this are
presented in Figure 5-8. Also, a list of the line broadening cross sections is given in
Appendix C.

Next, prior relevant research outlined in Chapter I1I is compared to the results
displayed above in order to gain confidence in the analysis presented here. For each
noble gas, two figures are presented. The first plots the results of this work with previous
work on the homonuclear molecules O, and Br,. The second figure plots the results of
this work with previous work on the heteronuclear molecules NO and CO. The
comparison is performed in this fashion to avoid cluttered plots.

Beginning with helium, Figure 5-9 shows the line broadening cross sections of
Bi, perturbed by helium along with the O, results of Pope [41]. The two results are on
the same order of magnitude, however, the uncertainties of the Bi, cross sections are
large compared to those of O, and are relatively imprecise and scattered. Also, the Bi,
results do not appear to exhibit any trend with the branch-independent quantum number

m . Figure 5-10 shows the line broadening cross sections of Bi, perturbed by helium
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Figure 5-8. Bi; line broadening cross sections of rotational lines in the v'=3 — v'=1
vibrational manifold of the X (O;' ) - A(O: ) electronic transition broadened by helium,

neon, argon, and krypton as a function of the branch-independent quantum number m .
These cross sections are computed from the line broadening rates presented in Figure 5-7
using Equation 5-10.

along with the NO results of Pope [41] and the CO results of Luo ef al. [36]. The
assessment of the comparison is the same as for Figure 5-9.

Next, Figures 5-11 and 5-12 plot Pope’s O, and NO data respectively [41] along
with the line broadening cross sections of Bi, perturbed by neon reported here. The
uncertainties in the Bi, cross sections are smaller than in the case of helium, yet there still

appears to be a fair amount of scatter in the data points. The orders of magnitude of this
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Figure 5-9. Comparison of line broadening cross sections of O, rotational lines perturbed
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from this research. Both sets of data are plotted as a function of the branch-independent
quantum number m and all cross sections are computed by Equation 5-10 from the line
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Figure 5-10. Comparison of line broadening cross sections of NO (Pope [41]) and CO
(Luo et al. [36]) rotational lines perturbed by helium with the line broadening cross
sections of Bi, similarly perturbed from this research. All sets of data are plotted as a
function of the branch-independent quantum number m and all cross sections are
computed by Equation 5-10 from the line broadening rates.
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work, however, are certainly on the same order as Pope’s. Also again, there is no clear

trend of Bi, cross section with m in contrast to the O, and NO results.
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Figure 5-11. Comparison of line broadening cross sections of O, rotational lines
perturbed by neon (Pope [41]) with the line broadening cross sections of Bi, similarly
perturbed from this research. Both sets of data are plotted as a function of the branch-
independent quantum number m and all cross sections are computed by Equation 5-10

from the line broadening rates.

Figure 5-13 shows a comparison of the line broadening cross sections of Bi,
perturbed by argon presented in this work with the line broadening cross sections of Br,
and O, published by Innes et al. [28] and Pope [41] respectively. Again, the oxygen
cross sections show a definite trend with m while the Br; lines are reported not to. The
Bi; cross sections again show no trend with m and are relatively uncertain and highly
erratic by comparison. All three sets of data, however, are on the same order of

magnitude. The comparison presented in Figure 5-14, which compares the line
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Figure 5-12. Comparison of line broadening cross sections of NO rotational lines
perturbed by neon (Pope [41]) with the line broadening cross sections of Bi, similarly
perturbed from this research. Both sets of data are plotted as a function of the branch-

independent quantum number m and all cross sections are computed by Equation 5-10
from the line broadening rates.

broadening caused by argon of this work with the similar CO work of Luo et al. [36] and
NO work of Pope [41], shows the same trends.

The final set of comparisons involves line broadening caused by krypton. Figure
5-15 compares the Bi, results of this work with the O, results and Figure 5-16 with the
NO results of Pope [41]. In both comparisons, the O, and NO trends with m are readily
visible yet no such trend is observed in Bi. Also, while the Bi, cross section
uncertainties are rather small, the scatter in the data is every pronounced. All cross
sections, however, are on the same order of magnitude.

In summary, the trend of line broadening cross section with m is evident in the
relatively light molecules O,, NO, and CO, yet is conspicuously absent in the Bi, line

broadening cross sections of this research and the Br; line broadening cross sections of
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Figure 5-14. Comparison of line broadening cross sections of NO (Pope [41]) and CO
(Luo et al. [36]) rotational lines perturbed by argon with the line broadening cross
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function of the branch-independent quantum number m and all cross sections are
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Figure 5-15. Comparison of line broadening cross sections of O, rotational lines
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Figure 5-16. Comparison of line broadening cross sections of NO rotational lines
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perturbed from this research. Both sets of data are plotted as a function of the branch-
independent quantum number m and all cross sections are computed by Equation 5-10
from the line broadening rates.
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Innes et al. as well [28]. The reasons for this will be speculated upon in the next
subsection.

It is noted that the line broadening cross sections of this work exhibit relatively
large uncertainties and are fairly imprecise (i.e. there is considerable scatter in the data).
This is attributed to the fact that the diatomic bismuth rotational spectrum is extremely
dense with lines. As noted in the previous section, the vibrational manifold of interest in
this work (v"=3 — v'=1) is interspersed with rotational lines of the v'=4 — v'=2
manifold. These extra lines were included in the lineshape fitting process, which
evidently introduced uncertainty into the line broadening measurements of interest. On
the whole, however, the line broadening cross sections of this work are on the same order
of magnitude as those reported by previous researchers. The cross sections derived from
this research are therefore deemed valid.

5.2.2 Diatomic Bismuth Sum Total Quenching Rate Constants In this
section, several of the diatomic bismuth line broadening rates measured in this research
are converted to sum total quenching rate constant and compared with previous total

quenching rate constant data. Franklin reported total quenching rate constants from
rotational levels in the diatomic bismuth v'=1 vibrational manifold of the A(O;’ )

electronic state [13]. Since the sum total quenching rate constant is the sum of the lower
state and upper state quenching rate constants, Franklin’s values represent a lower bound
for the sum total quenching rate constants derived from the current research and serves as

a comparison.
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First, the conversion from line broadening rate to the sum total quenching rate
constant is established. This simply involves converting Equation 2-108 to wavenumbers
and pressure and solving for the sum total quenching rate constant. This gives

k? =27szTcM (5-12)
AP

The conversion is simply a change of variables of the line broadening rate multiplied by a
factor of 27 .

This conversion is applied to the line broadening rates reported here for the
diatomic bismuth P(172) and R(170) rotational lines broadened by helium and the R(200)
rotational line broadened by helium, neon, and argon. The P(172) and R(170) rotational
lines are chosen because they share the same upper rotational state of J'=171. Although
the P(202) line has the same upper state as the R(200) line, it is obscured in the spectral
data by the interloping rotational transitions. Consequently, no data is presented for the
P(202) transition. These values are compared in Table 5-3 to the total quenching rate
constants of the upper states J'=171 and J'=201 in the v'=1 vibrational manifold of
the A(O; ) electronic state reported by Franklin [13].

In all cases, the sum total quenching rate constants of this research are larger than
the upper state quenching rate constants reported by Franklin. Since Franklin’s values
represent a lower bound to the sum total quenching rate constants, the present work

compares favorably his previous work.
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Table 5-3. Comparison of the total quenching rate constants of two diatomic bismuth
rotational levels in the v'=1 vibrational manifold of the A(O: ) electronic state reported

by Franklin [13] with the sum of the total quenching rate constants derived by Equation
5-12 from the appropriate line broadening rates of this work

J'=171 J'=201
Franklin [13] Holtgrave Franklin [13] Holtgrave
k} k4 k! k¢

(10"% em’/sec) | (1070 em®/sec) | (107° em®/sec) | (107'° em®/sec)

He | 8.91(0.17) 11.6(2.3)" 7.65(0.13) 7.9(1.6)°
9.8(1.4)°

Ne - - 6.22(0.26) 6.35(0.75)°
Ar - - 6.41(0.23) 9.2(1.4)°
"'P Branch
? R Branch

5.3 Discussion of the Diatomic Bismuth Line Broadening Experiment

In this final section, some observations are made and conclusions drawn from the
diatomic bismuth line broadening rate analysis presented in the previous section. It is
split into three subsections; one concerning the diatomic bismuth line broadening cross
sections presented in Section 5.2.1, another concerning the diatomic bismuth sum total
quenching rate constants presented in Section 5.2.2, and a conclusion and
recommendations for future research.

5.3.1 Discussion of Diatomic Bismuth Line Broadening Cross Sections The
primary observation noted in the analysis of the diatomic bismuth line broadening cross
sections is the lack of trend with the branch-independent quantum number m or, more
directly, the total angular momentum quantum number J" of the initial state. This
indicates, but Equation 2-105, that the sum total quenching rate constants of the lower

and upper states of the transition do not depend on the total angular momentum of the

5-30



initial state. This lack of trend is also noted in the previous work accomplished on Br;.
The theory which explains line broadening when inelastic collisions dominate is that of
inelastic collisions and pressure broadening presented in Chapter II. Therefore, this lack
of trend is explained in terms of rotational energy transfer by inelastic collisions.

It is the assertion of this researcher that the lack of line broadening cross section
trend with the branch-independent quantum number m is because the fraction of
collisions which have enough energy to raise the molecule to the next higher energy state
or beyond remains approximately constant across the range of rotational levels
investigated. As derived in Chapter II, the line broadening rate is the sum of the total
quenching rate constants from the lower and upper states of the transition when inelastic
collisions dominate. The quenching rate constants depend on the fraction of those
collisions which inelastically raise or lower the energy of the molecule. Inelastic
collisions which lower the energy are always allowed regardless of collision energy.
However, collisions which raise the energy are only allowed if there is enough kinetic
energy in the collision. Therefore, if this fraction of collisions which may raise the
energy of the molecule remains constant for the lower and upper states of all transitions
studied, then the line broadening cross section is expected to remain constant as well.

This explanation is supported as follows. According to the Boltzmann

distribution, the fraction of bodies f (E )dE in the vapor phase with translational energy

between E and E +dFE is given by [52]

f(E)E = %(#jzﬁek_ﬂaﬂ (5-13)
T\ p
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Using this equation and knowing the energy gap to the next higher level of a molecule, it
is possible to compute the fraction of collisions with enough translational energy to raise

the molecule’s energy by integrating Equation 5-13 from this energy to infinity. That is,
F= j: f(E)E (5-14)

where F is the fraction of molecules with energy greater than or equalto £, . E . is

min

the minimum amount of translational energy needed to inelastically raise the energy state
and 1s the same as the energy difference between a rotational state and the next higher
state.

Using Equation 5-8 for E . and Equation 5-14, the fraction F' of collisions with

n

enough translational energy to raise a molecule one rotational level and beyond is
computed for the diatomic bismuth energy states studied in this research and the energy
states of Bry, O, NO, and CO to which this research is compared. For Bi,, the

spectroscopic constants B(v) are given in Table 2-6 and the temperature was determined

to be 343 K as detailed previously. It is clear at this point one must choose which state of
the transition for which to compute F ; the lower state or upper state. Since the relevant
rotational constant is nearly the same for both, the choice makes little difference in the

final result. For consistency, the state which gives the smaller £_. is chosen. This is, in

n

all cases, the upper state. Table 5-4 gives the relevant rotational constants for Br,, O,

NO, and CO along with the temperatures at which the respective line broadening rates

were measured. All spectroscopic constants in this table are gleaned from Herzberg [24].
The computations of F' described in the previous paragraph are plotted in Figures

5-17 and 5-18. Figure 5-17 plots F for Br;, O,, NO, and CO while Figure 5-18 plots F
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for Bi,. All fractions are plotted as a function of the branch-independent quantum

number m of the transition similar to the way line broadening cross sections are plotted

in Figures 5-8 through 5-16.

Table 5-4. Upper state rotational constants of Br,, O,, NO, and CO along with the
temperatures at which the line broadening rates of these molecules were measured.
These constants are used in Equations 5-16 and 5-15 to determine the fraction of
collisions with enough translational energy to inelastically raise a molecule one rotational
level. All constants are quoted from Herzberg [24].

B(v') T

(em™) | (K)
Br, | 0.0595 | 300
Oy | 1.40041 | 295
NO | 1.7046 | 295
CO | 19313 | 296
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Figure 5-17. Fractions of collisions with enough translational energy for inelastic
collisions to raise a molecule one rotational level or more in the upper states of Br,, O,,
NO, and CO as a function of the branch-independent quantum number m . These
fractions are computed for the temperatures reported by the researchers.
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Figure 5-18. Fractions of collisions with enough translational energy for inelastic
collisions to raise a molecule one rotational level or more in the upper state of Bi, as a
function of the branch-independent quantum number m . These fractions are computed
for 343 K, which is the temperature at which the line broadening rates were measured.

It is clear from Figure 5-17 that the fraction of collisions with enough energy
available to inelastically raise a molecule one rotational level and beyond varies
significantly for O,, NO, and CO, but little for Br,. Also, as shown in Figure 5-18, this
fraction varies little for Bi, as well. Therefore, the dependence of the line broadening
cross section on J" (as manifest by the dependence on the branch-independent quantum
number m , which is —J" in the P branch and J"+1 in the R branch [1]) is due to the
dependence of the energy spacing of the rotational states on J". In light molecules, like
0,, NO, and CO, the energy spacings rapidly get large as a function of J". This is
because their rotational constants are relatively large. In heavy molecules, like Br; and
Bi, which have smaller rotational constants, the energy spacings do not change

significantly over a large range of J" values.
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5.3.2 Discussion of Diatomic Bismuth Sum Total Quenching Rate Constants
As concluded in the analysis, the sum total quenching rate constants derived from the
diatomic bismuth line broadening data of this research are larger than the upper state
quenching rate constants reported by Franklin. This comparison is favorable since the
sum total quenching rate constants represent the sum of the quenching rate constants
from the lower and upper states. It is interesting to note in Table 5-3, however, that the
sum total quenching rate constants are only slightly larger than the quenching rate
constants reported by Franklin [13]. This indicates that the majority of the diatomic
bismuth line broadening is caused by quenching collisions from the upper state of the
transition rather than the lower state. Currently no theory exists which predicts the
magnitudes of the two contributions to the line broadening rate. Therefore, any future
theoretical work in this area will have to account for this observation.

5.3.3 Conclusion and Recommendations for Future Research In summary,

the line broadening cross sections of diatomic bismuth rotational lines in the v'=3 —

v'=1 vibrational manifold of the X (OZ ) - A(O; ) electronic transition do not depend on

the total angular momentum of the initial state. This observation, and similar
observations for Br,, are explained in terms of the energy spacing of their rotational
levels. In Bi, and Br;, the rotational energy states are so close together that the fraction
of inelastic collisions allowed to raise the energy of the molecule is not significantly
different between transitions that start in low-lying rotational states and those that start in
high-lying rotational states. Therefore, there is no dependence on J" or total angular

momentum.
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Also, when converted to sum total quenching rate constant, the line broadening
rates of diatomic bismuth rotational lines agree with previous experimental measurements
of the total quenching rate constant of the upper state. That is, the sum total quenching
rate constants are consistently larger than the total quenching rate constant as expected.
However, the sum total quenching rate constants are only slightly larger indicating that
quenching in the upper state causes the majority of line broadening in diatomic bismuth.

For future research, it should be noted that the line broadening measurements of
diatomic bismuth performed in this dissertation have never been accomplished before.

As with the work on atomic strontium, the results come with large estimates of
uncertainty. The problem of acquiring better diatomic bismuth line broadening data is
much harder than doing so for atomic strontium because the difficulty in this case was the
denseness of the rotational spectra. Fluorescence spectroscopy was used and, as
mentioned above, the signal-to-noise ratio was consistently good. The uncertainties in
this experiment were caused primarily by the interloping lines which had to be fit along
with the lines of interest. The way to avoid this difficulty, then, is to somehow suppress
transitions from the vibrational manifold which is not of interest. Accomplishing this,
however, is an experimentally daunting task. An idea on how this might be accomplished
is presented next.

It may be possible to record the line profiles of selected individual rotational lines
with less interference from other lines as follows. Create a bismuth vapor as described in
this experiment and allow it to expand rapidly into a vacuum through a pinhole. This
should have the effect of cooling the vapor so that fewer molecules are in the Vv"'=4

vibrational manifold as are in the current experiment. This should lead to a reduction in
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the signal intensities of the interloping peaks. Also, cooling the vapor has the added
benefit of reducing the Gaussian linewidth of each profile thereby reducing the
uncertainty in the Lorentzian linewidth.

Another avenue of investigation stemming from this research is the connection
between the line broadening rate of a transition broadened by inelastic collisions and the
sum total quenching rate constant. This issue was addressed in this research with the
comparison of the diatomic bismuth line broadening data with prior total quenching rate
constant data from the upper state. The two results, however, are not directly
comparable. One is merely expected to be larger than the other. It would be good to
further test this connection by actually measuring the total quenching rate constant from
the lower state, the total quenching rate constant from the upper state, summing the two,

and comparing the result to the line broadening rate.
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Appendix A. Theoretical and Measured Bi, Rotational Line Positions
("=3 > v'=1, X(0;) > 4(0;))

Table A-1. Theoretical and measured diatomic bismuth rotational line positions in the
V'=3 — v'=1 vibrational manifold of the X (O; ) - A(O: ) electronic transition.

Measured line positions are taken from the work of Franklin [13].

J" Theoretical | Measured | Theoretical | Measured
P(J") P(J") R(J") R(J")
(cm™) (cm™) (cm™) (cm™)
1| 17337.5288 - 17337.6463 -
2 | 17337.4775 - 17337.6734 -
3| 17337.4201 - 17337.6944 -
41 17337.3567 - 17337.7093 -
5| 17337.2872 - 17337.7182 -
6 | 17337.2116 - 17337.7210 -
7 | 17337.1300 - 17337.7178 -
8 | 17337.0424 - 17337.7085 -
9 117336.9486 - 17337.6931 -
10 | 17336.8489 - 17337.6717 -
11 | 17336.7430 - 17337.6442 -
12 | 17336.6311 - 17337.6107 -
13 | 17336.5132 - 17337.5711 -
14 | 17336.3891 - 17337.5254 -
15| 17336.2591 - 17337.4737 -
16 | 17336.1229 - 17337.4159 -
17 | 17335.9807 - 17337.3521 -
18 | 17335.8325 - 17337.2822 -
19 | 17335.6781 - 17337.2062 -
20 | 17335.5178 - 17337.1242 -
21 | 17335.3513 - 17337.0361 -
22 | 17335.1788 - 17336.9419 -
23 | 17335.0003 - 17336.8417 -
24 | 17334.8156 - 17336.7354 -
25 | 17334.6250 - 17336.6231 -
26 | 17334.4282 - 17336.5047 -
27 | 17334.2254 - 17336.3802 -
28 | 17334.0166 - 17336.2497 -
29 | 17333.8016 - 17336.1131 -
30 | 17333.5807 - 17335.9705 -
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31 | 17333.3536 17335.8218
32 | 17333.1205 17335.6670
33 | 17332.8814 17335.5062
34 | 17332.6361 17335.3393
35 | 17332.3849 17335.1663
36 | 17332.1275 17334.9873
37 | 17331.8641 17334.8022
38 | 17331.5947 17334.6110
39 | 17331.3191 17334.4138
40 | 17331.0376 17334.2105
41 | 17330.7499 17334.0012
42 1 17330.4562 17333.7858
43 | 17330.1564 17333.5643
44 | 17329.8506 17333.3367
45 | 17329.5387 17333.1031
46 | 17329.2208 17332.8635
47 | 17328.8968 17332.6177
48 | 17328.5667 17332.3659
49 | 17328.2306 17332.1081
50 | 17327.8884 17331.8441
51 | 17327.5401 17331.5741
52 | 17327.1858 17331.2981
53 | 17326.8254 17331.0159
54 1 17326.4590 17330.7277
55 | 17326.0865 17330.4335
56 | 17325.7079 17330.1331
57 | 17325.3233 17329.8267
58 | 17324.9326 17329.5143
59 | 17324.5358 17329.1957
60 | 17324.1330 17328.8711
61 | 17323.7241 17328.5405
62 | 17323.3092 17328.2037
63 | 17322.8882 17327.8609
64 | 173224611 17327.5120
65 | 17322.0280 17327.1571
66 | 17321.5888 17326.7961
67 | 17321.1435 17326.4290
68 | 17320.6922 17326.0558
69 | 17320.2348 17325.6766
70 | 17319.7713 17325.2913
71 | 17319.3018 17324.9000
72 | 17318.8262 17324.5025
73 1 17318.3446 17324.0990
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74 | 17317.8569 - 17323.6894
75 1 17317.3631 - 17323.2738
76 | 17316.8632 - 17322.8521
77 | 17316.3573 - 17322.4243
78 | 17315.8453 - 17321.9904
79 | 17315.3273 - 17321.5505
80 | 17314.8032 - 17321.1045
81 | 17314.2730 - 17320.6524
82 | 17313.7368 - 17320.1942
83 | 17313.1945 - 17319.7300
84 | 17312.6461 - 17319.2597
85 | 17312.0917 - 17318.7833
86 | 17311.5311 - 17318.3009
87 | 17310.9646 - 17317.8123
88 | 17310.3919 - 17317.3177
89 | 17309.8132 - 17316.8170
90 | 17309.2284 - 17316.3103
91 | 17308.6376 - 17315.7975
92 | 17308.0407 - 17315.2785
93 | 17307.4377 - 17314.7536
94 | 17306.8286 - 17314.2225
95 | 17306.2135 - 17313.6854
96 | 17305.5923 - 17313.1421
97 | 17304.9650 - 17312.5928
98 | 17304.3317 - 17312.0375
99 | 17303.6923 - 17311.4760
100 | 17303.0468 - 17310.9085
101 | 17302.3952 - 17310.3349
102 | 17301.7376 - 17309.7552
103 | 17301.0739 - 17309.1694
104 | 17300.4042 | 17300.405 | 17308.5775
105 | 17299.7283 | 17299.732 | 17307.9796
106 | 17299.0464 | 17299.050 | 17307.3756
107 | 17298.3584 | 17298.367 | 17306.7655
108 | 17297.6644 | 17297.674 | 17306.1493
109 | 17296.9643 | 17296.973 | 17305.5271
110 | 17296.2581 | 17296.268 | 17304.8987
111 | 17295.5458 | 17295.554 | 17304.2643
112 | 17294.8274 | 17294.835 | 17303.6238
113 1 17294.1030 | 17294.111 | 17302.9772
114 | 17293.3725 | 17293.380 | 17302.3245
115 | 17292.6359 | 17292.643 | 17301.6657
116 | 17291.8933 | 17291.898 | 17301.0009
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117

17291.1446

17291.153

17300.3299

17300.332

118

17290.3898

17290.399

17299.6529

17299.659

119

17289.6289

17289.638

17298.9698

17298.976

120

17288.8619

17288.871

17298.2806

17298.291

121

17288.0889

17288.097

17297.5853

17297.597

122

17287.3098

17287.317

17296.8840

123

17286.5246

17286.535

17296.1765

17296.188

124

17285.7333

17285.743

17295.4630

17295.472

125

17284.9360

17284.946

17294.7433

17294.753

126

17284.1326

17284.143

17294.0176

127

17283.3231

17283.333

17293.2858

17293.295

128

17282.5075

17282.519

17292.5479

17292.557

129

17281.6858

17281.697

17291.8039

17291.813

130

17280.8581

17291.0538

17291.065

131

17280.0243

17280.035

17290.2977

17290.308

132

17279.1844

17279.196

17289.5354

133

17278.3384

17278.350

17288.7670

17288.784

134

17277.4864

17287.9926

17288.003

135

17276.6282

17276.640

17287.2120

136

17275.7640

17275.778

17286.4254

137

17274.8937

17285.6327

138

17274.0173

17274.026

17284.8338

139

17273.1348

17273.145

17284.0289

140

17272.2463

17272.258

17283.2179

17283.231

141

17271.3516

17271.361

17282.4008

17282.414

142

17270.4509

17270.463

17281.5776

17281.591

143

17269.5441

17269.554

17280.7483

17280.761

144

17268.6312

17268.642

17279.9129

145

17267.7122

17267.725

17279.0714

17279.084

146

17266.7872

17266.797

17278.2238

17278.238

147

17265.8560

17265.868

17277.3701

17277.383

148

17264.9188

17264.931

17276.5103

17276.526

149

17263.9754

17263.988

17275.6444

17275.662

150

17263.0260

17263.038

17274.7724

17274.784

151

17262.0705

17262.083

17273.8943

17273.906

152

17261.1089

17261.122

17273.0101

17273.022

153

17260.1413

17260.154

17272.1198

154

17259.1675

17259.181

17271.2234

17271.237

155

17258.1876

17258.202

17270.3209

156

17257.2017

17257.218

17269.4123

17269.427

157

17256.2097

17256.226

17268.4976

17268.510

158

17255.2115

17255.227

17267.5768

17267.590

159

17254.2073

17254.224

17266.6498

17266.663
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160

17253.1970

17253.214

17265.7168

17265.733

161

17252.1806

17252.195

17264.7777

162

17251.1581

17251.171

17263.8324

17263.852

163

17250.1295

17250.139

17262.8811

17262.897

164

17249.0948

17249.104

17261.9237

17261.940

165

17248.0541

17248.067

17260.9601

17260.978

166

17247.0072

17247.022

17259.9904

17260.004

167

17245.9542

17245.969

17259.0147

17259.029

168

17244.8952

17244.909

17258.0328

169

17243.8300

17243.844

17257.0448

17257.059

170

17242.7587

17256.0507

17256.066

171

17241.6814

17241.698

17255.0504

17255.065

172

17240.5980

17240.614

17254.0441

17254.059

173

17239.5084

17253.0317

17253.047

174

17238.4128

17238.427

17252.0131

17252.029

175

17237.3110

17237.327

17250.9885

17251.006

176

17236.2032

17236.218

17249.9577

17249.970

177

17235.0892

17235.104

17248.9208

17248.933

178

17233.9692

17233.986

17247.8778

17247.894

179

17232.8431

17232.857

17246.8286

17246.844

180

17231.7108

17231.727

17245.7734

17245.789

181

17230.5725

17244.7120

17244.730

182

17229.4280

17229.446

17243.6446

17243.661

183

17228.2775

17228.293

17242.5710

17242.588

184

17227.1208

17227.134

17241.4912

17241.508

185

17225.9581

17240.4054

17240.419

186

17224.7892

17224.803

17239.3135

17239.329

187

17223.6142

17223.630

17238.2154

17238.231

188

17222.4332

17222.448

17237.1112

17237.126

189

17221.2460

17221.259

17236.0009

17236.017

190

17220.0527

17220.065

17234.8844

17234.901

191

17218.8533

17233.7619

17233.778

192

17217.6478

17217.661

17232.6332

17232.648

193

17216.4362

17231.4984

194

17215.2185

17230.3574

17230.374

195

17213.9947

17214.013

17229.2104

17229.226

196

17212.7648

17212.776

17228.0572

17228.074

197

17211.5287

17211.544

17226.8979

198

17210.2866

17210.305

17225.7324

17225.747

199

17209.0383

17224.5609

17224.576

200

17207.7839

17223.3832

17223.399

201

17206.5234

17222.1993

17222.215

202

17205.2568

17221.0094

17221.023
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203 | 17203.9841 17219.8133 | 17219.826
204 | 17202.7053 17218.6111 | 17218.629
205 | 17201.4204 17217.4027 -

206 | 17200.1293 17216.1882 | 17216.205
207 | 17198.8321 17214.9676 | 17214.985
208 | 17197.5288 17213.7409 | 17213.758
209 | 17196.2194 17212.5080 | 17212.521
210 | 17194.9039 17211.2690 -

211 | 17193.5823 17210.0238 | 17210.037
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Appendix B. Impact Parameter Integrals

This appendix gives the analytical solutions to the impact parameter integrals

(Equations 2-92 and 2-93). These solutions were computed by Mathematica and are

given in standard Mathematica notation. “Gamma” refers to the gamma function

)= ftz_le_’dt. “HypergeometricPFQ” refers to the generalized hypergeometric

function ,F, (a;b;z) [58].
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Appendix C. Line Broadening and Shifting Rates and Cross Sections

Table C-1. Line broadening and shifting rates and cross sections of atomic strontium for

all transitions and noble gases studied in this research

Broadening Rate | Shifting Rate | Broadening Cross | Shifting Cross
Section Section
(10 cm™/Torr) | (10° cm™/Torr) (10" cm?) (10" cm?)
587 'Sy — 5s5p °P; (14504.351 cm™)
He | 2.53(0.11) 4.09(0.21) 0.894(0.040) 0.290(0.015)
Ne | 1.733(0.085) | -2.12(0.14) 1.269(0.062) | -0.310(0.021)
Ar | 1.636(0.024) | -4.84(0.13) 1.571(0.023) | -0.929(0.026)
Kr| 2.06(0.10) -5.09(0.16) 2.43(0.12) -1.206(0.037)
Xe | 2.29(0.15) -5.035(0.097) | 3.01(0.20) -1.320(0.025)
585p *Py — 5s6s °S; (14721.275 cm™)
He | 3.94(0.50) 6.41(0.65) 1.98(0.25) 0.646(0.066)
Ne | 1.56(0.30) -2.49(0.23) 1.63(0.32) -0.520(0.047)
Ar | 3.70(0.36) -12.0(1.0) 4.99(0.48) -3.24(0.27)
Kr | 3.48(0.46) -10.39(0.39) 5.86(0.78) -3.50(0.13)
Xe | 3.65(0.11) -12.334(0.085) 6.80(0.20) -4.600(0.032)
585p °P; — 5s6s °S; (14534.444 cm™)
He | 4.86(0.28) 5.63(0.54) 2.45(0.14) 0.567(0.054)
Ne | 1.63(0.23) -1.45(0.29) 1.69(0.24) -0.302(0.061)
Ar | 3.44(0.50) -11.135(0.082) 4.64(0.67) -3.001(0.022)
Kr| 3.17(0.32) -9.69(0.64) 5.34(0.54) -3.26(0.22)
Xe | 3.90(0.88) -9.7(1.4) 7.3(1.6) -3.61(0.52)
585p °P, — 5565 °S; (14140.232 cm™)
He | 3.64(0.48) 6.88(0.41) 1.83(0.24) 0.692(0.042)
Ne | 1.57(0.12) -1.51(0.10) 1.64(0.12) -0.315(0.022)
Ar | 3.13(0.23) -13.17(0.45) 4.22(0.31) -3.55(0.12)
Kr| 3.46(0.23) -9.33(0.32) 5.83(0.38) -3.14(0.11)
Xe | 3.70(0.15) -12.12(0.38) 6.90(0.29) -4.52(0.14)

C-1




Table C-2. Line broadening rates and cross sections of diatomic bismuth P branch
rotational lines in the v'=3 — v'=1 vibrational manifold of the X (0;' ) - A(O;’ )

electronic transition perturbed by helium

P(J") | Broadening Rate | Broadening Cross
Section
(10 cm™/Torr) (10" cm?)
20 | 1.22(0.16) 0.604(0.086)
50| 0.20(0.78) 0.10(0.39)
551 1.69(0.25) 0.83(0.13)
60 | 1.018(0.072) 0.503(0.046)
65| 1.11(0.12) 0.549(0.068)
70 | 1.49(0.33) 0.74(0.17)
75| 1.31(0.17) 0.650(0.091)
80 | 2.30(0.66) 1.14(0.33)
85| 1.37(0.17) 0.679(0.094)
90 | 1.999(0.072) 0.988(0.067)
95| 2.33(0.62) 1.15(0.31)
100 | 1.34(0.20) 0.66(0.11)
105 | 1.53(0.15) 0.756(0.085)
110 | 1.23(0.29) 0.61(0.15)
115] 1.15(0.21) 0.57(0.11)
120 | 1.248(0.067) 0.617(0.048)
125 | 1.404(0.053) 0.694(0.047)
127 | 0.34(0.56) 0.17(0.28)
131 ] 1.66(0.17) 0.822(0.098)
135 | 1.44(0.13) 0.713(0.078)
140 | 2.06(0.11) 1.019(0.079)
141 | 1.70(0.21) 0.84(0.11)
145 | 1.34(0.13) 0.661(0.076)
150 | 1.45(0.11) 0.718(0.070)
155 | 1.280(0.067) 0.633(0.049)
160 | 1.34(0.24) 0.66(0.13)
165 | 1.94(0.16) 0.960(0.097)
171 | 1.009(0.064) 0.499(0.042)
172 | 1.73(0.28) 0.85(0.15)
175 | 1.345(0.024) 0.665(0.040)
180 | 0.51(0.11) 0.251(0.058)
186 | 1.602(0.059) 0.792(0.054)
187 | 1.66(0.17) 0.819(0.098)
190 | 2.239(0.062) 1.107(0.070)
195 ] 1.58(0.54) 0.78(0.27)
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Table C-3. Line broadening rates and cross sections of diatomic bismuth R branch
rotational lines in the v"'=3 — v'=1 vibrational manifold of the X (O;' ) - A(O;’ )

electronic transition perturbed by helium

R(J") | Broadening Rate | Broadening Cross
Section
(10 cm™/Torr) (10" cm?)
33 | -0.68(0.77) -0.34(0.38)
63 | 1.74(0.24) 0.86(0.13)
68 | -0.10(0.52) -0.05(0.26)
73 | 1.71(0.15) 0.846(0.086)
78 | 1.49(0.36) 0.74(0.18)
83 | 1.344(0.055) 0.664(0.047)
88 | 1.16(0.25) 0.57(0.13)
93 | 1.39(0.16) 0.689(0.086)
98 | 1.909(0.093) 0.944(0.071)
103 | 1.115(0.073) 0.551(0.048)
108 | 1.04(0.21) 0.51(0.11)
113 | 2.157(0.099) 1.066(0.078)
118 | 1.39(0.18) 0.688(0.097)
123 | 2.06(0.23) 1.02(0.13)
128 | 1.70(0.34) 0.84(0.18)
133 | 1.79(0.21) 0.89(0.12)
140 | -0.68(0.57) -0.33(0.28)
143 | 1.380(0.073) 0.682(0.053)
148 | 1.54(0.17) 0.763(0.092)
154 | 1.458(0.038) 0.721(0.045)
158 | 1.10(0.26) 0.55(0.13)
164 | 2.69(0.39) 1.33(0.21)
169 | 2.14(0.12) 1.056(0.086)
170 | 1.47(0.11) 0.725(0.070)
173 | 1.29(0.46) 0.64(0.23)
178 | 1.42(0.17) 0.700(0.094)
183 | 1.34(0.14) 0.661(0.080)
185 | 1.77(0.20) 0.87(0.11)
188 | 1.05(0.20) 0.52(0.11)
194 | -0.17(0.54) -0.08(0.26)
199 | 1.43(0.26) 0.71(0.14)
200 | 1.18(0.20) 0.58(0.11)
203 | 0.83(0.14) 0.411(0.075)
208 | 1.19(0.55) 0.59(0.28)
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Table C-4. Line broadening rates and cross sections of diatomic bismuth P branch
rotational lines in the v"'=3 — v'=1 vibrational manifold of the X (0;' ) - A(O;’ )

electronic transition perturbed by neon

P(J") | Broadening Rate | Broadening Cross
Section
(10 cm™/Torr) (10" cm?)
20| 0.395(0.011) 0.430(0.027)
50| 0.646(0.076) 0.703(0.092)
55| 0.854(0.037) 0.931(0.067)
60 | 1.013(0.059) 1.104(0.090)
65| 0.67(0.29) 0.73(0.32)
70 | 1.09(0.14) 1.19(0.16)
75| 1.053(0.042) 1.147(0.080)
80 | 1.068(0.033) 1.163(0.075)
85| 0.993(0.024) 1.082(0.067)
90| 0.997(0.071) 1.086(0.099)
95| 1.058(0.062) 1.152(0.094)
100 | 1.082(0.024) 1.178(0.072)
105 | 1.202(0.085) 1.31(0.12)
110 | 1.236(0.028) 1.346(0.082)
115 ] 0.903(0.030) 0.984(0.065)
120 | 0.993(0.085) 1.08(0.11)
125 | 0.799(0.064) 0.871(0.086)
127 | 0.82(0.22) 0.89(0.25)
131 ] 1.021(0.033) 1.113(0.073)
135 | 0.975(0.078) 1.06(0.10)
140 | 1.117(0.097) 1.22(0.13)
141 | 1.031(0.029) 1.123(0.071)
145 | 1.068(0.051) 1.164(0.086)
150 | 0.825(0.021) 0.898(0.056)
155 | 0.954(0.045) 1.039(0.077)
160 | 0.91(0.12) 0.99(0.14)
165 | 0.97(0.10) 1.06(0.13)
171 | 0.947(0.021) 1.032(0.063)
172 | 1.020(0.068) 1.111(0.097)
175 | 0.746(0.089) 0.81(0.11)
180 | 0.844(0.025) 0.920(0.059)
186 | 0.906(0.084) 0.99(0.11)
187 | 0.854(0.040) 0.930(0.068)
190 | 0.628(0.075) 0.684(0.090)
195 ] 1.19(0.15) 1.29(0.18)
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Table C-5. Line broadening rates and cross sections of diatomic bismuth R branch
rotational lines in the v"'=3 — v'=1 vibrational manifold of the X (0;' ) - A(O;’ )

electronic transition perturbed by neon

R(J") | Broadening Rate | Broadening Cross
Section
(10 cm™/Torr) (10" cm?)
33 | 0.834(0.022) 0.909(0.057)
63 | 1.277(0.048) 1.392(0.095)
68 | 1.114(0.084) 1.21(0.11)
73 | 1.130(0.028) 1.231(0.077)
78 | 0.66(0.23) 0.72(0.25)
83 | 0.85(0.19) 0.92(0.21)
88 | 1.044(0.056) 1.138(0.089)
93 | 0.977(0.043) 1.064(0.076)
98 | 1.161(0.040) 1.265(0.084)
103 | 0.866(0.025) 0.944(0.060)
108 | 0.936(0.095) 1.02(0.12)
113 | 0.9303(0.0032) | 1.013(0.058)
118 | 0.866(0.033) 0.943(0.064)
123 | 1.226(0.034) 1.336(0.084)
128 | 0.948(0.033) 1.033(0.069)
133 | 0.959(0.071) 1.045(0.098)
140 | 0.795(0.26) 0.87(0.28)
143 | 0.881(0.043) 0.960(0.072)
148 | 1.57(0.89) 1.71(0.97)
154 | 0.757(0.015) 0.825(0.049)
158 | 0.930(0.090) 1.01(0.11)
164 | 0.923(0.068) 1.005(0.093)
169 | 0.868(0.064) 0.945(0.088)
170 | 0.82(0.14) 0.89(0.16)
173 | 0.884(0.089) 0.96(0.11)
178 | 0.911(0.033) 0.992(0.067)
183 | 0.739(0.087) 0.80(0.11)
185 | 1.071(0.069) 1.17(0.10)
188 | 0.78(0.21) 0.86(0.24)
194 | 0.95(0.21) 1.03(0.24)
199 | 0.75(0.14) 0.81(0.16)
200 | 0.947(0.040) 1.032(0.073)
203 | 0.835(0.039) 0.910(0.067)
208 | 0.95(0.16) 1.03(0.18)
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Table C-6. Line broadening rates and cross sections of diatomic bismuth P branch
rotational lines in the v"'=3 — v'=1 vibrational manifold of the X (0;' ) - A(O;’ )

electronic transition perturbed by argon

P(J") | Broadening Rate | Broadening Cross
Section
(10 cm™/Torr) (10" cm?)
20 | 1.53(0.11) 2.29(0.21)
50| 1.49(0.19) 2.23(0.31)
551 0.95(0.17) 1.43(0.26)
60 | 0.81(0.16) 1.22(0.25)
65| 1.50(0.18) 2.24(0.29)
70 | 1.50(0.21) 2.26(0.34)
75| 1.33(0.10) 2.00(0.19)
80 | 2.11(0.16) 3.17(0.30)
85| 1.219(0.082) 1.83(0.16)
90 | 1.40(0.16) 2.09(0.27)
95| 1.21(0.14) 1.82(0.24)
100 | 1.189(0.099) 1.78(0.18)
105 | 1.574(0.038) 2.36(0.15)
110 | 1.84(0.13) 2.76(0.25)
115 ] 1.105(0.089) 1.66(0.16)
120 | 1.12(0.12) 1.68(0.20)
125 | 0.987(0.092) 1.48(0.16)
127 | 0.83(0.11) 1.24(0.18)
131 ] 1.35(0.12) 2.02(0.21)
135 1.31(0.11) 1.96(0.20)
140 | 1.57(0.12) 2.35(0.22)
141 | 1.343(0.025) 2.01(0.12)
145 | 1.179(0.061) 1.77(0.14)
150 | 0.92(0.13) 1.38(0.20)
155 | 1.37(0.17) 2.06(0.29)
160 | 1.40(0.22) 2.09(0.35)
165 | 1.421(0.031) 2.13(0.13)
171 | 1.259(0.095) 1.89(0.18)
172 | 1.41(0.18) 2.12(0.30)
175 ] 1.23(0.17) 1.84(0.28)
180 | 1.64(0.15) 2.47(0.26)
186 | 1.181(0.022) 1.77(0.11)
187 | 1.00(0.15) 1.50(0.25)
190 | 1.17(0.33) 1.75(0.50)
195 | 1.526(0.019) 2.29(0.13)
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Table C-7. Line broadening rates and cross sections of diatomic bismuth R branch
rotational lines in the v"'=3 — v'=1 vibrational manifold of the X (O;' ) - A(O;’ )

electronic transition perturbed by argon

R(J") | Broadening Rate | Broadening Cross
Section
(10 cm™/Torr) (10" cm?)
33 | 0.202(0.078) 0.30(0.12)
63 | 0.861(0.064) 1.29(0.12)
68 | 1.33(0.12) 2.00(0.21)
73 | 1.681(0.038) 2.52(0.15)
78 | 1.20(0.16) 1.80(0.26)
83 | 1.033(0.087) 1.55(0.16)
88 | 1.37(0.31) 2.05(0.48)
93 | 1.15(0.40) 1.73(0.60)
98 | 1.58(0.22) 2.36(0.36)
103 | 1.27(0.16) 1.90(0.26)
108 | 1.02(0.22) 1.52(0.35)
113 | 1.504(0.043) 2.25(0.14)
118 | 1.32(0.19) 1.98(0.31)
123 | 1.40(0.11) 2.11(0.20)
128 | 1.04(0.15) 1.56(0.24)
133 | 1.040(0.049) 1.56(0.11)
140 | 0.97(0.19) 1.45(0.30)
143 | 1.238(0.079) 1.86(0.16)
148 | 0.36(0.29) 0.54(0.43)
154 | 1.14(0.18) 1.70(0.29)
158 | 1.123(0.034) 1.68(0.11)
164 | 1.007(0.076) 1.51(0.14)
169 | 1.176(0.019) 1.76(0.10)
170 | 1.39(0.23) 2.08(0.36)
173 | 1.47(0.29) 2.20(0.46)
178 | 1.09(0.14) 1.64(0.23)
183 | 1.29(0.24) 1.93(0.37)
185 | 1.00(0.20) 1.51(0.31)
188 | 0.926(0.056) 1.39(0.12)
194 | 1.062(0.074) 1.59(0.14)
199 | 1.29(0.13) 1.94(0.22)
200 | 1.37(0.15) 2.05(0.26)
203 | 1.29(0.13) 1.94(0.22)
208 | 0.930(0.032) 1.395(0.093)
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Table C-8. Line broadening rates and cross sections of diatomic bismuth P branch
rotational lines in the v"'=3 — v'=1 vibrational manifold of the X (0;' ) - A(O;’ )

electronic transition perturbed by krypton

P(J") | Broadening Rate | Broadening Cross
Section

(10 cm™/Torr) (10" cm?)

20 0.605 1.255(0.071)
50 1.18 2.46(0.14)
55 1.29 2.67(0.15)
60 0.970 2.01(0.11)
65 1.21 2.50(0.14)
70 1.24 2.58(0.15)
75 1.13 2.34(0.13)
80 1.54 3.20(0.18)
85 1.08 2.23(0.13)
90 0.979 2.03(0.12)
95 1.06 2.20(0.13)
100 1.11 2.31(0.13)
105 1.10 2.28(0.13)
110 1.14 2.36(0.13)
115 1.17 2.42(0.14)
120 1.20 2.50(0.14)
125 0.859 1.78(0.10)
127 1.11 2.30(0.13)
131 1.24 2.58(0.15)
135 0.981 2.03(0.12)
140 1.08 2.25(0.13)
141 1.12 2.32(0.13)
145 0.943 1.96(0.11)
150 1.08 2.25(0.13)
155 1.10 2.29(0.13)
160 1.15 2.39(0.14)
165 1.18 2.46(0.14)
171 1.13 2.35(0.13)
172 0.846 1.76(0.10)
175 1.24 2.58(0.15)

180 0.812 1.684(0.096)
186 0.964 2.00(0.11)

187 0.832 1.725(0.098)

190 0.510 1.058(0.060)
195 1.29 2.68(0.15)
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Table C-9. Line broadening rates and cross sections of diatomic bismuth R branch
rotational lines in the v"'=3 — v'=1 vibrational manifold of the X (O;' ) - A(O;’ )

electronic transition perturbed by krypton

R(J") | Broadening Rate | Broadening Cross
Section

(10 cm™/Torr) (10" cm?)

33 0.829 1.720(0.098)
63 0.858 1.78(0.10)
68 1.46 3.03(0.17)
73 1.46 3.02(0.17)
78 1.13 2.33(0.13)
83 0.929 1.93(0.11)
88 1.24 2.56(0.15)
93 1.15 2.38(0.14)
98 1.12 2.32(0.13)
103 1.04 2.16(0.12)
108 0.868 1.80(0.10)
113 0.903 1.87(0.11)
118 0.924 1.92(0.11)
123 1.29 2.67(0.15)
128 0.857 1.78(0.10)
133 1.09 2.26(0.13)
140 1.02 2.13(0.12)

143 0.766 1.588(0.090)

148 0.725 1.504(0.085)

154 0.792 1.643(0.093)

158 0.632 1.311(0.075)
164 1.25 2.59(0.15)
169 1.10 2.27(0.13)

170 0.438 0.909(0.052)
173 1.21 2.51(0.14)
178 1.07 2.22(0.13)
183 0.989 2.05(0.12)

185 0.641 1.330(0.076)
188 1.31 2.72(0.15)
194 1.62 3.35(0.19)
199 1.22 2.53(0.14)
200 1.02 2.12(0.12)
203 1.14 2.37(0.13)
208 1.20 2.49(0.14)
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