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This text provides an introduction to the science that governs the interaction of
light and matter (in the gas phase). It provides readers with the basic knowledge
to exploit light-matter interactions to develop quantitative tools for gas analysis
(i.e. optical diagnostics) and understand and interpret the results of spectroscopic
measurements. The text is organized to cover three sub-topics of gas-phase spec-
troscopy: (1) spectral line positions, (2) spectral line strengths, and (3) spectral
lineshapes by way of absorption, emission, and scattering interactions. Greater focus
is dedicated to absorption and emission interactions. The latter part of the book
describes optical measurement techniques and equipment for practical applications.
The text is written for graduate students, advanced undergraduate students, and
practitioners across a range of applied sciences including mechanical, aerospace,
and chemical engineering.

The text grew out of a course, Introduction to Spectroscopy and Laser Diag-
nostics for Gases (ME364), first offered in 1977, in response to the growing use
of spectroscopic diagnostics in the research conducted by graduate students in
the High Temperature Gasdynamics Laboratory (HTGL) at Stanford. At the time,
the field of spectroscopy was undergoing a revolution owing to the development
and application of lasers, and many of the standard texts on laser physics and
spectroscopy dealt primarily with theory, e.g., quantum mechanics and optics,
rather than engineering applications. There was thus no single textbook that seemed
suitable for students (or for the professor!) with traditional mechanical engineering
backgrounds, nor was there a suitable text that focused on applied measurements
in high temperature gases. As a result, I initially used various introductory texts,
written for undergraduates and master’s level students in physics and chemistry, and
I supplemented these materials with my own notes for topics not treated in existing
books but critical to the diagnostics employed in the HTGL.

Over time, my own notes became more complete, until finally in 2001 an
energetic student, Michael Webber, helped put the notes into electronic form for use
as a course reader at Stanford. The material continued undergoing expansion and
refinement until two recent doctoral students, Mitchell Spearrin and Christopher
Goldenstein, agreed to help convert my reader into a textbook. They are now my
co-authors, having made new contributions to the latter half of the book.



vi Preface

I am deeply indebted to the many graduate students who have passed through
their doctoral studies in my group at Stanford and contributed in many ways to the
evolution of this text. Though too many to mention all by name, I must acknowledge
one student, Xing Chao, who heroically converted my notes into powerpoint lectures
and created many improved figures for the lecture slides and the text.

Finally, I want to acknowledge the pleasure I have enjoyed in working to develop
and apply laser-based spectroscopic diagnostics to engineering problems. It has
been a very rewarding experience, particularly in watching Stanford’s mechanical
engineering graduates become leaders in the field of applied spectroscopy.

Stanford, CA, USA Ronald K. Hanson
June 2015
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1.1 Role of Quantum Mechanics

This text focuses on the application of spectroscopic diagnostics to gaseous flows.
In order to keep the length and scope manageable, we will accept, prima facie,
the results of quantum mechanics (explaining quantum mechanics in detail would
require another complete text, of which many are already available). That is,
we accept that an atom or molecule may exist only in specific quantum states
(characterized by quantum “numbers”), with each quantum state having a discrete
amount of energy and angular momentum. Hence, molecular energy is quantized.
Furthermore, we will view the internal energy, which excludes kinetic energy, as
the sum of the energy stored in three modes: (1) rotation, (2) vibration, and (3)
electronic:

Eiot = Eror + Eyip + Eelec. (11)

Note that quantized internal energies lead to discrete differences in energy when
molecules change quantum states. These transitions correspond directly with the
energy of emitted or absorbed photons (and hence the emission or absorption
wavelengths) in discrete spectra. Quantum mechanics also places restrictions on the
allowable changes in quantum states during emission and absorption, described by
selection rules. These selection rules (also simply accepted in this course) dictate
which transitions are allowed and which are forbidden, and greatly simplify the
resulting spectra.

1.2  Emission and Absorption Spectra

Emission results when a molecule or atom changes quantum states from higher
to lower energy and releases a photon. Absorption occurs when a molecule or
atom changes quantum states from lower to higher energy by absorbing a photon.

© Springer International Publishing Switzerland 2016 1
R.K. Hanson et al., Spectroscopy and Optical Diagnostics for Gases,
DOI 10.1007/978-3-319-23252-2_1
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3 [final quantum state]

Absorption Transition

2 [initial quantum state]

Energy

Emission Transition

Y 1 [final quantum state]

Fig. 1.1 Absorption and emission energy transitions in an atom/molecule
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Fig. 1.2 Calculated infrared absorption spectra for HBr. Here frequency (cm™') is simply
1/wavelength (cm)

The energy of the photon emitted or absorbed is equal to the difference in energy
of the two quantum states (by conservation of energy, of course!). Figure 1.1 shows
how the energy of a molecule changes during these processes. Example absorption
and emission spectra, obtainable by measuring the energies of the photons involved
in these processes, are shown in Figs. 1.2 and 1.3.

Our goal: to be able to interpret and predict absorption and emission
spectra.

Before being able to interpret spectra, however, we must first know a few basics
about light.
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Fig. 1.3 Typical emission spectra of high-temperature air between 560 and 610 nm. The seven
large features are part of the N,(17) system of transitions

1.3 Planck’s Law

Planck’s Law is a fundamental relation that links two ways of thinking about
radiation, namely the particle and wave concepts:

AE = Eupper — Eiower = hv (1.2)

Here AFE is the energy of the photon (i.e., the particle) associated with a molecular
transition (emission or absorption) between two quantum states, while v is the
frequency of the corresponding electromagnetic wave, and / is Planck’s constant:

h=663x10"*Js (1.3)

Extending Eq. (1.1), we may also express the change in energy of the molecule
(i.e., the energy of the photon) as

AE = AE,, + AEyp, + AEgec. (1.4)

That is, the total change in internal energy of a molecule/atom is the sum of the
individual changes in rotational, vibrational, and electronic energy. Energy changes
in each of these modes have different magnitudes (as the reader will see in Fig. 1.4,
if he/she doesn’t already know) and can be classified according to the following:
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Fig. 1.4 Electromagnetic spectrum

AE,,, — microwave transitions (rotational)
AE.y + AE,j, — IR transitions (rovibrational)
AE;ot + AEyi, + AEge. — UV/Vis transitions (rovibronic)

Note that changes in vibrational energy are generally accompanied by changes
in rotational energy, and changes in electronic energy are accompanied by changes
in vibrational and rotational energy (although AE,, and AE,;, can sometimes be
Zero).

Thus, absorption or emission spectra generally consist of a number of “lines,”
corresponding to the discrete differences in energy between a molecule’s states
which are allowed (quantum mechanically) to undergo radiative transitions.

1.4  Wavelength, Frequency, and Other Units and Conversions

Spectroscopy utilizes several different units of length and energy. The most common
usage varies with the spectral region in question.

Term Symbol | Units

Wavelength A A, nm, pm (microns); 1A=10"%cm = 0.1nm
Frequency v s~!, Hz, MHz, GHz, THz

Wavenumber |V, ® cm™!, mK (1073 cm™! = 1 milliKayser)

(a wavenumber is the number of wavelengths per cm)
Energy E, AE J,em™!, ergs, eV (all per photon); kcal/mole

The relationship between wavelength and (temporal) frequency is given by

c=Av (1.5)
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where A is the wavelength of the radiation and c is the speed of light, nominally
3.0 x 108 m/s.

Wavelength and wavenumber (sometimes also called frequency, as in spatial
frequency) are related by

T=w=1/ (1.6)

From Egs. (1.5) and 1.6, Planck’s Law can be written in several ways:

AE = hv = hc/A = hev = hew (1.7)

Hence, a transition is interchangeably expressed in terms of nanometers,
angstroms or microns for wavelength and in Hertz or wavenumbers for frequency.
In the infrared (IR), use of wavenumber units is quite common; however, in the
visible or ultraviolet (UV), nanometer or angstrom units are the norm.

1.5  Spectral Regions

Figure 1.4 shows some of the different regions of the electromagnetic spectrum,
along with regions where rotational, vibrational, and electronic transitions tend to
occur. The boundaries are somewhat variable in common usage.

As can be seen from Fig. 1.4, units of energy can have many equivalent forms.
Knowing the conversion for a few reference points and the scaling may facilitate
fluency in every unit. For example,'

Alev & 12,400 A
Arev & 620 nm

Agev = 310nm

and

A [nm] = 107/v [em™]
— 500nm = 20,000cm™!
— 1000nm = 10,000 cm™"

HeVa1.6x1071].
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Fig. 1.5 Representative absorption spectra. The left-hand side shows a single line, while the right-
hand side shows a band

1.6  Basic Elements of Spectroscopy

A line is the part of a spectrum that corresponds to a transition from one quantum
state to another, e.g. a change in a molecule’s rotational energy may show a
rotational line in a spectrum as shown on the left of Fig. 1.5. Groups of individual
lines, with common upper and lower vibrational quantum numbers, may comprise
a vibrational band, shown on the right of Fig. 1.5. Furthermore, several vibrational
bands may comprise an electronic system.

1.6.1 Positions, Strengths, and Shapes of Lines

It is convenient to think of spectroscopy as comprised of three primary elements: i.e.,
the positions, strengths, and shapes of lines. Line positions, which receive emphasis
in classical spectroscopy, depend on molecular structure. The strengths and shapes
of lines are of particular importance in diagnostics applications. All three elements
will be addressed in this reader.

What is the relationship of these spectral features to gaseous properties?

1. Line positions and spacing —  molecular parameters

(Ao, AL in Fig. 1.5) (internuclear spacing, bond angles)
2. Absorbance and linewidth —  composition, temperature,
(Ay, A in Fig. 1.5) pressure

1.7  Typical Absorption Spectroscopy Setup

Most modern absorption experiments use a laser as the radiation source for
several reasons. First, their high intensities allow absorption measurements in
very hot gases (with high background emissions levels). Also, because they are
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Tunable Laser L Detector

Flame

I° = incident laser intensity or power
| = transmitted intensity or power

Fig. 1.6 Laser absorption experimental schematic

highly collimated, laser light can travel across substantial distances—up to several
kilometers. Furthermore, lasers are often spectrally narrow and tunable in wave-
length, allowing high-resolution measurements of absorption spectra. Alternatively,
absorption spectra may be recorded with a spectrally broad light source (e.g., globar)
and a tunable spectral filter (e.g., grating monochromator), but such spectra are
artificially broadened owing to the (relatively) large spectral bandwidth of the filters
currently available.

1.8  Beer’s Law of Absorption

The governing law for absorption spectroscopy describes the relationship between
the incident and transmitted laser intensities, shown in Fig. 1.6. By way of introduc-
tion, Beer’s Law is simply listed below. In Chap. 7 it will be derived.

1
Beer’sLaw T, = (1—0) = exp(—k,L) (1.8)
v

T, is the fractional transmission at frequency v, k, is the spectral absorption
coefficient [cm™!], and L is the absorption path length [cm]. The combined quantity
k,L is known as the spectral absorbance. The spectral absorption coefficient for
a single, spectrally isolated transition (typical of atoms and small molecules) is
given by

k, =Sx¢(ord)xP; (1.9)

For Eq. (1.9), S is the “strength” of the transition (common units are cm2atm™),
¢ is the “lineshape function” (common unit is cm), and P; is the partial pressure of
the absorbing species (unit is atm). Beer’s Law can also be expressed in terms of
absorption:

-1

Av=l—TU=( 7

) =1 —exp(—k,L) (1.10)
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1.9  Spectral Absorption Coefficient

Later in the course we will derive relations for the spectral absorption coefficient,
k,, which appears in Beer’s Law of absorption (Eq. (1.8)). We will find that k, is
proportional to: (1) the population density »; in the lower level i of an absorption
transition, and (2) a parameter (e.g., fosc Or Bj2) that characterizes the strength of
the transition. Here f,s. is known as the oscillator strength and By, is an Einstein
coefficient for absorption between levels 1 and 2.

Thus, absorption from a level i will only occur at frequencies corresponding to
quantum-mechanically allowed transitions, and the magnitude of the absorption
coefficient depends on the population density in i and the oscillator strength of the
transition.

1.10 Boltzmann Distribution

Boltzmann’s equation for the fraction of molecules in energy level i is [1]

. _ &
Fo=1 = M7 (1.11)
n 0

where the partition function, Q, is given by

€

0= Zgi exp( kT) = OrotOvib Qelec (1.12)

The Boltzmann distribution function describes the equilibrium distribution of
molecules (or atoms) of a single species over its allowed quantum states. Here g;
is the degeneracy of level i (i.e., the number of individual states with a common
energy, €;) and Q is a specific, energy-weighted sum over all levels known as the
partition function. There are some subtle differences between “states” and “levels”
which will require careful attention later in this course. Note that the overall partition
function Q may be written as a product of partition functions for the different types
of internal energy, since these energies are taken to be additive. The parameter
T is the temperature, and the species may be said to be in local thermodynamic
equilibrium (LTE) if the populations in all the quantum levels obey Boltzmann’s
equation. In essence, this equation defines temperature.

Reference

1. W.G. Vincenti, C.H. Kruger, Physical Gas Dynamics (Krieger Publishing Company, Malabar,
FL, 1965)



2.1 Interaction Mechanism for EM Radiation with Molecules

The primary interactions of light and matter take the form of emission, absorption,
or scattering. There are multiple possibilities for the interaction, of which the most
likely are:

* Electric dipole moment (emission/absorption)
* Induced polarization (Raman scattering)
» Elastic scattering (Rayleigh scattering)

There are other, rarer, mechanisms for electromagnetic (EM) interaction such as
magnetic dipoles, electric quadrupoles, octopoles, etc., but we will limit most of
our discussion to electric dipoles. Scattering processes will be discussed briefly in
Chap. 6.

Heteronuclear diatomic molecules, which carry a permanent net positive charge
on one end and a net negative charge on the other (e.g., HCl, NO), have a
permanent electric dipole moment. The motion of this electric dipole moment,
through rotation or vibration, gives rise to the possibility of emitting or absorbing
(receiving) electromagnetic radiation, much like a miniature antenna. The strength
or probability of emission or absorption is a function of the electric dipole moment
and its variation with internuclear spacing. EM radiation can also interact with
diatomics through the rearrangement of the electron distribution in the molecule’s
shells.

© Springer International Publishing Switzerland 2016 9
R.K. Hanson et al., Spectroscopy and Optical Diagnostics for Gases,
DOI 10.1007/978-3-319-23252-2_2
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2.1.1 Microwave Region: Rotation

When heteronuclear diatomic molecules rotate, their dipole moments also rotate
their orientation. Molecular motions, at characteristic frequencies, create opportu-
nities for resonances with EM waves, leading to absorption or emission at these
frequencies.

The electric dipole moment is specified by

=) ai @1

where i refers to particles in a molecule or system, g; is the particle charge, and 7;
is the vector specifying location. For carbon monoxide (CO), the C atom has a net
positive charge, while the O atom has a net negative charge (see the left panel of
Fig.2.1). Thus, the dipole points upwards when the molecule is oriented along the
vertical axis with the C atom above the O atom, as drawn in panel (a) of Fig.2.1.

When 1/v = 1, (see Fig.2.1), resonance occurs, increasing the chance of
“exchange” between the EM wave and molecule by absorption or stimulated
emission. The frequency of molecular rotation is in the microwave region. All
molecules with a permanent electric dipole can interact with light as a result of
their rotation, and hence are considered “microwave active.” Homonuclear diatomic
molecules with no permanent electric dipole (N, Cl,, etc.) are termed “microwave
inactive.”

/‘\ rotation HEZA +
a
» Time
|<— Trot _>|
E a b
E-field of incident
(e} wave of freq v T l T
(polarized) i
» Time
l— 1v —>
A
C
Vertical component
of dipole /\/\
» Time

Fig. 2.1 (a) Electric dipole oscillation for a heteronuclear diatomic molecule rotating at frequency
1/7or; and (b) E-field for an incident wave of frequency v, shown here as resonant and in phase
with the dipole oscillation in (a); (c) oscillation of the vertical component of the electric dipole
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C o+ C
Stretching C C C

O=0N

/
Dipole
moment I 1 I I

Vertical component
of dipole
Time

\4

Fig. 2.2 Stretching vibrational mode for carbon monoxide

2.1.2 Infrared Region: Vibration

For the IR region, it is a heteronuclear molecule’s vibration that leads to the changes
in electric dipole moment and the possibility for interaction with light. Figure 2.2
depicts the change in CO’s electric dipole moment with time due to the molecule’s
stretching motion.

2.1.3 Ultraviolet and Visible Regions: Electronic

For the ultraviolet (UV) and visible regions of the spectrum, allowed changes in
a molecule’s electronic structure (and hence electric dipole moment) introduce the
possibility for interaction with light. For infrared and microwave spectra, energy
transitions are related to the motions of the molecule. For electronic spectra, energy
transitions are related to the distribution of electrons in the molecule’s shells
(Fig.2.3).

2.1.4 Summary of Background
Quantum mechanics tells us that energy levels of most molecules (and atoms)

are discrete and that optically allowed transitions (i.e., emission, absorption) may
occur only in certain cases. The result is that absorption and emission spectra are
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c -0

Fig. 2.3 Electronic structure of carbon monoxide

typically discrete. The molecular energies of interest are: rotational, vibrational, and
electronic, with progressively larger energy spacings.

Energy spacing : AE.y < AEyip < AEgjec 2.2)

Although our primary interest will be in vibrational and electronic spectra,
rotational spectra are embedded. In order to understand and simulate actual spectra,
we first begin with a discussion of rotational spectra and a physical model that helps
us understand the processes involved. The simplest rotational model for the diatomic
molecule is the Rigid Rotor (Sect. 2.2.1), while the simplest vibrational model is the
Simple Harmonic Oscillator (SHO) (Sect.2.3.1). Once we have introduced these
simple models and have shown how they can describe each mode separately (with
the help of the results of quantum theory), we will relax some of their assumptions to
form improved models: the Non-rigid Rotor and the Anharmonic Oscillator (AHO)
(Sect. 2.4.1). In essence, these more complex models require only minor corrections
to the original, simpler models. Having introduced these models for each mode, we
will then combine them and use them to understand rovibrational spectra, using
at first, the simple models (Sect.2.5), and then the improved models (Sect.2.6).
Finally, in Sect. 2.7, we will incorporate electronic transitions into the conceptual
framework.

2.2  Rotational Spectra: Simple Model
2.2.1 Rigid Rotor (RR)

Our approach for the rigid rotor (RR) model is a blend of classical and quantum
mechanics. For this model, we assume that the atoms are point masses (dpye ~
10~'3 cm) with an equilibrium separation distance 7, that is constant or “rigid.” That
is, the rotating diatomic is analogous to a rotating dumbell that has a massless,
inflexible rod connecting the weights at the end. Typical separation lengths are 7, ~
1078 cm (Fig. 2.4). The “rigid” assumption for the bond length will be relaxed later.
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axis of
rotation

N,

ry r2

_K + ~10"em
le) \ Qﬁr

center of
mass

Fig. 2.4 Diatomic molecule with rigid rotor approximation

2.2.2 Classical Mechanics

Classical mechanics can be used to describe the moment of inertia about the center
of mass for a diatomic molecule. The center of mass is the location along the
internuclear axis at which rym; = rym,. The moment of inertia / is given by:

=Y ma?=pr, (2.3)

where p, the reduced mass, is

M:M (2.4)
ml—i—mz' ’

So, the two-body problem is equivalent to the motion of a single-point mass, U,
rotating about the center of mass at a distance, .. The angular momentum of the
molecule is then Jw;,; Where wy is the angular velocity.

2.2.3 Quantum Mechanics
Although angular momentum is a vector quantity, whose allowed values and

directions are quantized, we often care only for its magnitude. Quantum theory gives
the following relationship for the allowed magnitudes of angular momentum:

| lowe |= VIJ + )R, J=0,1,2,3..., (2.5)
where
h=h/2m. (2.6)

Here, “J” is an integer called a quantum number. There are several different
quantum numbers needed to completely describe the state of a molecule. J is the
one that characterizes the total angular momentum.
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2.2.4 Rotational Energy

Classical mechanics can now be used to relate the rotational energy of a molecule
to its moment of inertia, thereby yielding an expression for the allowed values of
rotational energy as a function of rotational quantum number.

1 2
Erou = S loog, (2.7
- () (2.8)
- 2] a)rot .
_ J(J + DA? (2.9)
T2l ’
2
=JJ+1 2.10
V+ )8712 7 (2.10)
—E (2.11)

Ej, calculated in this manner, is usually in units of Joules. By convention, however,
spectroscopists usually denote rotational energy by F(J), in units of cm™'. Referring
to Eq. (1.7), the conversion is

E;[J]

F(J) [em™'] = - (2.12)
h
= [M]J(J—i- 1). (2.13)

The “rotational constant,” known as B, is

B [cm_l]:[ h } (2.14)

Thus, Eq. (2.13) reduces to

\F(J) =BJ(J + 1) \ (2.15)

Note: So far we have only considered molecular rotation, so J, which com-
monly represents the total angular momentum, also represents the rota-
tional angular momentum in this case. Later in the text, we will differen-
tiate between angular momentum due to molecular rotation and angular
momentum from electrons, and several new quantum numbers will be
introduced that will contribute to J.
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2.2.5 Absorption Spectrum

Schrodinger’s wave equation is a key relation in quantum mechanics. Its basic form
is as follows:

>y 2m
5+ S E- U@ =0 (2.16)

This is the time-independent form of the Schrodinger equation that describes a
particle of mass m moving in a potential field described by U(x). The wave
function, ¥, is the solution to Schrddinger’s differential wave equation, and v *
is proportional to the probability that the particle will occupy the portion of
configuration space in x — x-+dx. The transition probability is directly related to the
integral of the wave functions for the initial and final quantum states (m and n), and
the permanent electric dipole moment, over all the configuration space elements,
dr [1].

Transition probability o< / Y rde — AJ = £1 2.17)

where

Y ~ Wave function
¥* ~ Complex conjugate of the wave function
1 ~ Dipole moment (2.18)
The quantum mechanical solution to Schrddinger’s equation also yields “selec-
tion rules” for rotational transitions, namely that the change in rotational quantum
number (Jfina1 — Jinitial) fOr a diatomic rigid rotor, can only be £-1. For pure rotational

transitions (meaning there are no changes in vibrational or electronic configuration),
we can restrict the change in J to +1 if we define the change in J as:

/ (upper) /7 (lower)

! |
A= T - I =41

Here we have introduced commonly used notation in which the upper state is
denoted with a single prime superscript and the lower state with a double prime. For
example,

v]/=]<_]//=0 - F(J == 1) —F(J == 0)
=2B—-0
=2B
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12B . J=3
6B
6B . 2
4B
2B 1
F=0—128 0

Fig. 2.5 Rotational energy level spacing

J F 15t diff=p
0 0

) 2B
1 2B

) 1B
2 6B

) 6B
3 12B

) 8B
4 20B

Fig. 2.6 Energy level spacing and introduction of “first difference” in energy

Figure 2.5 shows each rotational state’s energy level and the allowed transitions
between them. Figure 2.6 provides the same information in tabular form.

In general, the rotational frequencies for transitions obeying the AJ = 1
selection rule are

Vyt1ey = Ve = BJ" + D)(J" +2) —BU")(J" + 1), (2.19)

so, in terms of the lower state J”

Ve =2BJ" + 1) (2.20)

Let’s look at the following rotational absorption spectrum for CO (Fig. 2.7).

2.2.6 Usefulness of Rotational Line Spacing

The line spacing of rotational absorption spectra can be used to deduce accurate
physical characteristics of the molecule under investigation.

Line spacing - B —> 1 — r,
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1.0 Vv v E—
T Xy ~2.5mm
v, for J=0—1~10"Hz
(~frequencies of rotation)
0.0

0 1 2 3 4 3] 6 7 V/2B=J"+1
J5 0 1 2 3 4 5 6

Fig. 2.7 Absorption spectrum spacing for heteronuclear rotation

Note: 1. lines have uniform spacing, making them easy to identify/interpret
2. Bco &~ 2cm™! — Ayr—g = 1/v = 1/4cm = 2.5 mm (microwaves/mm waves)
3. Vot = ¢/A = (3% 10'%)/0.25 = 120 GHz (juwave)

Consider carbon monoxide (CO) for an example. The rotational constant can be
spectroscopically measured to six significant figures, leading to a highly precise
determination of the CO internuclear spacing.

B=1.92118 cm™' — rco = 1.128227A

The last digit, 7, is associated with an increment of length of only 7 x 107¢ A =
7 x 1071 m!

2.2.7 Rotational Partition Function

The rotational partition function for diatomic molecules that are rigid rotors can be
approximated by Vincenti and Kruger [2]

1 kT

o = — 221
Orot > 7B (2.21)

where o is the symmetry number (the number of ways of rotating the molecule
to achieve the same orientation of the molecule, treating identical atoms as
indistinguishable). For heteronuclear molecules such as CO, ¢ = 1, while for
homonuclear molecules such as Ny, 0 = 2.

2.2.8 Rotational Temperature

Rotational excitation can be described in terms of a characteristic temperature.
From statistical mechanics, we know that the Boltzmann fraction of molecules with
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rotational quantum number J is

Ny _ (2J + 1) exp (—E,; /kT)

(2.22)
N Qrot
_ @2/ + Dexp(=6,J(J +1)/T)
= T/ob, . (2.23)

It may be noted here that 2J + 1 is the degeneracy for energy level E;, a
result from quantum mechanics associated with the number of possible directions
(orientations) of the angular momentum vector with the same energy.

Since

E heF(J

E; _ hefU) (2.24)

k k

hc
= (7) BJ(J+1) (2.25)
= rot](] + ])v (2.26)

the rotational temperature 6, is
h

Ot [K] = (%) B. 2.27)

Thus the “characteristic temperature,” in this case 6.y, is determined simply by
multiplying a characteristic energy in cm™! units by hc/k (Table 2.1). The relation

hC —1
(7) = 1.44K/cm (2.28)

Table 2.1 Characteristic
rotational  temperatures
for some diatomic species

Species Oror [K]
(0)) 2.1
N, 2.9
NO 2.5

Cl, 0.351



2.3 Vibrational Spectra: Simple Model 19

is worth memorization. We will use it often! Using the rotational temperature, the
equation for the rotational partition function (Eq. (2.21)) can be simplified to

1T

Orot = g 9_r . (2.29)

2.2.9 Intensities of Spectral Lines

The absorption (or emission) probability, per molecule, is approximately indepen-
dent of J; we shall call this crude approximation the principle of “equal probability.”
Therefore, the absorption/emission spectrum varies with J similar to the Boltzmann
distribution for the population in J.

Using the Boltzmann fraction again, we have

Ny _ (2J + 1) exp (—E,; /kT)

N O (2.30)

The strongest peaks occur near where the population is at a local maximum (i.e., at
the maxima of the Boltzmann distribution, Eq. (2.30)), i.e.,

d(N,;/N)
— =0, 2.31
T (2.31)
giving
Jmax = (T/Zerot)l/2 - 1/2 (232)

2.3  Vibrational Spectra: Simple Model

2.3.1 Simple Harmonic Oscillator

The simplest model for diatomic vibration is the SHO. This model assumes that two
masses, m; and my, have an equilibrium separation distance r,. The bond length, or
separation distance between the masses, r, oscillates about the equilibrium distance
as if the bond were a spring (see Fig.2.8). We will begin the investigation of the
SHO model with classical mechanics.

2.3.2 Classical Mechanics

Hooke’s law describing linear spring forces can be applied for the SHO:

Force = —k;(r — r.). (2.33)
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Equilibrium position (balance
between attractive and repulsive forces)

Fig. 2.8 Oscillation of a linear diatomic molecule; rp;, corresponds to molecule at distance of
greatest compression

In this equation, k; is the spring constant (not to be confused with Boltzmann’s
constant, k), and the restoring force is linearly proportional to the extension (or
compression) of the spring from its equilibrium length. Such systems have a
fundamental resonant frequency of vibration, vy, which depends on the stiffness
of the bond (i.e., the spring constant) and the magnitudes of the masses at both ends
of the bond,

1 -
Vyib = gvks/u [s7']. (2.34)
As before, the reduced mass, i, is given by
mimy
= — 2.35
k= T m (2.35)

Note that this vibration frequency does not depend on the amplitude of vibration. In
wavenumber units the fundamental frequency is

We = Vyip/c [em™!]. (2.36)

The potential energy, U, stored in the oscillator (owing to compression or extension
of the spring), is

1
U= Eks(r —r.)% (2.37)

Thus, according to Eq. (2.37), the potential energy for an SHO molecule varies as
the square of the extension (or compression) of the internuclear spacing. A plot of U
versus 7 is thus a parabola, with a minimum value (U = 0) at r = r, (see Fig.2.9).
Also shown in Fig. 2.9 is the truncated harmonic oscillator (THO).
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1 SHO
U i
| /
THO
' D,
hv
|
N Y hv,,
e ? r

Fig. 2.9 Potential energy and vibrational levels for diatomic SHO and THO molecules

2.3.3 Quantum Mechanics

The results of quantum mechanics for an SHO lead to an expression for the energy
of a vibrating diatomic molecule

G(v) = w.(v 4+ 1/2) [em™] (2.38)
where v is the vibrational quantum number:
v=20,1,2,3....

Note that the SHO has equal energy spacing between adjacent quantum states,
ie. G(v + 1) — G(v) = w, independent of v. This independence is one of the
attractive simplifications that result from the SHO model. Another virtue of the SHO
model is that the quantum mechanics solution for absorption and emission of a
heteronuclear diatomic molecule leads to a very simple selection rule, namely that
the vibrational quantum number can change only by 1 [3].

Av =v —v" = +1 (2.39)

2.3.4 Vibrational Partition Function

For diatomics whose vibrational potential energy can be approximated by the SHO
model (Eq. (2.38)), the vibrational partition function, Qy;p, is [2]

—hcw, -1 —hcw,
vib = | 1 — . 2.40
0w =[1-ex0 ()| e () (.40
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It is common with the SHO model to choose an alternate reference (zero) energy
at v = 0, so that

G(v) = wev 2.41)

In this case,

-1
Ouib = [1 —exp (_Z;w)} (2.42)

It is important to keep in mind that the magnitude of the vibrational partition
function depends on the choice of the zero energy, and that the same zero must
be used in specifying molecular energies E; for any level i and in evaluating the
associated partition function.

2.3.5 Vibrational Temperature
Just as rotations have a characteristic temperature, 6, vibrations have their own

temperatures, 6;,, that are typically much higher (Table 2.2). If we define the
vibrational temperature as

B [K] = (%) We, (2.43)

and employ Eq. (2.41) for G(v), then the Boltzmann fraction for vibrational states is

NMib _ &vib exp(—vbyin/T)
N Ovib
= exp(—vbyip/T) (1 —exp(—byin/T)) , (2.45)

(2.44)

where gy, = 1.

Table 2.2 Characteristic
vibrational temperatures
for some diatomic species

Species Bviv [K]
0, 2270
N, 3390
NO 2740

Cl, 808
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24 Improved Models of Rotation and Vibration
2.4.1 Non-rigid Rotation

The model for molecular rotation can be improved by relaxing the initial assumption
of rigidity. There are two dominant effects that lead to non-rigid rotation and hence
affect B and F(J):

1. vibrational stretching causes the average spacing r to be a function of Ey, i.e.
7(Eyib)- The trends are:

Euw T, 71 11.B (2.46)

That is, as the vibrational energy E,;, increases, the average nuclear separation
increases, thus increasing the moment of inertia, and the rotational constant
decreases.

2. centrifugal distortion causes the average spacing 7 to be a function of J, i.e. 7(J).
The trends are:

JITFNB (2.47)

That is, as rotational energy (J) increases, the average nuclear separation
increases, and the rotational constant decreases.

The effects of vibrational stretching are much larger than the effects of centrifugal
distortion. The result of these non-rigidities is a new expression for the rotational
energy, Fy,(J),

Fy(J) = B,J(J + 1) — D, J*(J + 1)2, (2.48)

where D, is the centrifugal distortion constant (written with a subscript v to
denote its dependence on vibrational quantum number), and B, is the vibrationally
dependent rotational constant. The rotational transition frequency for rotators in
vibrational level v, after accounting for distortion, becomes

Ty =2By(J" + 1) —4D,(J" + 1)} (2.49)

The distortion constant term is subtracted in Eq. (2.49) (compared with Eq. (2.20)),

and thus the rotational spacings are reduced by non-rigid rotation. The vibrationally
dependent constants for rotation, B,, and centrifugal distortion, D,, are given by:

B, =B, —a.(v+1/2) (2.50)

D, =D, + IBe(v + 1/2) (2.51)
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where both «, and S, have positive values. See Sect.2.4.3 for typical correction
values for vibrational and centrifugal distortion.

2.4.2 Anharmonic Oscillator

True diatomics do not adhere exactly to the idealized SHO model, but rather
have anharmonicities that affect the shape of the potential well and the spacing
between energy levels. Thus, the models for vibrational energy can be improved
by accounting for the effects of anharmonic oscillation. The total energy for an
oscillating diatomic, after correcting for higher order anharmonicities, is

G() = we(v + 1/2) — wex, (v + 1/2)> +--- + H.O.T. (2.52)

anharmonicity corr.

Correcting for anharmonicity decreases the energy spacing. In addition, the selec-
tion rule for allowed changes in vibrational quantum number is modified to permit
the additional possibility of (relatively weak) transitions with Av = v’ — v” other
than 1 (Table 2.3). That is, relaxing the SHO model to allow for anharmonicity
leads to finite probabilities for Av = 2,3, ... and higher transitions, though these
probabilities diminish rapidly with increasing magnitude of Av.

Note: Transition probabilities for the first overtone of CO are about 100
times weaker than for the fundamental.

Potential Energy

The potential energy well for an anharmonic diatomic molecule can more accurately
be described by the Morse function (see Fig. 2.10) than by Hooke’s Law. The Morse
function is

U = Dy [l —exp(=B(r—r)))*, (2.53)

where U is the potential energy and Deq is the bond-dissociation energy (in
wavenumbers). The (r — r,) term in the exponential is the displacement from the

Table 2.3 AHO frequencies and corrections

Transition | Transition name Frequency

Av = 41| “Fundamental” band | Vi«—¢ = w.(1 —2x,) = G(1) — G(0)
(g 1<0,2<1) V| = w.(1 —4x,)

Av = +2 | First overtone Voo = 2w, (1 — 3x,)
(e.g.2<0,3<«1)
Av = +3 | Second overtone V3o = 3w, (1 —4x,)

(e.g.3 4 0,4« 1)
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SHO potential

Fig. 2.10 Potential energy and vibrational levels for a diatomic molecule

equilibrium internuclear distance, r, (in centimeter units). The term 8 (not to be
confused with 8, in Eq. (2.51)) is

B = 1.2177 x 10" @,/ it/ Deq. (2.54)

The term w, is in wavenumber units and the reduced mass is in atomic mass units.

2.4.3 Typical Correction Magnitudes

Rotational Correction

As described in Sect.2.4.1, the improvements to the model for molecular rotation
include vibrationally dependent constants B, and D, . Examples showing the relative
magnitudes of the pertinent parameters are below. In general,

B. <D, <, B,

That is, the centrifugal distortion depends only very weakly on vibrational level
and hence both D, and D, are small compared to the stretching effect of vibration
(a.). The moment of inertia (and thus the rotational constant, B) is well-reflected
by a rigid rotor approximation, but vibrational effects (¢, ) can cause small changes
(about 1 % as shown in the example below).
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. (D/B) < 1:

By balancing the force of centrifugal distortion with a restorative force from
a harmonic oscillator, it can be shown that!

4 3
D = — <X B (2.55)
w

e

Hence, D/B is quite small, especially for molecules with “stiff” or high-
frequency bonds. For example,

B\’ 1.7 \?
D/Bno=4(—) ~4— ) ~10°
(D/B)xo (w) (1900)

For a potential energy well described by the Morse function,

- (ae/Be) < 1

6 wex.B> 6B

We We

(2.56)

e

Frequencies of vibration are quite high compared to rotational constants, so
o, is small compared to B,. Physically, this means the change in internuclear
distance by vibration is small compared to the internuclear distance itself. For
example,

(e/B.)no & 0.01

- (Be/De) K 1

Using the Morse function again to describe the molecule’s potential, the
constant S, is

Bo/D, = 8wex,  Sa., o w, <1 2.57)
T o, B, 24B3 '

8wex,

%

We

The constant B, is often much smaller than D,, which itself is small, and may
therefore typically be neglected. For example,

(IBe/De)NO ~ 0.001

!See Herzberg [4, pp. 103—104], for more details.
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Table 2.4 Typical values for vibration (Banwell [5], p. 62, Table 3.1)

Vibration | Anharmonicity | Force constant | Internuclear Dissociation

o

Gas | w, [cm™'] | constant x, kg [dynes/cm] | distance r, [A] | energy Deq [€V]
CO |2170 0.006 19 x 10° 1.13 11.6
NO | 1904 0.007 16 x 10° 1.15 6.5
H,* | 4395 0.027 16 x 10° 1.15 6.5
Br,* | 320 0.003 2.5%x10° 2.28 1.8

2 Not IR-active, use Raman spectroscopy!

Vibrational Correction

Typical values for anharmonicity constants as well as some other molecular
constants are listed in Table 2.4.

Useful Conversions
1eV = 8065.54cm™! = 23.0605 kcal/mole = 1.60219x10719J
1cal = 4.18681]
IN = 10° dynes
1A =0.1nm

Example: NO, Nitric Oxide

B, = 1.7046cm™!

o, = 0.0178

D, ~ 58x107°(2,))
Be ~ 0.0014 x D,

8x 107% cm™!

®, = 190403 (*I;;); 1903.68 (2[3))
w, X, = 13.97cm™!
re. = 1.1508A

2.5 Rovibrational Spectra: Simple Model
2.5.1 Born-Oppenheimer Approximation

The simplest model for rovibration is a vibrating rigid rotor based on the Born—
Oppenheimer approximation, in which vibration and rotation are regarded as
independent. These transitions include a simultaneous change in vibrational quan-
tum number, v, and rotational quantum number, J. The total energy for these
transitions, T'(v,J), is a sum of the energy for a rigid rotor, F(J) (Eq. (2.15)), and
SHO, G(v) (Eq.(2.38)).
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T(v,J) = Err + Esno
= F(J) 4+ G(v)
=BJ(J+ 1)+ w.(v+1/2) (2.58)
The same selection rules that applied for the rigid rotor and SHO, namely that

the quantum numbers change only by 1 in a transition, also apply for the combined
transition, with only slight reinterpretation [5].

Av = +1
AJ = +1

Selection Rules

Note that AJ = J'—J” = +1 rather than only + 1. This new selection rule occurs
simply because both allowed values of J', namely J” + 1, lead to upper states with
higher energy than the lower state of the molecule, i.e.

FU') + GO > FU") + GO

for both J’ = J” 4+ 1 and J' = J” — 1. The line positions are based on the differences
in total energy for the upper and lower rovibrational states.

v=T-T'=TW,J)-TQ",J") (2.59)

2.5.2 Spectral Branches

Because the rotational quantum number can either increase or decrease by 1, two
branches of line positions emerge (Fig.2.11). The R branch is associated with an
increase in rotational quantum number (J' > J”) and the P branch is associated
with a decrease in rotational quantum number (J' < J”). There is a gap (the “null
gap”’) between the lowest lines in the P and R branches, as shown in Fig. 2.12.

A r= J"+]
v'=1 r=Jgr
r= g1
A
P R
0"=0 J"+1
J"

Fig. 2.11 Energy level diagram denoting P and R absorption transitions from a ground vibrational
state for a heteronuclear diatomic molecule
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P branch R branch
7))
@
= R(2)
@
s
o Null Gap
c
9
g R(0)
=
| o |
1 1 1
T T T T T T T 1
-8 -6 -4 -2 0 2 4 6
(0-m,)/2B

Fig. 2.12 Simulated absorption spectrum of the P and R branches of a ground state rovibrational
transition of a heteronuclear diatomic molecule

P branch: AJ = —1
R branch: AJ = +1

Note that for this simple model, both branches have constant line spacing equal to
2B. Figure 2.12 shows unequal strengths between the P and R branches, which arises
from Honl-London factor considerations (more in Chap. 7). This effect, magnified
in Fig. 2.12, illustrates the error associated with the principle of “equal probability”
introduced in Sect. 2.2.9.

R Branch
The energy in the R branch is denoted R(v, J).

ROW",J") = [G(W') — GW] +BW" + )" +2) —BJ'(J" + 1) [em™]

AG = w,
(2.60)

In this simple model, the difference in vibrational energy, AG = G(v') — G(v"),
known as the rotationless transition frequency, is independent of J. AG, often
written as either wy or vy, is given numerically by w, in the SHO model. For an
AHO, w, is a function of w,, w,x,, and v".

Vo, Wy rotationless transition wavenumber
AG = 1 w, SHO model
(1 — 2x,) AHO model for v/ <~ v” =1+« 0

Thus,

RO, J") = w, + 2B + 1). 2.61)
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P Branch
Similarly, for the P branch, the energy, P(v, J), is

PQ".J") = w, —2BJ". (2.62)

Note that since the P branch occurs for net changes in rotational quantum number
of —1, the P(0) transition is not possible, leaving a gap (the “null gap”) between the
lowest lines in the P and R branches.

Note: The naming convention is R(J”) or P(J”) for rotational transitions. For
example, R(7) indicates a transition involving (in absorption or emission)
a lower rotational state of J = 7 and an upper rotational state of J' = 8,
while P(7) represents a transition involving a lower rotational state of
J” = 7 and an upper rotational state of J/ = 6.

Branch Separation

The separation between the tallest peaks in the P and R branch absorption intensities
is a direct function of temperature due to Boltzmann statistics. Subject to the “equal
probability” approximation where the absorption spectrum (in both the P and R
branches) maps directly from the Boltzmann distribution over rotational state, the
peak-to-peak frequency separation is

8BkKT
Av = 4/ . (2.63)
he

As the temperature increases, the most probable transition shifts to higher energy
levels due to increasing population of those levels (see Eq.(2.32)). Thus the
frequency location of each branch’s maximum will move further away from the
null gap, leading to larger separation.

A more complete analysis, without the equal probability approximation, leads to
a more complex expression for the peak spacing, but the numerical values do not
differ greatly except at low temperatures.

2.6 Rovibrational Spectra: Improved Model
2.6.1 Breakdown of Born-Oppenheimer Approximation

By allowing for non-rigid rotation, anharmonic vibration, and interactions between
vibration and rotation (i.e., the breakdown of the Born—Oppenheimer approxima-
tion), an improved model for rovibrational energy can be established.

T(v,J) = G(v) + F(v,J) (2.64)
= w,(v+ 1/2) —wex,(v + 1/2)? + B,J(J + 1) =D, J*(J + 1)?

SHO anharm. corr. RR(v) cent. dist. term
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Recall from Sect. 2.4.1 [Egs. (2.50) and (2.51)] that the rotational and centrifugal
distortion constants, B, and D,,, respectively, introduce vibrational coupling into the
rotational energy:

B, = B, — (v + 1/2) (2.65)
D, =D, + IBe(v + 1/2) (2.66)

This coupling, indicated by the subscript v on B and D, signifies that the Born—
Oppenheimer approximation is no longer in effect. The rotational constants can be
related to previous notation, B’ and B”, by noting that B' = B, (v') and B’ = B, (v").

2.6.2 Spectral Branches

Just as before, the possibility for net changes in rotational quantum number of either
+1 or —1 yields two spectral branches with a null gap separating them. However, by
including the correction terms to the simple models, the line spacing of the branches
will not be constant at 2B.

R Branch
The new expression for R-branch energies as a function of the vibrational and
rotational quantum numbers is

RW",J") = AG+ B "+ 1)(J"+2)-B"(U")J"+1)
= AG+ 2B + (3B —B")J" + (B — B")(J")?, (2.67)

where, as before,
AG = G(W) —GQL") (2.68)

For clarity, these expressions are typically written without the ” and assumed to be a
function of the lower-state quantum numbers only. Thus, Eq. (2.67) can be written as

R(v,J) = AG + 2B + 3B — B")J + (B — B")J?, (2.69)
where J refers to J”.

P Branch
Similarly, for the P branch,

P(UU,J//) — AG+B/( (A 1)( //) _B//(J//)( 1 + ])
= AG— (B +B")J" — (B" —B)(J")? (2.70)
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Writing with J instead of J” produces

P(v,J) = AG— (B +B")J — (B" — B')J? .71)

2.6.3 Rotational Constant

As shown above, the rotational constant depends on the vibrational state of the
molecule.

B =B, —a,(v +1/2) (2.72)
B" =B, —a,(v" +1/2) (2.73)
And, for v/ =v" + 1,
B — B’ = —q,. (2.74)
Since o, > 0,
B <B'. (2.75)

As a result, the line spacing decreases with J in the R branch and increases with
J in the P branch.

2.6.4 Bandhead

The unequal spacing in the P and R branches leads to a bandhead in the R branch
as the lines “wrap around” on themselves (Fig. 2.13). This bandhead occurs where
dR(J)/dJ = 0.

dRrR(J
R =3B -B")4+2(B -B")J' =0 (2.76)
d-] N e’ N— —
2B’ —a, —0e

The location of the bandhead is

, 2B —a, B
Jbandhead ~ T ~ Ot_ (2.77)
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R Branch
P Branch (M

P

Bandhead

Absorption/emission

’M Pl

I I I I I I
Frequency

Fig. 2.13 Unequal line spacing due to non-rigid rotation leads to a bandhead in the R branch for
diatomic molecules

Example: CO Bandhead
For CO,

B 1.9
— =~ —— &~ 106
a, 0.018

Thus, the bandhead will only be observed in high temperature spectra.

2.6.5 Finding Key Parameters: B,, a,, w,, X,

Assuming access to the absorption spectra of a molecule, e.g. a tabular listing of the
R- and P-branch line positions for the v = 1 <— 0 and v = 2 <« 0 bands, how
would one extract the key parameters?

First Approach
Use measured band origin data for the fundamental and first overtone with v” = 0
to get w, and x,.
AGi—o = G(1) — G(0) = w.(1 —2x,) (2.78)
AGry = G(2) — G(0) = 2w, (1 — 3x,) (2.79)
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Second Approach
Fit rotational transitions to the line spacing equation to get B, and «,.

o =w, + (B —B")Ym* + (B '+ B")m (2.80)
where

o) J for the P-branch (2.81)
J+ 1 for the R-branch

Equation (2.80) is known as the Fortrat parabola formula. Finding B’ and B” allows
direct determination of B, and «,. The Fortrat parabola can also be useful in the
analysis of electronic systems (Sect. 2.7.3).

Third Approach
Use the “method of common states” to get B, and «,. In general,

FJ)=BJJ+1) (2.82)

Then, for Fig. 2.14, drawn for a “common upper state,”
AE=FJ+1)—-FJ—-1)=R(JU-1)—-PU+1) (2.83)
AE=B"JU+1)(J+2)—-B"(J-1)() (2.84)

vibrational state v'

J'=J+1

7y J=J
J'=J-1

P (J+1) R (J-1)
vibrational state v" J" = J+1
AE

J"=J

J"=J-1

Fig. 2.14 Energy level diagram for the method of common upper states
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Therefore,
AE = B"(4J +2) (2.85)

The energy difference between R and P branch transitions to a common upper
state J* = J leads directly to a value for B”. Simply divide AE by (4J+2). A similar
approach, with a common lower state, leads directly to a value for B'. Knowledge
of B and B” can be used to determine the parameters B, and « in Eq. (2.50). The
method of common states will also find use in analysis of electronic spectra where
B’ and B” differ in the two electronic states of an absorption or emission spectra.

2.6.6 Effects of Isotopic Substitution

What are the effects of isotopic substitution on absorption or emission spectra?
Changes in nuclear mass (neutrons) do not change r, or bond stiffness since these
properties depend primarily on electric binding forces, which are unchanged with
mass of nuclei. Since B varies as 1/,

1 1
Bx - x—,
I n

the spacing of lines changes as u changes. Similarly, the fundamental frequency of

vibration, w,, varies with pu,
kq 1
We X | — X ([ —,
2 2

therefore the band origin also changes as p changes.

Example: CO Isotope, 3C'°0
What can be learned from the combined IR absorption spectra of '>C'®O and
13C18Q? After the lines are assigned, the line spacing can be used to infer the B
values of both species, yielding:

Bisc16o = 1.92118 and B3c16, = 1.83669 cm™ (2.86)

1. The change in line spacing from '2C'®0 to 1*C'°0 is A(2B) = —0.17cm™!
2. The ratio of the B values can be used to calculate the mass of '*C from the
known value of mj. = 12.0, i.e.

B
12¢ 160 — H13cl60 = Mmp3e = 13.0006 (2.87)

Bisci6p  Mi2c160

This calculation is within 0.02 % of the actual value, 13.0034!
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3. The relative B values can also be used to estimate the shift in the band origin:

We13c160 _ B3 160 _ J0.95%
We, 12¢160 Bioc1s

Using we 120165 =~ 2200 cm™!, the change in band origin is

Aw, ~ 50cm™!

See Banwell [5] (Fig. 3.7, p. 67) for an example absorption spectrum in which
the natural abundance of 13C (about 1.1 %) is evident.

2.6.7 HotBands

Hot bands are those that involve excited states, i.e. having a lower state with a
vibrational quantum number greater than zero. When are hot bands important?
Recall, the Boltzmann fraction for vibrational states is

Nyip _ &ib exp(—vbyip/T)
N Ovib
= exp(—vbyipn/T) (1 — exp(—byin/T)) (2.89)

(2.88)

Hence, the necessary condition to allow neglect of hot bands is that 7 < 6y;,. Since
the characteristic vibrational temperature, 6,;,, often exceeds 103K (see Table 2.2),
hot bands can often be neglected in absorption and emission.

Example: CO Hot Bands

evicho ~ 3000K
N e 020 T =300K

N e '(1—e 1)~ 023 T =3000K

Therefore, “hot bands” become important only when the temperature is signif-
icant relative to the characteristic vibrational temperature.
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2.7  Electronic Spectra of Diatomic Molecules

We have so far introduced models to adequately interpret or predict the rovibra-
tional spectra of diatomic molecules. We are now ready to incorporate electronic
transitions. Electronic spectra involve transitions between different potential energy
wells, each representing a different electronic configuration (and hence energy).

2.7.1 Potential Energy Wells

There is a different potential energy well for each electronic configuration
(described by one or more electronic quantum numbers). Potential wells illustrate
the variation of electronic forces with internuclear spacing, since

dv

F=-"—"
dr

(2.90)
where F is the force, V is the potential energy, and r is a one-dimensional distance
(often the internuclear distance for diatomics). As the electronic configurations
change, the electronic forces change, and thus the potential wells change in shape,
energy minimum (7,) and equilibrium internuclear distance (r,) (see Fig. 2.15).

vV A
A \
De:
Vmax - Eex
—
r.
e Te
X Vmin
Der
AR
T >
re" r

Fig. 2.15 Sample potential wells for the X and A electronic energy states
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Example: Potential Energy Wells for N,
A is the first excited state.
X is the ground electronic state.

T, is the energy of the A-state with respect to the ground
state (measured between the well minimums).

Vmin»> Vmax are the extremes of photon energies for discrete
absorption from v’ = 0 (note that the end-points
are at v”,v" = 0 and at the dissociation limit of the
A-state).

Eex is the difference in electronic energy of atomic frag-
ments.

D, s the dissociation energy of the lower (") or upper (')
electronic state (not to be confused with the rotational
distortion constant, which, unfortunately, sometimes
shares the same symbol).

Characteristic Event Times and the Franck-Condon Principle

Absorption and emission associated with molecular transitions from one potential
well to another is essentially instantaneous because the time to move or excite
electrons is much shorter than the time required to move or excite nuclei during
vibrations or rotations.

Tepee & 10710 time to move/excite electrons
Tvin &~ 107135 characteristic time for vibration
Teon &~ 107125 duration of collision
Tt &~ 107105 characteristic time for rotation
Temiss &~ 1070-1078 s “radiative lifetime”

It is clear that Teee << Tothers-

The Franck—Condon principle reflects the relative characteristic times by approx-
imating that the internuclear distance, r, remains constant during an electronic
transition. In other words, during the time it takes for the electronic transition to
occur, the molecule’s vibration and rotation appear frozen (hence, we draw lines
vertically between potential wells to represent an electronic transition at constant ).

Some additional points of note:

1. It is evident that 7., = Ttyjp. This can lead to resonant behavior between
vibrations and collisions.

2. The “radiative lifetime,” Temiss, 1 the average time a molecule (or atom) spends
in an excited state before undergoing radiative emission.
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\

r

Fig. 2.16 Sample potential wells for discrete electronic spectra

2.7.2 Types of Spectra

Electronic spectra can be discrete or continuous. Sometimes a spectrum can contain
both discrete and continuous parts, depending on the potential energy curves of the
states involved.

Discrete
When the equilibrium internuclear distance is approximately the same for the upper
and lower potential energy wells, r, & r”/; the result is an electronic spectrum with
discrete features (Fig.2.16).

Recall that:

1. r & constant in absorption and emission (Franck—Condon Principle)

2. vibrationally excited molecules (v # 0) spend more time near the edges of the
potential well, so that transitions to and from these locations will be favored

3. lowest v” levels are the most populated

Continuum

Sometimes one of the states involved in a transition has no equilibrium internuclear
distance (the atoms only repel each other), or the transition frequency exceeds the
dissociation limit. In these cases, the electronic spectrum is a continuum. Examples
of each of these cases are shown in Fig.2.17.

1. For the left figure, v > A leads to a continuous absorption spectrum, and v < A
results in a discrete spectrum.
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V A V A
repulsive
state

T T
k, 4 absorption k, 4 absorption
continuous
F>spectrum
A A v' v'

Fig. 2.17 Samples of potential wells (top) that result in continuous spectra (bottom). The
parameter k,, is an absorption coefficient, i.e. a measure of absorption strength

2. For the right figure, the upper state is always repulsive. That is to say, there is no
“well” in the potential curve, and the molecule is equally likely to be excited by
any sufficiently energetic photon. The absorption spectrum is thus a continuum.

2.7.3 Rotational Analysis

Here we wish to analyze the rotational transitions within a single band (v’, v") of an
electronic system. As with the rovibrational transition analysis, we begin by simply
adding the expressions for energy. For the upper state,
T = tot T Tvib + Telec
=F(') +GW') + T
=BV + 1) +o/0 +1/2) —wx,/ v +1/2)? + T, (291)

C’(const. for rot. analysis in a single band)
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For the lower state,

T" = vot + Tvib + Telec

=F(")+ GOW") + T (2.92)
N——
C//
Note that if the lower state is in the ground electronic state, .. = 0. Defining
C — C/ _ C//
and combining Egs. (2.91) and (2.92) gives
-7 =BJJ +1)-B"J'U" " +1)+C (2.93)

Similar to the rovibrational analysis, we can simplify Eq. (2.93) to a Fortrat parabola
by creating a new variable,

o —J for the P branch, (2.94)
J + 1 for the R branch,

where J = J”. Now, Eq. (2.93) reduces to a parabolic formula.

|7 — 1" =am® + bm+ C (2.95)

Equation (2.95) is virtually the same as Eq. (2.80), except for the use of the constant
C rather than w,, and the introduction of constants a and b:

a=B —B'
b=B +B"

The bandhead can be found by taking the derivative of Eq. (2.95) and setting it equal
to zero. Letting T = T" — T”,

ar
& 2um+b=0 (2.96)
dm
Therefore,
b B/ + B//
Mbandhead = — 2.97)

2a _ 2(B"—B)
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Note: 1. If ¥, > ¢/, then B’ < B”, a < 0, and the bandhead is in the R branch.
2. If ¥, < ¥/, then B > B”, a > 0, and the bandhead is in the P branch.

Example: O,
The X*%; ground state has B” = 1.44cm™', and the A*S;" upper state has
B’ = 1.05cm™". The bandhead location is at

2.49
2(0.39)

~

Mph =

Note that the bandhead can occur at low J owing to the large possible
differences in B for different electronic states. This particular electronic system,
known as the Herzberg bands, is comprised of weakly “forbidden” transitions
(meaning they are not allowed via typical selection rules but occur with low
probability due to second-order effects). A much stronger transition system in
0,is B, < XX, known as the Schumann—Runge system. B, for B’S; is
0.82cm™!.

Fortrat Parabola

One can graph the Fortrat parabola by plotting line positions, and use it to find
rotational constants as well as the bandhead (Fig. 2.18). The Fortrat parabola can be
used for rotational analysis by following these steps:

BN =

. separate spectra into bands (v, v”) for detailed analysis

. tabulate positions of lines in a given band

. identify null gap and label lines (not always trivial)

. infer B’ and B” from the Fortrat equation or method of common states

Note: When labelling lines, keep these items in mind:

e If there is no bandhead, then a null gap is obvious.

e If there is a bandhead,then lines overlap.

e If there is a bandhead, it is recommended to start from the wings of
the parabola and work backwards, using a constant second difference.

The first and second differences are illustrated as follows:
first difference: Ti(m) =T(m+ 1) —T(m)
second difference: T,(m) =Ti(m+ 1) —Ti(m) =2(B' —B") = 2a

Therefore, the second difference is constant in each branch!
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m
10T bandhead!

I 3

[ 2

[ Jr= 1

0 4 0 R branch ’1_'\:’(0)_>

T ; P branch
null gap/band origin
Vo=C
no P(0) line

I I I
19,950 20,000 20,050

Frequency [cm'1]

Fig. 2.18 Fortrat parabola for the case with B’ < B”

Example: Rotational Analysis of Electronic Spectra

The following line positions (in cm™") were observed in the (v/,v”) = (0,0)
band of an electronic transition (A3ITy+, — X 12;) in 33Cl,; see the spectrum
below. Find B,, B/, r., ¥/ and the null gap frequency (Figs.2.19 and 2.20).

e’’e

1. vo = 18,147.40 cm™! (found by inferring the null gap)
2. 2a = —0.173 (found from average of second differ-
ences; note @ < 0 as the first differences are negative
except for small J in R-branch)
3. use common states to get B” (Fig.2.21)
R(0) = 18147.71, P(2) = 18,146.25
R(0) — P(2) = 1.46
B" =1.46/6 = 0.243cm™!
B =B"+a=0.157cm™!
4, Solve for ¥/, ¥’ from B’ and B”

Compare the values determined from rotational analysis with those listed in
Herzberg [4]:

BZ = 0.2438,a, = 0.0017 = Bg = 0.2438 — 0.0008 = 0.243

B; = 0.158,, = 0.003 = Bg = 0.158 — 0.0015 ~ 0.157

T, = 18310.5, r/ = 1.988 A, /) = 2.47A
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<—— bandhead

18147.85 R(1)
04 <
47 < 1814781 R(2) 14
21 18147.71  R(0)
A7 31
18147.60 R(3)
38 < mmmmmmmme e null gap at 18147.40
18 1814722 R(4)
49
56 18146.91  P(1)
17 < 18146.66 R(5) 66
73 < 1814625 P(2) > A7
18 < 1814593  R(6) 83
91 < 1814542  P(3) > 18
47 < 1814502 R(7) 1.01
1.08 < 18144.41  P(4) > 7
47 1814394 R(8) 1.18
1.25 < 18143.23 P(5) > 18
1814269 R(9) 1.36
A7
18141.87
153
18140.34 > a7
> 1.70
18138.64 > 18
> 1.88

T T 18136.76 T T

second first first second
diff diff diff diff

Fig. 2.19 Second difference rotational analysis for a < 0

I I I I
18136 18138 18140 18142 18144 18146

Fig. 2.20 Rotational spectrum in the 0-0 band of **Cl,

2.7.4 \Vibrational Analysis
Vibrational analysis can be used to determine w, and x,.
Band Origin Data

Absorption gives information on upper states, and emission gives information on
lower states (Fig.2.22).
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) P(2)
T — 6B
0— R(0)

Fig. 2.21 Common upper states

abs

emission

/

/ﬂ

r
Fig. 2.22 Absorption and emission between two potential wells

Deslandres Table

Tables of band origin values, known as Deslandres Tables, can be used via row
analysis to get w! and w,x,”. With column analysis, information regarding w,” and
wex,’ can be retrieved (Fig. 2.23).

Recall:
G(v) = w.(v + 1/2) — wex. (v + 1/2)2

G(1) —G(0) = w, — 2w,x, 20,
G2)—-G(1) = w, — 4w x,



46 2 Diatomic Molecular Spectra

2m.X.' < 020X < 1 NN
°e 0, -40 X, < N
2

column analysis
' . %
for o,', WX, 3,0

row analysis for m,", ®.X,"

Fig. 2.23 Deslandres table with row and column analysis

Table 2.5 Analysis techniques and their
related fundamental quantities

Analysis Parameters
Rotational analysis B., &, D,, B.
Vibrational analysis | @, WX,
Emission analysis D,” and G(v"")
Absorption analysis | D,/, T, and G(v")

2.8 Summary

Table 2.5 summarizes the analytical techniques covered thus far and the fundamental
quantities that can be determined with them. Rotation is described by a rigid rotor,
characterized by the rotational constant, B; however, non-rigid corrections due to
vibrational (B,, o, ) and centrifugal (D,, B.) distortion are often used to improve the
model. Diatomic vibrations are usually described primarily as a harmonic oscillator
(w,) with a small, anharmonic correction (w,x,.) that may become important at high
vibrational energies.

Absorption spectra, in general, can provide information on the upper state
properties like D,” (dissociation energy), T,, and G(v'), as shown in Fig.2.24.
Emission spectra, conversely, provide information about the lower state, e.g., D,”
and G(v”), as shown in Fig. 2.25.
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‘\ Dg
A | Eex
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r A A v
V0

Fig. 2.24 Example potential wells and corresponding absorption spectrum for upper state prop-
erties

Typical analyses for absorption include:
1. using band origin data to give G(v’) and hence G(v" = 0).

2. using measured vo = T, + G(v/ = 0) — G(v” = 0) to find T,.
3. using measured A to give D, via A + G(v” =0) =T, + D, .

VA

emission (from single V')
A

\/

r A
(change from continuum
to band structure)

Fig. 2.25 Potential curves and emission spectrum for lower-state properties
Typical analyses for emission include:

1. using band origin data (Deslandres table) from fixed v’ to find G(v”).
2. using measured A and known 7, and G(v’) to find D,” viaD,” + A = T, + G(v').
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29 Exercises

1. Which of the following molecules would show (a) a microwave (rotational)
spectrum, and (b) an infrared (vibrational) spectrum: Cl,, HCI, CO,?

2. The rotational spectrum of 'H'?’I shows equidistant lines 13.102cm™" apart.
What is the rotational constant, moment of inertia, and bond length for this
molecule? What is the wavenumber of the / = 8 — J = 9 transition? Find
which transition gives rise to the most intense spectral line at 300 K. Calculate
the angular velocity (in revolutions per second) of an HI molecule when in the
J = 0 state and when in the J = 10 state.

3. Three consecutive lines in the rotational spectrum of H’°Br are observed at
84.544,101.355,and 118.112 cm™!. Assign the lines to their appropriate J” — J’
transitions, then deduce values for B and D, and hence evaluate the bond length
and approximate vibrational frequency of the molecule.

4. The carbon monoxide molecule, '>C'°0O, has a rotational constant, B,, of
1.9226 cm™!. Boltzmann’s equation gives the ratio of the population in rotational
energy level J to the total number of molecules as shown below.

Ny g —E

- = exp -

N Qrot kT
The rotational degeneracy (i.e., the number of states with the same energy level),
gJ, is given by 2J + 1, and the partition function Q,y is given by T/6,y, where

Orot = By (%)

(a) Find the rotational level that has the maximum population if 7 = 1000 K.

(b) Calculate the temperature which maximizes the population fraction N;/N for
the J value found in part (a).

(c) Plot N;/N as a function of J for the two temperatures in (a) and (b).

5. The following are the line positions in wavenumber units of the fundamental and
first overtone bands of BBr, with v” = 0.

674.31| 1344.6
675.30| 1345.5
676.28 | 1346.5
678.23 | 1348.4
679.19 | 1349.4
680.15 | 1350.4

(a) Assign proper labels to all of the lines and calculate B,, o, ., W X,.

(b) Estimate the centrifugal distortion coefficient D, and use it to determine the
centrifugal correction to the position of the P(3) line of the fundamental band.
Assume Dy = Dy = D,.

(c) Calculate the position of the P(1) and R(0) lines for the second overtone band
of BBr.
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6. The band origin of a transition in C, is observed at 19,378 cm™!, while the
rotational fine structure indicates that the rotational constants in excited and
ground states are, respectively, B = 1.7527cm™! and B” = 1.6326cm™!;
the centrifugal distortion parameters D' and D" are negligible. Determine the
position of the bandhead, i.e. the branch, the value of J”, and the frequency of
the transition. Which state has the larger equilibrium internuclear distance, 7,?

7. The following lines (wavenumber units) were observed in the 4~0” band of the
Lyman series of H [B' T < X' f]:

95,253.64 95,193.60 95,105.72 95,044.22
94,897.76  94,805.51 94,600.47 94,477.47
94,213.94  94,060.10 93,737.88 93,553.38
93,172.58 92,957.34 92,517.96 92,271.96
91,773.99

Determine B}, By, and the null gap.

Helpful Hints:

(a) 'S —! ¥ bands have only two branches: P and R.

(b) Since the H atom nuclear spin is 1/2, Fermi statistics apply and all J states
are populated.

(c) It is often helpful in sorting out a spectrum to plot the line positions along
the frequency axis.

(d) If a bandhead is apparent, you may wish to begin at the opposite end of the
spectrum and try to find a pattern with constant second differences.
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The bond dissociation energy, D,., is a critical parameter in thermodynamics,
spectroscopy, and kinetics. For example, in thermodynamics, bond energies directly
affect heats of formation and reaction. Dissociation energies thus also play key roles
determining rates of reaction as a function of temperature. This chapter will give
several examples of how spectroscopic information can reveal D, (of ground and
excited electronic states).

3.1 Birge-Sponer Method

A simple (but highly approximate) model, known as the Birge—Sponer method, can
be used to directly convert spectroscopic parameters to dissociation energies [1]. It
is based on a model of constant anharmonicity. If the anharmonicity is constant, the
vibrational level spacing decreases to zero in the limit of dissociation.

G(v) = w.(v + 1/2) — wexo(v + 1/2)? (3.1
G+ 1) = w(v +3/2) — wex(v + 3/2)2 (3.2)
AGW) =G + 1) — G(v) = —2w.x.v + (W, — 2W,X,) (3.3)

The expression above [Eq. (3.3)] is linear with the form
AG(v) =av+b (3.4)

where the slope, a, is —2w,x, and the intercept, b, is @, — 2w.x.. AG, the separation
between vibrational transitions, goes to zero when v = vp, as shown in Fig. 3.1,
and the corresponding dissociation energy is G(vp). (Note that G(vp) is also
proportional to the integrated area under the curve of Fig. 3.1.)

© Springer International Publishing Switzerland 2016 51
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AG(W)

\J

Fig. 3.1 Illustration of Birge—Sponer method for finding the dissociative vibrational level, vp, and
the dissociation energy, D,

The “real” values of AG(v) are not perfectly linear with quantum number v
because the anharmonicity of a real molecule tends to increase near the dissociation
limit. The estimation by the Birge—Sponer method thus tends to overpredict the
dissociation energy, D,.

At the dissociation limit, v = vp and AG(vp) = 0.

AG(vp) = 0 = =2w,.x,vp + (w, — 2w,X,) 3.5)

Solving for vp yields

W,
vp = -1 (3.6)
2WeX,
Substituting Eq. (3.6) into
D, = w.(vp + 1/2) — w.x.(vp + 1/2)? 3.7)
gives
w?  wxe 07 We
D, = - ~ . (3.8)
4w,x, 4 4w, x, 4x,

Example: HCI1
For HCL, w, = 2990 cm™" and x, = 0.0174. Thus,

vp = 27.7 — 27 next lowest integer
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and

D, = 513kJ/mole.

A more accurate value, based on known thermochemistry, is D, = 427 kJ/mole.
Thus, Birge—Sponer gives a good first estimate, but overpredicts D, by about
20 %.

3.2 Thermochemical Approach

The thermochemical approach is another method for finding D, but can also depend
indirectly on spectroscopic data. This method is based on evaluating the extent of
a reaction as a function of temperature. For example, if the reaction were I, — 2I,
then the equilibrium constant is given by

2
B
PP
I
and its change with temperature may be given by Van’t Hoff’s equation:

d(nk,) AH
dT ~ RT2

where
AH = Z ViH; = Hproa — Hyeat = Do + 2 / &,dT — / ¢,dT
1 I

Thus, measurements of partial pressures can be used to infer K,(T) and hence
both AH and D,”. Partial pressures or species concentrations are often measured
spectroscopically (e.g., by laser absorption) because these techniques provide an
experimentalist with the ability to accurately measure a single species within a
mixture.

3.3 Predissociation

Another way of establishing key energies is with the curve-crossing method, so
named because it refers to a predissociative excited electronic state whose potential
curve can cross the potential curve of the ground electronic state [1]. Two examples
are shown below: HNO (nitroxyl) and N,O (nitrous oxide).
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114°

Nonlinear

Fig. 3.2 HNO structure

\"
H(2S)+NO(%x)
~ H(2S)+NO(X?1)
AE~AHR
e
Fig. 3.3 Curve-crossing method for HNO dissociation
3.3.1 HNO

Even though HNO is nonlinear (Fig.3.2), we can plot its energy level diagram
versus H-NO bond distance (i.e., for dissociation of HNO to H+NO) (Fig. 3.3).

AE ~ AHR,
but
AHp = AH}' + AH}\’O - AH}*NO

Therefore, we can solve for AH}"NO from an estimate of AE, and knowledge of
AH}! and AHC.

Recall:  1%8 =349 7cm™!
lcal = 4.187]

Note: 1. Dissociation (without curve-crossing) of the ground state HNO leads
to NO(®X), rather than the lower energy state NO(?IT).
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absorption

<l

Vo=A-G(v"=0)

Fig. 3.4 Allowed absorption spectrum for HNO

112.6 pm 118.6 pm

000

inear

Fig. 3.5 N,O structure

2. Predissociation occurs at 590 nm (17,000 cm™") in absorption spectra,
corresponding to A & 49kcal/mol. This is then an upper bound
on AHg.

3. AHx(0 K) ~ AH}ZI + AH}\IO — AH}INO, and hence we can use the
upper bound value of AHp, and known values for AH;I and AH}\IO to
establish a value for the heat of formation of HNO, AH;INO.

4. Because both electronic states of HNO have the same multiplicity
(singlet states with spin = 0), there is an allowed absorption spectrum
(Fig.3.4).

5. For polyatomic molecules, the electronic term symbols include a tilde
(~) over the initial symbol; Roman symbols are used to denote the
electronic structure (e.g., 'A” and 'A’) unless the molecule is linear, in
which case Greek symbols are used (e.g., ! = or *IT).

3.3.2 N;O

Nitrous oxide is important in combustion chemistry and is linked to NO production
and the greenhouse effect. N,O is also a source of atomic oxygen in shock tube
kinetics experiments (Fig. 3.5).

There are three relevant energies on the diagram in Fig.3.6: the depth of
the bound potential well, D,”; the energy of the curve intersection, E,; and
the difference in energy between the repulsive state products and the bottom of
the ground state potential well.
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lowest energy path for excitation
and dissociation of N,O

\v No(X'Z) + O('D)

15,868 cm™' = 45.3 Kcal/mol
N,(X'Z) + O(*P)

%! v
39.94 Kcal/mol = AHg(T=0) + G(v"=0)
E_. = 65 Kcal

act

M'N2-0

Fig. 3.6 Potential energy wells for N,O

Note: 1. There is a spin change between the ground electronic state of N,O
and the excited repulsive state shown. As a result, there is no strong
absorption process between these electronic states.

2. The dissociation products may result in either O(' D) or O(*P), but the
latter is lower in energy, and hence more likely.
3. A measurement of the dissociation rate for

N.O4+M—>N; + 0+ M,
e.g. in a shock tube gives E,, i.e. k ox exp(—65 [kcal/mole]/RT).

4. The observed activation energy of 65 kcal/mol provides a lower bound
on the dissociation energy, D,”.

3.4 Exercises

1.

A banded structure is observed in the absorption spectrum of ground-state
oxygen, which changes to a continuum at a wavelength corresponding to
7.047 eV. The upper electronic state of molecular oxygen dissociates into one
ground state (3P) atom and one excited ('D) atom; the excitation energy of
the (D) atom relative to the (*P) atom is 1.967 eV. Determine D!/ for O, in
kcal/mole.

. The zero-point energy of the ground state of O5 is 793 cm™!, and the difference

in energy between the potential-energy minima of the two electronic states, 7,

of Problem 1 is 49,800 cm™!. Determine D, for the upper and ground states of

O, incm™!.

. Partial electronic band origin data for an absorption spectrum from the ground

electronic state is listed below.
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Vv =0

1/31,800cm™!
2132,400cm™!
3132,800cm™!

(a) Estimate the bond dissociation energy of the upper electronic state
(b) If G = 0) is 575cm™', what is T, in cm™'?

4. Given the following band origin data (in cm™") for an electronic system:
(a) Determine ), w.x,, ®!, wex!
(b) Calculate v}, and D/, using the Birge—Sponer method

Vv =0v"=1v"'=2v"=3
025,000

1 24,700

226,300

326,800 | 25,800 | 24,800 | 23,800

Reference

1. C.N. Banwell, E.M. McCash, Fundamentals of Molecular Spectroscopy, 4th edn. (McGraw-Hill
International (UK) Limited, London, 1994)



The mechanism for electromagnetic radiation to interact with polyatomic molecules
is similar to the process discussed previously for diatomics. Molecular vibrations
and rotations cause changes in electric dipole moments that occur at resonant fre-
quencies. At these frequencies, molecules can interact with radiation (via emission,
absorption, or scattering). The difference is that polyatomic molecules have more
rotational and vibrational modes, and each of these modes gives rise to additional
possible resonances.

This chapter will introduce the fundamental concepts necessary to understand the
spectra of various groups of polyatomic molecules. In so doing, we will also present
how groups of molecules are classified by their geometry, e.g. linear molecules,
symmetric tops, spherical tops, and asymmetric rotors. Similar to our presentation
of the material on diatomics, we will first present the aspects of rotational lines and
vibrational bands separately before combining them into rovibrational spectra.

4.1 Rotational Spectra of Polyatomic Molecules

A body or molecule is characterized by three principal axes of molecular rotation,
about which the three principal moments of inertia, I4, I, and I, are defined. These
axes pass through the center of mass and are orthogonal to each other (see Fig. 4.1).
Molecules are classified in terms of the relative values of I, I, and Ic. There is
more than one convention for assigning the A-axis, but we will say that the A-axis is
the “unique” or “figure” axis, along which lies the molecule’s defining symmetry.

© Springer International Publishing Switzerland 2016 59
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Fig. 4.1 Orthogonal axes and moments of inertia for ammonia, a polyatomic molecule

4.1.1 Linear Molecules

Linear molecules are those for which all the atoms are “on a line,” including
diatomics. The principal moments of inertia are Iy = I¢ and Iy ~ 0, where the
A-axis passes through each atom. I4 is actually finite, but quantized momentum
means that the molecule will remain in the lowest state of rotation about the A-axis,
so that effectively, [4 = 0. Examples of linear molecules include OCS, HCN, and
HC,CL

Linear polyatomic molecules must be asymmetric to have a permanent electric
dipole moment and resulting rotational spectra. Linear molecules that do not have
a permanent dipole moment (i.e., molecules that are both linear and symmetric),
such as CO, and C,Hj, are not microwave active. Isotopic substitution in symmetric
molecules does not alter bond lengths or charge distributions, and thus does not yield
dipole moments.

Linear polyatomics can be treated the same as diatomics, with one value of 1.
Therefore, the linear polyatomic rotational constant, rotational energy levels, and
transition frequencies are the same as for diatomics.

__h 4.1
- 8772136 ( ’ )
F(J) =BJ(J + 1) —DJ*(J + 1)* 4.2)
v(J) = 2BUJ" + 1) —4D(J" + 1)} 4.3)

Compared to diatomics, polyatomic molecules typically have a larger moment of
inertia, /, and thus have smaller rotational constants, B, and smaller line spacing.

For linear molecules with N atoms, there are N — 1 bond lengths that can be found
with spectroscopy. Absorption/emission spectra yield the rotational constant, B, and
its associated moment of inertia, /. Using N — 1 isotopes yields measurements of
N — 1 different values for /p; the resulting N — 1 equations can be solved for the
N — 1 bond lengths. Carbon oxysulfide provides one such example (Fig. 4.2).
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Example: OCS, Carbon Oxysulfide

B>

foo = 1.165A
fos = 1.558A
; Sletrs
l'co les
I'c I's

Center of mass

Fig. 4.2 Model of the linear polyatomic molecule OCS

There are two bond lengths, rco, and rcs, which can be determined from the
measured moment of inertia / from two isotopes, e.g.

Lsgizcg = F(masses, rco, rcs)

Lisgizcng = F(masses, rco, rcs)

4.1.2 Symmetric Top

Molecules with symmetric top structure are those that have two equivalent moments
or inertia, both of which are different from the third moment. Molecules such
as boron trichloride (BCl3) and ammonia (NH3) are symmetric tops. The A-axis
corresponds to the figure axis of a symmetric top, and thus is also the main axis of
symmetry. For symmetric tops, Iy # Ig = I¢, and I # 0 (Fig.4.3). Similar to the
description for linear molecules, the rotational constants are related to the moments
of inertia by

_ h _ h _ h
© 872y’ 8mllge’ T 8m2cc

[em™!] 4.4)

Typically, the equivalent moments of inertia for symmetric top molecules are
described simply as I, and the main axis moment is /4. The relative magnitudes of
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C.M. CM
(Tripod-like) (Planar Molecule)

Fig. 4.3 Symmetric top structure. The A-axis passes through C-F for CH3;F; for BCl;, it is
perpendicular to the plane formed by the atoms and passes through B

the inertial moments or rotational constants can be used to further distinguish the
tops as Prolate or Oblate:

Prolate: I, <z =1Ic¢

A>B=C Example: CH3F
Oblate: Iy > Iz =1I¢

A <B=C Example: BCl3

Since symmetric tops have two main directions of rotation, they have two
quantum numbers to describe rotational energy, J and K, where J represents the total
angular momentum (0, 1,2, .. .), and K represents the angular momentum about the
A-axis. There are 2J + 1 possible values of K for each value of J, with K restricted
toJ,J—1,...,1,0,—1,... ,—J. All non-zero values of K are doubly degenerate
since states, that differ only by the sign of K, have different directions of motion but
the same energy.

J  Total angular momentum: 0, 1, 2, ...

K  Angular momentum about the A-axis: J,J—1,...,1,0,—1,... ,—J
There are 2J + 1 possibilities of K for each J. Positive and negative
values of K are allowed, without a change in energy.

As before, the quantized total angular momentum is (see Eq. (2.5))
120} + I*op + 10k = J(J + DA? (4.5)

Here w); is the rotational angular velocity. In addition, the angular momentum about
the A-axis is quantized.

12w} = K*h? (4.6)
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Energy Levels
The energy levels, assuming rigid rotation, from Eqgs. (4.5) and (4.6) are given by

1

which leads, after some algebra, to
F(J,K) = BJ(J+ 1) + (A — B)K? (4.8)

Note that the sign of K has no effect on the rotational energy, i.e., the direction of
rotation does not affect the rotational energy.

Selection Rules
The selection rules that result from quantum mechanics are:

AJ = +1  As before for pure rotation
AK =0

The interpretation is that since there is no dipole moment for rotation about the
A-axis, no changes in K will occur with absorption or emission.

Line Positions
The transition frequencies for the polyatomic rigid rotor are

vk =F(J+1,K)—F(J,K) =2B(J + 1) [em™] (4.9)

Again, since the line positions are differences in energy levels, they are independent
of K for a rigid rotor. K-dependency is introduced for non-rigid rotation.

Non-rigid Rotation

Energy level descriptions for non-rigid rotation include higher-order correction
terms with centrifugal distortion constants that are J-dependent (D;), K-dependent
(Dg), and J-K dependent (D k).

F(.K) = BJ(J + 1) + (A= B)K* = D,;J*(J + 1) (4.10)
—DyJ(J + 1)K* — DgK*

Uk =2(J 4+ 1)[B—2D;(J + 1)*> = DxK?] 4.11)

Note that there are 2J + 1 components (K values) for each total angular momentum
quantum number J but only J + 1 frequencies, since —K and K are degenerate. The
last two terms in Eq. (4.11) are small except at very high J and K values. The reader
should gain some idea of the magnitude of these corrections from the following
example.
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Example: CH;F, Methyl Fluoride
B=0.85lcm™!
D;=2x10"%cm™!
DJK =1.47 x 10_5 Cl’l'l_1

4.1.3 Spherical Top

Spherical tops are characterized by three equal moments of inertia.
Iy =1Ip=1I¢ (4.12)

Molecules such as CHy are spherically symmetric (Fig. 4.4). There is no permanent
electric dipole moment along any of the principal axes; therefore, spherical tops
have no rotational spectra.

4.1.4 Asymmetric Rotor

Asymmetric rotors (also known as asymmetric tops) are characterized by three
moments of inertia, none of which are equal to each other.

In# g # I (4.13)
This category is the most complex and will not be addressed here. Examples of
asymmetric rotors include H,O and NO, (Fig. 4.5).

4.1.5 Rotational Partition Function

The classical expressions for polyatomic rotational partition functions are different

for the various molecular structures. Linear polyatomics can be treated as diatomics,
and thus, from before,

C.M.

Fig. 4.4 Molecular structure of CHy
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C.M.

Fig. 4.5 Molecular structure of H,O

Table 4.1 Symmetry factors for a few poly-
atomic molecules

Moleculel Symmetry factor, o| Molecule type

CO, 2 Linear
NH; 3 Symmetric top
CH4 12 Spherical top
H,O 2 Asymmetric rotor
kT 4.14
Orot = SheB’ (4.14)

where o is the molecule-dependent symmetry factor (defined in Sect.2.2.7)
(Table 4.1). For symmetric top molecules, where B = C,

3
Orot = l L (k_T) . 4.15)
o

For spherical top molecules, the rotational partition function simplifies even fur-
ther to

1 |7 (kT\}
Orot = ; E (%) . 4.16)

Similarly, for an asymmetric rotor:

b3 (kT)3
Qr0[= —~\| . (417)

1
o \ ABC
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4.2 Vibrational Bands of Polyatomic Molecules

Polyatomic molecules have multiple and different vibrational modes depending on
their structure and number of atoms. The existence and nature of these modes affect
the vibrational bands in the spectra of these molecules.

4.2.1 Number of Vibrational Modes

For polyatomic molecules with N atoms, a total of 3N dynamical coordinates
are needed to specify the instantaneous location and orientation of the molecule
(i.e., the nuclei). This total corresponds to the sum of coordinates needed to
specify the molecular center of mass, the angular rotation of the molecule, and
vibrational motion (bond lengths), and hence provides an easy accounting method
for identifying the number of vibrational modes, as follows:

Center of Mass:  requires 3 coordinates (has 3 translational modes)
Rotation: 2 angular coordinates (hence rotational modes) for linear

molecules
3 angular coordinates (rotational modes) for nonlinear
molecules

Vibrations: the remaining number of vibrational coordinates/
modes is:
3N — 5 for linear molecules
3N — 6 for nonlinear molecules

4.2.2 Parallel and Perpendicular Modes

H,0 and CO,; are good examples of triatomic molecules with different vibrational
modes. The numbering (i.e., identification) convention for the vibrational modes
(and their resultant bands in a spectrum) is based first on symmetry, and second on
decreasing energy [1]. That is, v; is the highest-frequency symmetric vibrational
mode, v, the next highest symmetric mode, and so on, followed by the asymmetric
modes in order of declining frequency. (See [1, p. 272] for an exception to this rule.)
There are two types of vibrational modes:

1. Parallel (]|), where the vibrations are those that occur parallel to the main axis of
symmetry

2. Perpendicular (L), where the vibrations are those that occur perpendicular to the
main axis of symmetry

In order for vibrational motion of a molecule to result in an absorption/emission
spectrum, some change must occur in the electric dipole of the molecule during
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Vibrations
(a) vq (b) v2 (c) v,
1C, axis
4
; _I:I) H | R 9
dlp0|eI dipoIeI dipole +—
Symmetric stretch Symmetric bending Asymmetric stretch
v,=3652cm™! v,=1595¢cm™! v;=3756¢cm™!
|| band || band 1 band

Fig. 4.6 Structure, symmetry, and vibrational modes for H,O

this motion (i.e., a difference must exist in the dipole moment between vibrational
quantum states). If this change in dipole occurs along the axis of symmetry of the
molecule, the absorption/emission spectrum is termed a “parallel (||) band,” while
if the change in dipole moment occurs perpendicular to the axis of symmetry, a
“perpendicular (L) band” will occur. It follows that for a symmetric molecule, such
as CO,, the symmetric stretch vibration will not produce a change in dipole moment,
and hence there will be no active parallel band for this mode of vibration (see the
discussion below).

4.2.2.1 Water, H,0

H,O is a nonlinear triatomic molecule, so it has three vibrational modes. The C,
notation in Fig. 4.6 means that there is a twofold symmetry of rotation about this
axis (which is the unique A-axis of H,O ). The symmetric stretch vibration, known
as vy (as it is the highest-frequency symmetric motion), results in a || band, as does
the symmetric bending vibration, v,. The remaining vibrational mode, v3, involves
asymmetric stretching, and produces dipole variations perpendicular to the axis of
symmetry. Hence v3 is a L band.

Carbon Dioxide, CO,

For a linear molecule, such as CO,, there are two stretching modes: symmetric and
asymmetric. The stretching and compression of these bonds are illustrated in the
following figure with exaggerated amplitude (Fig. 4.7).

For the “symmetric stretch” vibrational mode, the two C-O bonds are stretched
or compressed simultaneously, preventing formation of a dipole moment. Since
the dipole moment remains zero for this mode, no direct light interaction (i.e.,
absorption or emission) is possible. Thus, the “symmetric stretch” vibration for
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S - 26+ S -
0 C 0 Stretched
- + _
% 22 ?) Normal
_ + -
?)—22 _— (8) Compressed

Fig. 4.7 Symmetric stretching of carbon dioxide (Fig. 1.6, Banwell)

(I) S - (6] (0] (6] (I) o
C 25+ C
Asymmn_etrlc C C C
stretching
C
|
0 3d- O (6] (6] (0] o
Dipole T T
moment ° ° [ ]

Vertical component
of dipole

Fig. 4.8 Asymmetric stretching vibrational mode for carbon dioxide

CO; is “infra-red inactive.” For anti-symmetric stretching (see Fig. 4.8), one bond
is stretched while the other is compressed, giving rise to a changing dipole moment.
This vibrational mode is “infra-red active,” and there will be an absorption band at
the characteristic frequency of vibration. Since CO, is a linear triatomic molecule,
it has 4 vibrational modes, two of which are degenerate. Only a single absorption
band will appear at the degenerate frequency. Hence there are three fundamental
frequencies (v, v,, and v3) as shown in Fig. 4.9.

Interestingly, for symmetric molecules we will find (Chap. 6) that vibrational
modes are either IR-active or Raman-active (see Table 4.2) for symmetric
molecules.
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Vibrations
(a) vy

Symmetric stretch

v4=1330cm!
(Not IR-active!)

(b) v,

Symmetric bending

|

(¢) vy

t (0 _S¥1 0]
o o) =

Asymmetric stretch

v,=667cm"" v,=2349cm!

L band

|| band

(Doubly degenerate)

Fig. 4.9 Structure, symmetry, and vibrational modes for CO,

Table 4.2 Active modes
of CO, (S strong, VS very
strong); N.A. not active

Mode | IR Raman
vy N.A. | Active
vy S N.A.
V3 VS |N.A.

Table 4.3 Fundamental vibrations, frequencies, types, and descriptions

for NH;

Vibration | Frequency [cm™!] | Type | Description

V1 3337 II Symmetric stretch

Vs 950 II Symmetric bend

V3 3444 1 Asymmetric stretch (degenerate)
V4 1627 1 Asymmetric bend (degenerate)

Ammonia, NH3

A listing of the fundamental vibrational modes of ammonia is given in Table 4.3.
Note that ammonia has six vibrational modes, but two (v; and v,) are doubly

degenerate.

4.2.3 Types of Bands

There are various types of bands that appear in a spectrum; they are all based on
the vibrational modes discussed above. The terminology for these different types of

bands is as follows:
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Fundamental Bands v;, the ith vibrational mode
Av = v" —v"” = 1 for the ith mode
First Overtone 2v;
Av = v’ —v” = 2 for the ith mode
Second Overtone 3v;
Av = v’ — v” = 3 for the ith mode
Combination Bands Changes in multiple quantum numbers, e.g.

vi+v, Avy = Avy = 1;ie. v; and v,
both increase by 1 for absorption or
decrease by one for emission.

2vi +v,  Avy = +2and Av, = +1

Difference Bands Quantum number changes with mixed sign

vy — vy This means that Vifna — Viinitial =
£1 and vfinal — V2iniia = F1, i.e.,
aunit increase in v; is accompanied
by a unit decrease in v,, and vice
versa.

4.2.4 Relative Strengths

The fundamental bands are generally much stronger than the combination, differ-
ence, and overtone bands. For fairly harmonic molecules such as CO, the difference
in relative strengths between the fundamental and overtone bands is approximately
two orders of magnitude. However, for very anharmonic molecules such as NHj,
the difference between the fundamental and overtone or combination bands is often
just one order of magnitude or less. Nearly harmonic molecules have much weaker
overtones and combination bands because they closely approximate the SHO model
that was presented earlier, namely that overtone bands are forbidden. In reality, these
bands are not forbidden, but rather have low transition probabilities (that is, they
are nearly forbidden). For highly anharmonic molecules, the bands are much more
likely to occur (that is, they are less forbidden because the SHO solutions are bad
approximations), and thus have strengths that are closer to the fundamental bands.

Relative Strengths Exception
Accidental degeneracies (i.e., near resonances) can strengthen weak processes: e.g.,

205 co, at 1334em™! & vy co,

Since the first overtone of the v, band is nearly resonant with the fundamental of the
v; band, the two vibrational modes are strongly coupled by radiative and collisional
exchanges. This case is called Fermi resonance.
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4.2.5 Vibrational Partition Function

For polyatomics whose vibrational potential energy can be approximated by the
SHO model [see Egs. (2.41) and (2.42) and note the choice of zero-point energy],
the vibrational partition function, Q.;, can be written as the product of the harmonic
partition function for each vibrational mode

modes —hew, : —gi
Q=[] [1—6Xp( kTe’l)} , (4.18)

i

where w,; is the harmonic frequency of the ith vibrational mode, and g; is the
degeneracy of that mode. For example, ammonia’s molecular formula is NH3, and
thus it has 3N — 6 = 6 possible vibrations. However, two vibrations are degenerate,
so the molecule has four different vibrational frequencies (see Table 4.3). Thus,
ammonia’s vibrational partition function is

—hew, 1\ —hcw,2 \ 1!

oo oo (5] o (5]
—hca)e_g, —2 —hcwe,4 —2 (4 1 9)

<[mon ()] [-oe ()]

4.3 Rovibrational Spectra of Polyatomic Molecules
4.3.1 Linear Polyatomic Molecules

There are two types of vibrational bands, parallel and perpendicular, defined in terms
of the orientation of the electric dipole moment associated with a specific vibrational
mode, as discussed in Sect.4.2.2. Here we limit consideration to fundamental
transitions within that mode (i.e., we exclude overtone and combination bands).

Case I: Parallel Bands

There are two types of parallel band vibrations: symmetric and asymmetric stretch.
For fundamental transitions, we consider only the vibrational energy stored in mode
i and rotational energy.

Energy T(v;,J) = Gvy) + F(J)

Selection Rules Av; =1
AJ = £1 (R and P branches)
Al)j = O, ] # I

Absorption Spectrum P and R branches only (see Fig.2.12)
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P branch Q branch R branch
[\ J'=J"+1
v =1 J'=J" c
J=J"-1 8
A ] =
(=}
(%]
Q
<<
V'=0 J"+1
le I |
L 1 1 | 1
p Q R I I I I I I 1
6 -4 -2 0 2 4 6
(w-w,)/(2B)

Fig. 4.10 Energy levels and absorption spectrum for the P, Q, and R branches of a linear
polyatomic perpendicular band

Table 4.4 Band strength comparison: HCN

Mode w, [em™!] V; IR* | Raman?
Symmetric stretch 3310 vy S w
Bending )P 715 V) VS W
Asymmetric stretch 2097 V3 w S

W weak, S strong, VS very strong
5(2) denotes two degenerate (indistinguishable) bending modes

Note:
The IR and Raman band strengths are often complementary, i.e. if IR is strong, Raman
is weak and vice versa.

Examples CO; (v3), HCN (v, v3)
i.e., the v3 mode of CO, (asymmetric stretch), and the v; (sym-
metric stretch) and vs (asymmetric stretch) modes of HCN are all
parallel bands.
Note: The v; mode of CO; is not IR-active, since symmetric stretching
of a symmetric molecule causes no oscillating electric dipole
moment. Hence, there is no v; parallel band.

Case Il: Perpendicular Bands

Selection Rules Av; =1
AJ = +£1, 0 (R, P and Q branches)
Avy=0,j#i

1. If B = B”, all Q branch lines occur at the same frequency.
2. I B # B, then Q(J") = w, + (B' — B")J"(J" + 1)
Since B’ — B” = —a, the Q branch “degrades” to lower frequencies (i.e., to
the “red” in wavelength) (Fig. 4.10).

Table 4.4 summarizes the bands and relative strengths for the moles of HCN.
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4.3.2 Symmetric Top Molecules

A symmetric top molecule has two, equal, principal moments of inertia, i.e.
I = I¢ # I4. Example molecules include CH3F and BCl;. The total energy for
symmetric top molecules is simply a summation of the vibrational and rotational
energies.

T(v;,J,K) = G(v;) + F(J,K)
= (U,' + 1/2)a)ei - weixei(vi + 1/2)2
+BJ(J + 1)+ (A—B)K? (4.20)

Recall that K is the quantum number for angular momentum around axis A.
Again we limit consideration to fundamental transitions within a single vibrational
mode i.

Case |: Parallel Bands
Selection Rules Av; =1
a.ifK #0 AK =0, AJ = =1, 0 (P, O, R branches)
b.if K =0 AK = 0, AJ = %1 (no Q-branch), except
AJ =+1forJ =0

Since K is the same in the upper and lower states, we have P, O, and R branches
for each value of K. That is to say, there are 2J + 1 values of K (K = J,J —
1,....,0,...,—J), each of which produces a P, Q, and R branch. The resultant
absorption spectrum can become somewhat complex, although the general features
are recognizable, as shown in Fig. 4.11. The intensity of the Q branch is a function
of (I4/Ip). As (I4/Ip) approaches zero, the symmetric top approaches the structure of
a linear molecule, and the strength of the Q branch approaches zero.
Referring to Fig. 4.11, the following observations can be made:

1. For K = 0, the spectrum reduces to that of a linear molecule, i.e. there is no
Q-branch.

2. For each value of K, the minimum value of J in the P-branch is K + 1, since
J' =J" — 1, and K (unchanged in the transition) cannot exceed J.

Case ll: Perpendicular Bands

Selection Rules Av; =1
AJ==%1,0
AK = +1

R Branch AJ = +1,AK = +1
Vg =w,+2BJ + 1)+ (A—B)(1 £2K)

P Branch AJ =—1,AK = £1
Vp = w, —2BJ 4+ (A — B)(1 £ 2K)
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Fig. 4.11 The resolved components of a parallel band showing the contributions from each of the
K levels of the v = 0 state. The small but discernible splitting evident in the superposed P- and
R-branch spectra (bottom row of this figure) is due to a difference in the magnitude of (A — B) in
the upper and lower vibrational levels; see Eq. (4.20). The discernible splitting in the superposed
Q-branch is due mostly to the difference in B in the upper and lower vibrational levels (B’ < B”,
so spectra degrade to lower frequencies)

Q Branch AJ =0,AK = +1
Vo = w, + (A—B)(1 £ 2K)

Thus, we have two sets of R, P, and Q branches for each lower-state value
of K. The result is generally a very complex spectrum, which is simplest at low
temperatures (fewer J levels are populated) and low pressures (individual lines are
narrow—more on this in Chap. 8).

An example of the J, K energy levels for a symmetric top molecule and the
allowed transitions for a perpendicular band are shown in Fig. 4.12. The complete
band can be understood in terms of a summation of sub-bands. These sub-bands
consist of all the AJ = 0, £1 that occur for a given change in K [1]. A resulting
spectrum, decomposed to illustrate the component sub-bands, is given in Fig. 4.13.
These two figures are from Barrow [2, pp. 151-152].
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K=0

Fig. 4.12 The energy levels of a symmetric top molecule showing the transitions that are allowed
for a perpendicular band. Figure from Barrow [2, p. 151]



76

K(v=0)

0

4 Polyatomic Molecular Spectra

AK
|I|||||||||I II||||||||II +1

||II|||II|||.||I||II|. 1

1{ |I|||||||||| crn Ly +1
e b

2{ LT I cr Ll +1
TN | HRRR -1

3{I|||||||| I PR T +1

-« v —

Fig. 4.13 The components of a perpendicular band of a symmetric top molecule. Note that the
lines with AJ = AK have greater intensity than those with AJ = —AK, i.e., R-branch lines with
AJ = AK = +1 are stronger than the P-branch lines of AJ = —1, when AK = +1. See
Herzberg [1, pp. 424-426], for the selection rules that characterize this effect. Figure from Barrow

(2,

p. 152]

4.4 Exercises

1.

List the vibrational modes of the following molecules, and indicate which of the

modes are IR active, and/or Raman active? (Note: the molecular structure can be

found in [1])

(a) HBr

(b) OCS (linear)

(c) SO; (bent)

(d) C,H4 (only determine the IR- and Raman-activity of the modes: C—C stretch,
C-H symmetric stretch)

. Calculate the vibrational partition function of CO and CO; from 300 to 3000 K.

Explain the trends and differences you observe.

. What is the ratio of NHj3’s rotational energy for the J = 1, K = 0, and J = 4,

K = 0 levels?

. Absorption spectra of three species (CO,, H,O, and CO) important to combustion

and atmospheric science are shown below. By visual inspection of the spectra and

knowledge of bond structure, address the following:

(a) How many vibrational modes exist for each species?

(b) What type of absorption spectra are shown (rotational, rovibrational, rovi-
bronic)? Why?

(c) Label the spectra by species name.

(d) Which types of bands exist within each spectra (hint: this should help you
with part iii)?

(e) Identify and label the fundamental bands of CO and CO,.
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5. A student measured the absorption spectrum (2280-2400cm™!) of a mixture
of 0.2 % CO; in argon, at 1 atm and 296K in a gas cell of length 10 cm using
an equipment with very poor resolution. The absorption band was known to be
centered at 2349 cm™!. Having a strong background in mathematics, this student
is able to describe the absorption profile as:

0.93 1.5

Y0 = 00050 — 23392 | 140015200 — 2362)?

where v is the wavenumber.

(a) Draw the graph of «(v). Label P, Q, and R branches, if they exist. What are
the allowed and forbidden transitions of this band?

(b) Now we will perform a simple calculation of CO, spectrum based on what
we learned in class. Assume a simple harmonic oscillator model. All the
transitions are known to be in the CO, fundamental band with lower-state
v =0.

Step 1:  Given the moment of inertia 7.175 x 107#® kg m?, calculate the rota-
tional constant B of CO, and give expressions for the transitions in each
branch of the band. What is the highest energy transition of P branch? What
is the lowest energy transition of R branch?

Step 2:  The probability of each transition is nearly proportional to the lower-
state population, which we assume to be given by a Boltzman distribution
with a degeneracy of (2J + 1). Here we approximate the probability as:

-S(0, J)hc)

transition probability o< (2J + 1) exp ( T
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where S(0,J) is the energy of the (0, J) state. What is the rotational level that
has the maximum transition population, Jyax? With Jyax, you can normalize
the predicted structure by examining the transition probability ratio. Give the
expression for the normalized probability.

Step 3:  Plot the above ratio as a function of wavenumber and compare your
calculation with the ratio a(v)/®max, Where . is the maximum value of

a(v).
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In previous chapters on diatomic and polyatomic spectra, we discussed quantized
angular momentum as it relates to a rotating molecule and its effect on Boltzmann
statistics. Rotational angular momentum is, in fact, only one kind of angular
momentum that must be considered when evaluating real molecules and their
spectra. For example, electrons also have quantized angular momentum as they
orbit nuclei (called orbital angular momentum, which we will discuss further
in Chaps.9 and 10). Additionally, individual subatomic particles like nuclei and
electrons have their own intrinsic, quantized, angular momentum, analogous to
the angular momentum of a spinning top or planet; hence, the common name
for this property is spin. Because of the added complexity that nuclear spin can
introduce, we have not discussed its effects up to this point; however, nuclear spin
can, in symmetric molecules, change the degeneracy of some states and thus affect
molecular statistics. This chapter will introduce the effects of nuclear spin, when
they need to be considered, and how one can incorporate them into the statistics of
linear and nonlinear molecules.

5.1 Introduction

Recall that the population fraction, F;, of a given molecular energy level E; is

Fo— 8i €Xp (—;f—T)

i ) (G.D
Q
where the partition function, Q, is given by the summation over all energy levels
€i
= i€ —_— 52
0=3 s (-) (52)

When evaluating partition functions and energy level degeneracies, g;, for
asymmetric molecules, e.g. heteronuclear diatomics like NO and polyatomics like

© Springer International Publishing Switzerland 2016 79
R.K. Hanson et al., Spectroscopy and Optical Diagnostics for Gases,
DOI 10.1007/978-3-319-23252-2_5
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HCN, we usually consider only three internal energy modes: electronic, vibrational,
and rotational. Thus, the partition function is

Q = Qrot Qvib Qelec (53)

We have thus far neglected nuclear spin (even though it exists) for such cases
because there is no coupling between nuclear spin and rotation and because the
nuclear terms cancel in expressions for population fraction in specific rotational
states.

However, in molecules with certain symmetric placement of equivalent nuclei,
e.g. O, and NH3, we must consider the total partition function, including the nuclear
terms:

Q = Qrothierlechuc (54)

Here again, we have invoked the Born—Oppenheimer approximation: the energy
associated with each mode is independent or separable. As outlined below, we must
include the nuclear terms for symmetric molecules because of their coupling to the
rotational levels. In these cases, we use an effective rotational partition function
defined by

Q;ot = OrotOnuc; (5.5)

and likewise, an effective rotational degeneracy

g;ot = &rot&nuc- (5.6)

5.2  Nuclear Spin and Symmetry

Since nuclear energies are quite large for most if not all practical conditions (Ep,. >
kT for excited nuclear states), we are only interested in the lowest (ground) nuclear
energy level. It follows that

Onuc = &nuc 5.7

since exp(—E/kT) = 0 for all but the ground level. In general, the ground nuclear
energy level has a degeneracy associated with the spin quantum number, I (not to
be confused with the moment of inertia I, I, etc.) of the nuclei (Table 5.1). For a
single nucleus, the number of degenerate spin states is given by

e = 21+ 1 (5.8)

For example, a '*N nucleus has I = 1 and a corresponding nuclear spin degeneracy
gnue = 3. For a molecule made up of L atoms, the total nuclear partition function is
formed by the product of the terms for the individual nuclei
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Table 5.1 Spin
of several nuclei

Nucleus | Spin, /

'H 172
’H 1
B 52
12C 0
13C 172
]4N 1
160 0
3l 3/2
L
Qnuc = l—[ (2111 + 1) (5.9

n=1

where I, is the spin of the nth nucleus.

Nuclear spin states and rotational states couple through the symmetry properties
of their respective wave functions. A wave function that describes any state com-
posed of two or more identical particles is either symmetric or antisymmetric with
respect to those particles. For rotational states, the symmetry property is determined
by the resulting wave function if a pair of identical nuclei were interchanged.
For symmetric states, the sign of the wave function remains unchanged [+] upon
interchange of the nuclei; for antisymmetric states, the sign changes [—]. For
example, if a molecule had two nuclei, x and y, its rotational wave function is
symmetric if Wi (x,y) = Wio(y,x); it would be antisymmetric if Wio(x,y) =
_\I"rot (y’ x) .

In rotationally symmetric molecules like O, and NH3, nuclear spin states (with
their own symmetry properties) can only pair with rotational states having a
compatible symmetry, either symmetric or antisymmetric. Which one is compatible
depends on the nature of nuclei (i.e., whether the system is a boson or fermion).

The rules governing symmetry compatibility depend on which statistics apply
to the nuclear system. For nuclear systems that follow Fermi-Dirac statistics
(fermions), the total molecular wave function must be antisymmetric. This sym-
metry is made up of a combination of a symmetric and antisymmetric states (an
overall sign change comes from multiplying a function having no sign change with
a function having a sign change, i.e. [+] x [—] = [—]). For example, antisymmetric
nuclear spin states combine (only) with symmetric rotational levels to produce an
overall antisymmetric state. For Bose—Einstein nuclear systems (bosons), the overall
wave function must be symmetric. Thus symmetric states combine only with sym-
metric states, and antisymmetric with antisymmetric ([+] % [+] = [-] X [-] = [+])-

For a single nucleus, Fermi—Dirac statistics are associated with nuclei having
half-integral spins (I = 1/2,3/2,...) and Bose—FEinstein statistics hold for nuclei
with integral spins (0, 1, 2, ...). The important question now becomes, what is the
symmetry character of the rotational levels? The most powerful tool for attacking
symmetry questions like these is called group theory. Since group theory requires
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more explanation than can be given here, results for some of the most important
(and common) molecular configurations are presented below.

5.3  Casel: Linear Molecules

5.3.1 Asymmetric (e.g., CO and N,0)

For linear molecules without symmetry, there is no coupling between nuclear spin

and molecular rotation. Thus, the effective rotational expressions are simply the
standard expressions multiplied by a constant term,

L
, T
Qrot - O’@r r!:[l(zln + l) (510)
and
L
g =@/ +D]]CL+1D (.11)
n=1

For asymmetric linear molecules, the symmetry factor o = 1; this factor represents
the number of ways that the molecule may be rotated into an identical configuration.
As stated initially, the nuclear spin terms can be omitted from the partition functions
and degeneracies for asymmetric molecules since they cancel in expressions for the
population fraction.

Consider CO
Qo = Tﬁ(Zl +1) = T(21 +1)Q2Io + 1) = d
rot — Qr i n - 91‘ C [e) = Qr
S = 2T+ D)Q2Ic + D QIo + 1) =2/ + 1

Thus the fractional population in J is, as we found for an asymmetric rigid rotor
without consideration of nuclear spin,

Ny _ ]+ 1) exp(=F(J)he/kT)

N /6,

Consider N,O

T
6,

3
T T
! —||21,1 )= —QI+1D)*Clo+1)=9
Qrot 9rn=1( + ) er( N + )( O+ )

S = I+ DQIN+ 1)°Q2Io + 1) =927 + 1)
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Both QO and g, are larger by a factor of 9 owing to nuclear spin, but these
terms cancel in forming the Boltzmann fraction,

Ny (27 + 1)exp(— F(J)hc/kT)
N T/6,

Recall that the term 2J+ 1 is the degeneracy for energy level F(J) associated with
the number of possible directions (orientations) of the angular momentum vector of
the molecular rotation. In the presence of an applied electric or magnetic field, these
2J + 1 states may be slightly separated in energy. In the absence of such fields, the
states all have the same energy, but the degeneracy remains.

5.3.2 Symmetric (e.g., 0,, CO,, and C;H;)

Now the rotational partition function contains a non-unity value for the symmetry
factor, o. For linear and symmetric molecules, 0 = 2 because these molecules are
indistinguishable upon rotation about the B axis.

l\)l>—*
Q>|q

rol

L
]‘[ 21, + 1) (5.12)

The degeneracy is determined as follows. The overall symmetry required by the
nuclear statistics must first be determined. Then we multiply the degeneracy (2J+-1)
of a rotational level, with a given symmetry, by the degeneracy of the appropriate
nuclear spin state.

In a linear molecule, the nuclear statistics of the overall nuclear system are
controlled by the number of fermions (half-integral spin nuclei) on one side of the
center of the molecule (if a central nucleus exists, it is ignored). For an odd number
of fermions, the system behaves according to Fermi—Dirac statistics and the overall
symmetry is antisymmetric. Conversely, for an even number of fermions (including
zero or none), Bose—Einstein statistics and an overall symmetric wave function are
required.

The degeneracy of the symmetric nuclear spin states is given by

b 1 M M
8nuc,symm = (ICZ—_'_) |:l_[(2]m + 1)2 + 1_[(2],,, + 1)j| (5.13)

m=1 m=1

and the degeneracy of the antisymmetric states is given by

8nuc,asymm =

M
GetD [H(zlm + 12 =[] @+ 1)} (5.14)

m=1 m=1
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where I, is the nuclear spin of the mth nucleus on one side of the center of the
molecule, M = (L — 1)/2, and I¢ is the nuclear spin of the central nucleus if one
is present (not to be confused with either the nuclear spin of a carbon atom, Ic, or
the moment of inertia about the C-axis of a nonlinear molecule, I¢). If no central
nucleus exists (e.g., in a homonuclear diatomic), the term (2/¢ + 1) is replaced by
unity and M = L/2 [see Eq. (5.16)]. For a symmetric molecule made up of nuclei
with spin I = 0, it can be seen that only symmetric spin states exist.

The symmetry of a rotational state depends on its rotational quantum number as
well as the structure of the electronic manifold within which it exists (Table 5.3).
For rotational levels in electronic manifolds designated E;f and X7, levels with
even N are symmetric, and those with odd N are antisymmetric. (Note, here the
quantum number N describes molecular rotations, while J includes contributions
from electron spin. For molecular states with no electron spin, / = N.) For
rotational levels in E;r and E; electronic manifolds, the reverse is true; even N
are antisymmetric and odd N are symmetric. These four electronic configurations
represent the ground electronic structures of most common linear symmetric
molecules. For other electronic configurations (e.g., IT and A), it turns out that each
rotational level consists of two nearly degenerate states, one symmetric and the other
antisymmetric, and like asymmetric molecules, the nuclear spin effects can usually
be ignored.

Combining the above, we have

M M
S = (27 + 1)@ []_[(Zlm + 1)+ H(Zlm + 1)] (5.15)

m=1 m=1

where the choice between adding or subtracting (+/—) the two products is
determined from Table 5.2. For homonuclear diatomics, as described above, the
rotational degeneracy including nuclear spin effects reduces to

G = (274 D@L+ 17 & (1 + D] (5.16)

Consider H, (molecular hydrogen comprised of two 'H atoms)

T

17T
= ——Q+ 1)} =2
Qrot 20r( H+ ) er

Since there is one fermion on either side of the axis of symmetry, Fermi statistics
apply. And, since the ground state of H is X' 2},
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Table 5.2 Key to addition or subtraction of nuclear degen-
eracies in Eqgs. (5.15) and (5.16) for different rotational statis-
tics and electronic manifold configurations

Electronic Addition or

Statistics (symmetry) | configuration | N subtraction
Fermi (antisymmetric) Z;‘, D Odd |+
Even | —
DN o odd | —
Even | +
Bose (symmetric) E;, X Odd |—
Even | +
DN o Odd |+
Even | —

Table 5.3 Sample species and ground state config-
urations

Ground state configurations | Species

XIE;,- 1H2,2H2,14N2,15C12
X3 Eg_ 1602

X3 nu 12C2

X'z} CO,, CoHp, CoNy

1 —, J even
=)+ D)= [+ 1)+ Qg+ 1 ’
8rot (J+ )2[( H+) (H+ )]%—F,JOdd}
1 (2, Jeven
=2 H=:
@27+ )2%6,Jodd§
1, J even
=2J+1 ’
( +){3,Jodd}

so that the effective rotational degeneracy alternates with even and odd J.

Consider O,

1T
Ol = 59—(210 +1)? = (Io =0)

26,

85

Since there are no fermions (I = 0), Bose—Einstein statistics apply. And, since

we have a 3 T, state,
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1 1—1, Jeven
I =J+ 1| = ’
St = (2 F )(2){1+1,10dd§
. 0, Jeven
|27 +1, Jodd

Therefore, only the odd J states are populated! Even J states do not exist for O,
in its ground electronic state.

Consider CO,

1T
= Qe+ D)QIo+ 1) =
Qrot 29r( C + )( (6] + ) 20r

The number of fermions on one side of the axis is zero, therefore the molecule
obeys Bose statistics.

1 +, J even
= QI+ D=QIc + D[QIo+ D>+ 2y + 1 ’
g = 2+ D5 QI + 1) [lo + 1) (o+)]__,]0dd

1
— @+ I)E{Z,Jeven}

0, Jodd

_ (2J+1){ 1,Jeven}

0, J odd

Therefore, only the even J states are populated! Odd J states do not exist for
CO; in its ground electronic state.

Consider C;H,

1T T
=——QIc+ D)*Qly+ 1) =2—
2er(ch)(HvL) 2

/
QI'O[
There is one fermion on either side of the axis of symmetry, so Fermi statistics
apply.

1
Go = (27 + 1) [Cle +1)*Qlu + 1)?

—, Jeven
+ (21, 1) (2], 1 ’
(e + 1)l + n{+,Jmm

1
— i+ 1)E{Z,Jeven}

6, Jodd
3, Jodd

_ (2J-|—1)% l,Jeven}
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5.4  Casell: Nonlinear Molecules
5.4.1 Asymmetric Rotor (e.g., CHFCIBr and N,H,)
Recall that asymmetric rotor molecules have three non-zero and unequal moments

of inertia, Iy # Ip # Ic. The general expression for the rotational partition function,
including contributions from all three axes of rotation and nuclear spin is

;1 T\ (T\ (T
Qo = ;\/ﬂ (a) (0—3) (%) E(Zln +1) (5.17)

The degeneracy is

L
) 1
S =+ D]]CL+D) (5.18)

n=1

Again, the nuclear spin terms can be omitted since there is no nuclear spin-rotation
coupling, and the nuclear terms cancel in expressions for the population fraction.

Consider 'HZHO (HDO)
T 3
Ol = Qlo + )2y + 1)(2Ip + 1)
0.050c
i T3
0,050c
Gt = 627 + 1) (5.19)

5.4.2 Symmetric Top
Recall that symmetric top molecules have two equal moments of inertia, I, #

Ig = Ic. The general expression for the rotational partition function, including
contributions from all three axes of rotation and nuclear spin is

o

;AT
0. = o ( 93) ]‘[(21 +1) (5.20)

where o depends on the group symmetry.
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(a) C3, Group Symmetry (e.g. NH3; and CH3Cl)

\/_
/
Q= ]_[(21 (5.21)
The symmetry factor for C3, group symmetry is © = 3 due to the threefold
rotational symmetry about the A-axis. The degeneracy is dependent on whether

the quantum number X is divisible by 3.
For K divisible by 3 (including K = 0)

2ye + 1
gy =02I+1) |:H(21C + 1)} TN (4B + Aye + 3) (5.22)
For K not divisible by 3
2ye + 1
gy =0QI+1) |:H(21C + 1)} L(u,zvc + 4lyc) (5.23)
c=1

where I¢ is the nuclear spin of the cth nucleus on the threefold symmetry axis
and Iyc is the nuclear spin of one of the nuclei off the threefold symmetry
axis of the molecule (e.g., H in NH3). The degeneracy is independent of the
statistics of the nuclei. Thus, for a given J, the K degeneracies vary like
x:x:x :x:x:x':..,withx <x.

Consider CH3Cl as an example of a molecule with C3,, symmetry.

Qim=*/_ ( )(21c+1)(21c1+1>(2lﬁ+1)3
3 GA

ERio)

2J + 1)%(2](3 + D@l + 1)

’
8rot

Qg+ 1) { 412 + 41y + 3, K div. by 3 }

4% + 4ly, K not div. by 3

3 )
=(2J+1)§%6,Kd1v.by3 }

3, K not div. by 3

2(21_'_1)8%2,Kdiv.by3 }

1, K not div. by 3
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(b) Dj, Group Symmetry (e.g., BCl3)
The effective partition function is the same as given for the C3, case above,

, _ VT
O = 3~ QA(QB)]_[(H D (524)

For levels with K = 0, there is now an alternation in nuclear degeneracy as J
(or N) increases. Depending on the appropriate nuclear statistics and rotational
quantum number, the degeneracy is given by:

For integral Iyc and even N or half-integral Iyc and odd N:

c
S = (27 + 1) |:1_[(210 +1) QIvc +3)Unc + 1) (5.25)

c=1

}21NC+1

For integral Iyc and odd N or half-integral Iyc and even N:

c
o = (27 + 1) |:l_[(2lc +1) (2Inc — Dinc (5.26)

c=1

i| 2Unc +1
For levels with K # 0, Egs. (5.22) and (5.23) apply for K divisible by 3 and not
divisible by 3, respectively.

Consider BCl; as an example of a molecule with D3, symmetry.

N

O = 3\ o, ( ) QIs + D) (Q2Iq + 1)°
= 1287 (T) (5:27)
Op

Since Iyc = Ic; = 3/2, the system follows Fermi statistics.

1
g = QI+ DI + 1)§

(2Ici — DIci, K = 0,J even
(Ic + 3)(Ic1 + 1), K = 0,J odd
412, + 4l + 3. K # 0, K div. by 3
412, + 4cr, K # 0, K not div. by 3

@l + 1)
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3, K =0,Jeven
15, K = 0,J odd
18, K # 0,K div. by 3
15, K # 0, K not div. by 3

=8(2J +1)

1, K =0,J even
5,K=0,Jo0dd

6, K # 0,K div. by 3

5, K # 0, K not div. by 3

=24(2] + 1)

5.4.3 Others (e.g., CcHg, CHy, and Py)

These molecules must be considered by symmetry group. See, for example,
Herzberg [1, vol. 2, Chap. 2] and [2, vol. 3, Chap. 1].

5.5 Exercises

1. Ammonia, NHj3, is a symmetric top molecule with C3, symmetry, which means

o = 3, and the molecule can be rotated into itself three different ways.

(a) Evaluate the relative strengths of the microwave absorption lines for J” = 1
and J” = 2 at 300 K assuming that these relative strengths follow Boltzmann
statistics, i.e., evaluate (Nj={/N;=;). Use 84 = 9K and 63 = 14K in your
calculations. Hint: don’t forget to sum over the allowed values of K.

(b) Calculate the effective (including nuclear spin) rotational partition function
for ammonia at 300 K.
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Unlike absorption and emission, Rayleigh and Raman spectroscopy are based on
how a molecule scatters photons. One key difference to keep in mind as we explore
scattering processes further is that while absorption requires that the molecule have
energy-level spacings (for allowed transitions) corresponding to the energy of the
interacting photon, scattering can occur with an incident photon of almost any
energy. That is, for a molecule to absorb light, the light must generally be at specific
wavelengths or frequencies. Scattering, on the other hand, can occur at almost any
wavelength.

6.1 Light Scattering

For the light scattering experimental schematic in Fig. 6.1, the incident laser power,
P;, becomes scattered (Rayleigh or Raman) when it interacts with molecules inside
the volume element §V = §A x L. The scattered laser power, Py, is determined by
the product of incident laser power, number density of molecules inside the volume
element, length L, scattering cross-section, and collection angle of the optics.

InciQent Laser Power P; = Nphv [W]
N, = incident photons/s

Scatt.ered Laser Power P, = N,hv [W]
N, = scattered photons/s into collection angle

. N, do
N,= L XxN—Q
SA Q2
N—— ——
photons projected
per area scattering

per second area, cm?

© Springer International Publishing Switzerland 2016 91
R.K. Hanson et al., Spectroscopy and Optical Diagnostics for Gases,
DOI 10.1007/978-3-319-23252-2_6
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focused laser beam

\ }vaist

P; = power in 8V = 5A * L = volume element

¥ scattered light
(Rayleigh or Raman)

Pg = scattered laser power
into collection system

detector

Fig. 6.1 Schematic of a light scattering experiment

N = n-6A - L = the number of molecules in §V; n is the molecular density
[molec/ cm’]

o . . . .
7a = differential scattering cross-section [cm? /molec Sr]

2 = solid angle of collection [Steradians, Sr]

so that

do
Py = Pnl—Q 6.1
n PTe) (6.1)

Since scattering is essentially instantaneous, the above relation applies at any
instant, when the incident power varies with time. For pulsed light, often employed
for Rayleigh and Raman scattering, P; and P can be reinterpreted as the total
number of incident and scattered (collected) photons.

6.1.1 Cross-Sections

Rayleigh Cross-Sections

The differential Rayleigh cross-section is a property of a molecule that describes
its propensity to scatter light. In general, this cross-section depends on the angle
between the detection beam and the incident beam as well as the polarization. One
can derive the differential Rayleigh cross-section as a function of laser and scattering
geometry by modelling a molecule as an infinitesimally small oscillating dipole
interacting with an imposed electric field. While a thorough discussion can be found
in Miles et al. [1] or in Banwell [2], some key results are given here.
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A spherically symmetric molecule’s differential cross-section at 90° relative to
the plane of incident polarization (formed by the E-field vector of the propagating
wave and the direction of propagation) is

2 (n. _ 1)2
(3055) At (i —1) 62)

a2 Rayleigh - N2

where n; is the refractive index and N is the number density of the scattering
molecules (written here as a capital N to distinguish number density from the
refractive index). Note the strong inverse dependence on wavelength. Also, since
the quantity (n; — 1) of a gas is proportional to its density, the quantity (n; — 1)?/N?
is independent of density, and hence the Rayleigh cross-section (per molecule) is
an intrinsic property (actually, this property is proportional to something called
the polarizability of the molecule). The total cross-section is the differential cross-
section integrated over the surface of a sphere enclosing the scatterer. It is given by

3273 (n;—1 2 87 00
oy = 28 . (6.3)
314 N 3 082 Rayleigh

This formula will generally allow one to calculate the scattering cross-section to
within a few percent for most molecules. If more accuracy is required, particles
with some spherical asymmetry (e.g., diatomics) also have a King factor, Fk, that
describes their anisotropy:

0 = Fgog (6.4)

Typical values of the total cross-section in the visible region are on the order of
10~%7 cm? /molec for small molecules. A few examples are given in Table 6.1.

Table 6.1 Rayleigh scattering parame-
ters for selected molecules, taken from [1]

and [3]
A o
Molecule | [nm] | Fx | [cm?/molec]
Ar 250 |1 9.77 x 10726
500 5.85x 10727
1000 3.50 x 10728
N, 250 1 1.039 | 1.14 x 10~

500 | 1.035 | 6.81 x 10777
1000 | 1.034 | 4.08 x 10728
Air 250 | 1.051 | 1.26 x 1072
500 | 1.049 | 6.66 x 10777
1000 | 1.047 | 4.01 x 10728
SFs 250 | 1 7.12x 1075
500 432 %1072
1000 2.63 x 1077
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Table 6.2 Vibrational Raman
cross-sections for common
molecules at 532 nm (in units of
10739 cm? /molec/Sr)

Species | Cross-section

0, 0.65
N> 0.46
H, 0.943
NH; 13
COy(v)) |06
CHs(v) |26

Raman Cross-Sections
The cross-section for Raman scattering is much smaller than for Rayleigh scattering

(Table 6.2).
( do ) 3 ( do )
— ~ 10 —
082 Raman 082 Rayleigh

Example: Rayleigh and Raman Scattering by N, at STP
For a laser source with P;, = 1 W at A = 500nm, the incident photon rate

is Np = 2.5 x 10'® photons/s. The approximate differential scattering cross-
section for Rayleigh scattering is

0
(—U) ~ 8.1 x 1072 [cm? /molec Sr]
02 Rayleigh

For a system with 4 W of incident laser power at this wavelength, a measure-
ment length L = 1 mm and  ~ 1072 Sr,

. 2
N, = (1019 M) (2.7 x 101 &l“) (0.1cm) (8.1 x 10728 L) (102 Sr)
s cc N’ molec St ) “—

. L Q
N, n=ny, at STP 90/09

Ns =22 x 10’ photons/s
P, ~ 88pW
For Raman scattering, however,

Ns =22 x10* photons/s, and
P, ~ 0.088pW = 88 fW (small!)
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Photon NN\ E

E=hv'

E+AE
molecule

E-AE

Fig. 6.2 Photon scattering due to interaction with a molecule

6.2 Quantum Model

Consider radiation to be composed of discrete photons that exchange energy
with molecules (see Fig.6.2). There are three different scattering possibilities:
elastic (incident and scattered energy/wavelength are the same), and inelastic with
either increased or decreased energy. Rayleigh scattering corresponds to elastic
interactions, and Raman scattering corresponds to the two inelastic interaction
possibilities.

Rayleigh  E (elastic); v = v’
Anti-Stokes Raman  E + AE (inelastic); v = v/ + AE/h
Stokes Raman  E — AE (inelastic); v = v/ — AE/h

where
AE = AE'rot; or AErot.vibq

with new selection rules for allowed transitions. Scattering is a weak process, and
thus requires a sensitive apparatus for making measurements.

6.3  Classical Theory

Classical theory for scattering is based on the polarizability of molecules. Whereas
absorption and emission require an intrinsic dipole to be resonant with the interact-
ing photon, scattering occurs when an externally applied electric field (the photon
in classical terms) induces a dipole in the molecule. The induced dipole strength, w,
is given by

w=oFE (6.5)
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where o is the polarizability and E is the E-field of the light wave. The E-field
is oscillatory in nature (e.g., E = E, sin(27vf)) and induces an oscillation in the
molecule. The induced oscillation can occur:

1. at the same frequency of the incident field, resulting in “emission” at v
(Rayleigh), or

2. at beat frequencies based on the interaction of the incident field and the
molecule’s rotational/vibrational frequencies, i.e. with “emission” at v & Vyip/rot

These beat frequencies are the Raman sidebands. This occurs because the
polarizability may oscillate with the rotational and/or vibrational frequencies of the
molecule, e.g.

o=, + ﬂ Sin(ZT[UVibt),

where B is the rate of change of polarizability with the rotation/vibration. From
Eq. (6.5), the induced dipole strength becomes

1
= a,E, sin(2mvr) +§,8E{,[cos(2n(v — Vyip)t) —cos(2m (v + vyp)1)]
~—_———

Rayleigh Stokes Anti-Stokes

Therefore, for molecules with 8 # 0, molecular motion leads to sidebands. That is,
in order to be Raman active a molecular rotation or vibration must cause a change
in a component of the molecular polarizability. The electron motion and response is
a primary factor in polarizability, as nuclei might not move much in the short times
of applied field oscillations.

6.4 Rotational Raman Spectra

For now, consider only pure rotational interactions for Raman scattering. Two
pertinent cases are linear and symmetric top molecules.

6.4.1 Linear Molecules

The energy for a linear molecule is

F(J) = BJ(J + 1) — DJ*(J + 1)? (6.6)
D e —

neglect for Raman

The scattering rotational selection rules for linear rigid rotor molecules are

Selection Rules AJ =0, +2 (6.7)
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AJ=+2 also AJ=+2
k 5
y 4
Y 3
| Y 2
: - Y 3
Stokes anti-Stokes

Fig. 6.3 Sample energy levels for rotational Raman transitions

AJ =0 corresponds to Rayleigh scattering

AJ = +2 corresponds for pure rotations to the S branch;
pure rotations cannot have AJ = —2 since, by
definition, AJ = J — J”

Why do the selection rules allow transitions with AJ = +2 instead of +1? This
difference emerges from the symmetry arguments of polarizability (see Banwell
[2, p. 105]). The branch associated with increments of 2 in the rotational quantum
number J is the S branch (Fig. 6.3). The expression for the transition energy in the
S branch as a function of the lower-level value of J (i.e., J”) is given below.

AE(J) = EJ/ —EJ//
=B[(J+2)(J+3)—J(J + 1]

= B(4J + 6)
S(J) =BMA&J +6), J=0,1,2,... (6.8)
Therefore,
|7 = Ve £ B(4J +6)], (6.9)

where J refers to J”. For anti-Stokes Raman transitions, the photon gains energy
(the molecule loses energy), and Eq. (6.9) becomes

V = Vex + B(4J + 6) (6.10)
Similarly, the photon loses energy for Stokes Raman transitions, producing

U = Vex — B(4J + 6) 6.11)
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<—Rayleigh )
Stokes anti-Stokes
ocNj-g Ny
| | EI 6B 6B | J
4 3 2 1 00 Vex S0 1 2 3 4 U[cm'1]

Fig. 6.4 Two branches of Raman spectra. Note that the signal strength is proportional to the
population of molecules in the initial state (N.inita1)

Figure 6.4 illustrates the equal transition spacings and unequal transition
strengths associated with the Stokes and anti-Stokes branches in rotational Raman
spectra. Rayleigh scattering, which occurs at vV = V., is shown in the plot as
a strong transition halfway between the two branches. Note that IR and pwave
inactive molecules, such as N, and O, have Raman spectra.

Nuclear spin effects alter the rotational Raman spectra in a similar fashion to the
rotational absorption spectra discussed earlier.

(0)3 even J lines are missing
CO, odd J lines are missing
N, alternating line intensities 2:1 (even J: odd J)
6.4.2 Symmetric Top Molecules
Recall that the rotational energy for a symmetric top molecule is

E;x.cm™' = F(J,K) =BJ(J+ 1) + (A — B)K? (6.12)

The scattering selection rules are:

AK =0
AJ =0,+1,+2
except,
AJ = +2whenK =0
Molecules with K = 0 are essentially linear, so the selection rule for a linear
molecule applies, namely AJ = +2. The R branch is for transitions in which

AJ = 1 and the S branch is for transitions with AJ = 2. The transition spacing
as a function of J for the two branches is given by the following equations.
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<—Rayleigh .

Stokes (R,S) anti-Stokes (R,S)

S peaks 392 S peaks

2+3 20
R envelope 0+»2
| 68 PO L | R envelope
s I
[ 1] H] [T

J= 1+2 Vex J=21 v [cm ]

Fig. 6.5 Sample energy levels for symmetric top rotational Raman transitions

R branch: AJ =1, spacing = 2B
AER =R(J)=2B(J+1) J=1,2,3,... (6.13)
S branch: AJ = 2, spacing = 4B
AEs=S(J)=B@4J+6) J=0,1,2,... (6.14)
Applying these two branches for the Stokes and anti-Stokes conditions gives

Vg = Vex &£ 2B(J + 1) (6.15)
Us = Vex £ B(4J + 6) (6.16)

where the 4 sign applies to the anti-Stokes lines and the — sign is for the Stokes
lines.

Figure 6.5 shows the alternating intensities in the Stokes and anti-Stokes regimes
due to the additive and overlapping nature of the R and S branches. These alternating
intensities are evidence of the two branches, and thus, symmetric top structure.
The spacing of 4B instead of 2B from the null gap is a clue that the spectra are
from Raman transitions, rather than emission or absorption. For spherical tops, all
rotational modes are Raman inactive. For asymmetric rotors, all rotational modes
are Raman active.

6.5 Vibrational Raman Spectra

The Raman-activity of a molecule’s vibrational modes generally follows a pattern.
For asymmetric molecules, all vibrational modes are usually Raman-active. For
symmetric molecules:

symmetric stretch vibrations: very strong
asymmetric stretch vibrations: usually weak (sometimes unobservable)

bending vibrations: usually weak
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The reader may notice that Raman-activity tends to be strong when infrared-
activity is weak or non-existent. Because of this, infrared and Raman spec-
troscopy are often considered complementary. The relationship between infrared-
and Raman-activity can be summarized by the Rule of Mutual Exclusion.

Rule of Mutual Exclusion

If a molecule has a center of symmetry, then Raman-active modes are
IR-inactive, and vice versa. If no center of symmetry exists, then some
modes may be both IR- and Raman-active.

For a definition and discussion of the center of symmetry, see Appendix E.

6.5.1 Polarization

Polarization information of Raman-scattered light can help in interpreting spectra
and molecular structure.

1. symmetric vibration — partially/fully polarized scattering
2. asymmetric vibration — depolarized scattering

The usefulness of combining IR and Raman techniques is illustrated in the
following example.

Example: N,O

IR and Raman spectra can be used to investigate the symmetry and linearity of
N,O’s molecular structure. For example, using Table 6.3 below can we answer
the following questions:

Linearity Linear or nonlinear?
Symmetry N-N-O or N-O-N?

e some bands with only P, R branches — hence a linear molecule
e Raman and IR in the same band — hence no center of symmetry, must be
N-N-O

Table 6.3 Raman and IR spectra informa-

tion for N,O
v[em™!]| IR Raman
589 Strong; P, O, R | —
1285 VS; P,R VS; polarized

2224 VS; P, R S; depolarized
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» symmetric modes are polarized — hence the 1285 cm™! band is the sym-
metric stretch (vy)

» asymmetric modes are depolarized — hence the 2224 cm™! band is the
asymmetric stretch vibrational mode (v3)

+ the 589 cm™! band has P, Q, and R lines — hence it must be the perpendic-
ular bending mode (v;)

6.5.2 Selection Rules

The selection rules for vibrational Raman spectra permit the following vibrational
quantum number change for a harmonic oscillator:

Av=7v —0v" = +1
and for an anharmonic oscillator:
Av=1v" —0v" =4+1,42,+3, ...

Note that Av = 0 corresponds to pure rotational Raman, and that transitions
corresponding to changes greater than 1 in the vibrational quantum number v are
generally much weaker than for Av = 1.

6.5.3 Diatomics

The selection rules for a diatomic harmonic oscillator are
Av=v —v"=+1
A =T —-J"=0,42

The changes in rotational quantum number J are what produce the different
branches (Fig. 6.6).

0 corresponds to the Q branch
AJ = {+2 corresponds to the S branch

—2  corresponds to the O branch
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<—Rayleigh
Stokes Rot. anti-S tokes
Raman
Q
S O S S O, S
(ol (il Ml
;ex';o ;ex ;ex+;o ; [Cm-1]
(Stokesoc Ny =) (anti-Stokesoc Ny =1)

Fig. 6.6 S, Q, and O branches for Stokes and anti-Stokes vibrational and rotational Raman spectra.
Note that the signal strength is dependent on the population of molecules in the initial state

(Ny-initia1)

The general expressions for the transition frequencies in the three branches are

Vg = Vex £ Vg Vo = w(1 —2x,) (6.17)
Vg = Vex = (Vo + BAJ +6)) J=0,1,2,... (6.18)
Vo = Vex £ (Vo — B(4J —2)) J=2,3,4,... (6.19)

where J denotes the rotational state in the lower vibrational level. Thus, the anti-
Stokes lines are at

Vg = Vex + Vg (6.20)
Vs = Vex + Vo + B(4J + 6) 621)
Vo = Vex + V9 — B(4J —2) (6.22)
and the Stokes lines are at
Vo = Vex — Vo (6.23)
Vs = Vex — [Vo + B(4J + 6)] (6.24)
Vo = Vex — [Vo — B(4J — 2)] (6.25)

6.5.4 Temperature

The ratio of anti-Stokes and Stokes signals can be used for temperature measure-
ments. The anti-Stokes signals are proportional to the initial population in the v = 1
state, while the Stokes signals are proportional to the initial population in the v = 0
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vibrational state. This ratio can be related to temperature through the Boltzmann
relation for vibrational levels.

anti-Stokes  Ny—;
X
Stokes Ny=o

—T

6.5.5 Typical Raman Shift

A typical excitation wavelength is the second harmonic of the output of an Nd:YAG
laser,

Aex = 532nm —> Ve = 18,797 cm™!

A representative vibrational frequency of 1880cm™! would thus correspond to a
Raman shift of 10 % in frequency, shifting the Stokes scattered signal to a longer
wavelength, A = 591 nm, where the light can be readily separated from that at the
excitation wavelength. Also, the efficiency of photo-detection at A = 591 nm can
be larger than that at A = 532 nm.

6.6 Summary of Rayleigh and Raman Scattering

1. Raman is complementary to IR and pwave absorption and emission

2. Techniques are linear (signal is proportional to fijym)

3. Observable signals made possible by the availability of intense laser sources
(high photons/cm? s)

4. Rayleigh > Raman and 0,ps > ORayleigh > ORaman

5. Scattering is instantaneous; fluorescence takes time

6. Raman spectrum can be observed in the visible (where detector responsivities are
generally high)

7. Rayleigh/Raman cross-sections generally scale with 1/A%

6.7 Exercises

1. (a) Which type of spectroscopy would one observe the pure rotational spectrum
of H2 ?
(b) If the characteristic rotational temperature of Hy, 6,, is 87.59K, and it is a
rigid rotor, what is the spacing of the lines in the pure rotational spectrum?
(c) The spin of the hydrogen nucleus is 1/2. How would that affect your answer
to part (b)?
2. You are asked to measure the temperature at a point along the centerline of a
high-temperature stream of N, gas. You elect to infer the temperature from the
ratio of the anti-Stokes and Stokes branches of the vibrational Raman spectrum
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of N,. A pulsed laser at 500 nm is used to generate the Raman spectrum. Spectral
filters are used to separate the anti-Stokes and Stokes signals so that they can be
recorded on separate detectors. The individual features of the anti-Stokes and
Stokes are not resolved, just the total signal of each branch is recorded. Assume

We

()

(b)
3. (a)

(b)

(©

=2354cm~! and w,x, = 0.

Calculate the temperature of the gas if the ratio of the anti-Stokes and Stokes
signals is 1/e (i.e., 0.368).

What is the center wavelength of the anti-Stokes signal?

A cell contains an unknown gas. Probing of the infrared region has revealed
absorption features centered at 712 (VS), 1415 (VW), 2097 (W), and 3311
(S)cm™!, as shown in the sketch below. The first feature can be resolved
into three distinct, but unresolved branches, while the others contain only
two branches, also unresolved. In addition, Raman scattering from a HeNe
laser (632.8nm) has been measured at 662.7 and 729.8 nm (see sketch).
Determine the origin of each of these features and the geometry of the
molecule contained in the cell. Try to identify the molecule.

Upon further examination, the separation between the tallest peaks of the two
outer branches of the 712cm™! IR feature has been found to be 93.6cm™!
at 1000 K. Use this fact to determine the shift in the purely rotational Raman
spectrum for the 18th stokes line and the 14th anti-stokes line.

A second cell containing another gaseous molecule has qualitatively similar
IR and Raman spectra, except the IR absorption bands are now centered at
569, 2630, and 1925 cm™! and the Raman scattering of the HeNe laser is now
found to be at 656.4 and 720.6 nm. Suggest the identity of this new molecule.

IR Absorption Spectrum

4. (a)

712 1415 2097 3311

Raman Spectrum

632.8nm  662.7 nm 729.8 nm

A 500nm laser is used to record the Raman spectrum of CO. Use the
following constants for CO: w, = 2000cm™!, w,.x, = 0cm™', B, = 2cm™!,
and ¢, = Ocm™".

(i) What is the frequency of the Rayleigh scattering, in cm™!?

(ii) What is the frequency (in cm™') of the Q branch of the anti-Stokes

(Av = 1) Raman spectrum?
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(iii)) What is the frequency (in cm™") of the first S branch transition in the
anti-Stokes (Av = 1) Raman spectrum?

(iv) Calculate the frequency of the O(2) line in the same band.

(v) What is the frequency (in cm™') of the Q branch of the anti-Stokes
(Av = 2) Raman scattering?

(b) The above experiment is repeated for O, which has a ground state configura-
tion of X* ¥, and the following spectroscopic parameters: w, = 1500 cm™!,
wex, = 15em™", B, = 1.5cm™ !, and o, = Ocm™".

(i) What is the frequency (in cm™') of the first S branch transition in the
anti-Stokes (Av = 1) Raman spectrum?

(ii)) What is the frequency (in cm™!) of the Q branch of the anti-Stokes
(Av = 2) Raman scattering?
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We are ready to begin discussion of quantitative emission and absorption spec-
troscopy, with the goal of being able to specify emission and absorption as a function
of wavelength. Two steps are involved in this treatment. In the first step, a simple
form of the equation of radiative transfer will be used to identify a new parameter,
known as the spectral absorption coefficient, which will be seen as the governing
quantity which characterizes emission and absorption of light, as a function of
wavelength. In the second step, the Einstein theory of radiation is employed to
show that the spectral absorption coefficient is given simply by the product of
the line strength and a lineshape function; the relationship of the line strength to
fundamental quantities known as Einstein coefficients is also shown. With these
relationships in hand, it will become evident how spectrally resolved absorption (or
emission) can be used as a nonintrusive means of measuring a variety of gasdynamic
parameters, including: species concentration, pressure, temperature, density, and
even flow velocity.

7.1 Spectral Absorption Coefficient

We begin with an overview of possibilities when collimated light at frequency v
enters a gas sample of differential length dx: there are four separate possibilities,
with probabilities summing to 1 (100 %).

1 = absorption + reflection + scattering + transmission (7.1)
N——_—— N—————
oy =0 =0 Ty

Therefore, in the common case where reflection and scattering are negligible,

a +T, =1 (7.2)
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where o, and T), are known as the spectral absorptivity and transmissivity, respec-
tively. The result in Eq. (7.2) follows from conservation of energy.

We now express «,, the fraction of incident light /, for the frequency range v —
v + dv that is absorbed, in terms of an absorption coefficient per unit length, k,, i.e.

—dlI,

[no units] (7.3)

v

ky, is the spectral absorption coefficient (the fraction of incident light 7, over
frequency range v — v + dv that is absorbed per unit length dx). Thus

/)

ky
1,

[em™] (7.4)

where I, may have units of power per unit area per unit spectral interval at frequency
v (i.e., power per unit area over the spectral range v — v+dv), or can be substituted
with 7(v), which denotes power at frequency v or power per unit area at frequency
v. In the former case, which is most common for our purposes, /, is known as the
spectral intensity and has units

W/cm? W/cm?
or .
cm™! Hz
The spectral intensity I, can be integrated over frequency to obtain the total radiant
intensity, /:

1[W/cm?] = [ I,dv (71.5)

In general, the equations that relate spectral intensity, spectral radiancy, and total
radiancy to other parameters can use [, or I(v) interchangeably. The exceptions are
integral relations such as Egs. (7.5) and (7.13); they require the differential form
of spectral intensity, 7,. Thus, Egs.(7.3) and (7.4) also define «,, the fraction of
incident light absorbed, and k,, the fraction of incident light absorbed per unit
length, each at frequency v.

Hence, o, and k, are the spectral absorptivity and spectral absorption
coefficient at frequency v or over the frequency range v — v + dv.
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7.2  Equation of Radiative Transfer: Classical Approach

We wish to perform a simple one-dimensional radiation energy balance on a thin
slab of gas. To do this, we must first introduce the spectral emissivity, which is the
way that we account for the “emission” from the gas slab. (If a gas sample can absorb
light, it follows that it must be allowed to emit, in order to satisfy detailed balance
arguments for equilibrium.) The spectral emissivity is conventionally defined as
the radiation emitted by the gas sample (/") relative to that of a blackbody (an
“equilibrium” radiator which sets the upper bound on the emission for a specified
temperature):

em

&, = ]\;W [no units] (7.6)
Iem(v) )
= m [no units] 7.7

where I%° is the blackbody spectral radiancy. At this point, we employ Kirchhoff’s
law, which states that “emissivity equals absorptivity,” so that

&y = Oy, (7.8)
(This law also follows from equilibrium arguments.) Now consider the radiation
energy balance at frequency v for a gas slab of thickness dx; for simplicity, we

consider only collimated light (Fig.7.1).

emission = &,/

absorption = o1,

dl, = emission — absorption

=, —a,1, (7.9)

=a,(I® -1, (7.10)
Therefore,

dl, = k,dx(I®* —I,). (7.11)

Thin sample of emitting/absorbing gas
. v p g g9

v Iv + dIv
Collimated light @ v

+—dx—

Fig. 7.1 Radiation energy balance across a slab of gas
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FO) 1)

Collimated light @ v
‘_L —_—)

Fig. 7.2 Radiation energy across a slab of gas of width L
This is the differential form of the equation of radiative transfer. Integrating over a

distance L, for a uniform sample (i.e., constant k,, see Fig.7.2), with an incident
intensity /° at x = 0 (the boundary condition):

I, (L) = I’ exp(—k,L) + I'°[1 — exp(—k,L)] (7.12)

This important result is the integrated form of the equation of radiative transfer.
The quantity k,L is known as the “optical depth” (and also as the absorbance at
frequency v). Note that the gas sample is not required to radiate as a blackbody, but
we can relate the actual emission to the blackbody level.

Consider the two important cases: Emission and Absorption.

7.2.1 Case 1: Emission Experiments (IS =0)

For emission experiments, the incident radiation intensity 18 = 0 (i.e., there is no
radiation source such as a laser involved).
Spectral radiancy:  1,(L) = I%°[1 — exp(—k,L)]
Spectral emissivity: ey(ky, L) = I”Ié—ﬁ) = 1—exp(—k,L)

We can integrate these relations over frequency to obtain results for the total
radiancy:

I(L) = L ” I,(L)ydv = A ~ I°°[1 — exp(—k,L)]dv (7.13)
e(l) = II(TLb) = # 0001‘5"[1 — exp(—k,L)]dv (7.14)

Note:

o0
I = / I}j’bdu = 0T4,
0
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where
0 =5.67x107° [ergem 2s ! K™

is the Stefan—Boltzmann constant.
Emission Types
The emission for the formulas above may be of any type, including single line,
multiple line, single or multiple bands, or continuum.
Optical Depth
The optical depth, k,L, is a key parameter. When k,L > 1, the system is optically

thick and the spectral radiance approaches that of a blackbody. When k, L < 1, the
system is optically thin and the spectral radiance approaches (k,L)I%°.

optically thick: k,L > 1,  I,(L) — I*°
optically thin: k,L < 1, I,(L) — (k,L)I*®
7.2.2 Case 2: Absorption Experiments (10 > I")

For absorption experiments, the incident radiant intensity is much greater than the
blackbody radiation intensity.

Absorption: 10 > I

The equation of radiative transfer, Eq. (7.12), then becomes

1,(L) = I° exp(—k,L) (7.15)

This relation, known as Beer’s Law or the Beer—Lambert Law, may be the most
important relation in absorption spectroscopy. Alternate forms in terms of the
fractional transmission or “transmissivity,” 7T),, are

T, = (Iio) (7.16)

exp(—k,L) (7.17)

1)
= 50) (7.18)
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We make two observations:

1. The same equation would apply to the transmission of a pulse of laser excitation,
with energy E, [J/cm?/cm™!],i.e. T, = E, /EY.

2. The fundamental parameter controlling absorption over length L is the spectral
absorption coefficient, k,,.

Our next step is to establish a relationship between k, and the fundamental
molecular parameters that govern the “strengths” and “shapes” of absorption lines,
namely the Einstein coefficients and line-broadening coefficients.

7.3  Einstein Theory of Radiation

We begin with a simplified theory, without regard to lineshape or structure (some-
times termed the Milne Theory). Consider two states of an atom (or molecule)
which are radiatively coupled (i.e., have radiative transitions that are “allowed”),
with E; — E; = hv.

The total transition rates [molec/s] are N>A»1, N1B12p(v), and N,B;; p(v), where
N; is the total number of molecules in state i. Alternatively the transition rate per
unit volume [molec/cm?/s] can be expressed using the number density #;.

7.3.1 Einstein Coefficients

Ay, Bya, and By; in Fig. 7.3 are the Einstein coefficients of radiation.

Biap(v) the probability/s that a molecule in state 1 exposed to radiation
of spectral density p(v) [J/(cm® Hz)]' will absorb a quantum hv
and pass to state 2. The Einstein B-coefficient thus carries units of
cm?® Hz/(J s).

Spontaneous Induced Induced

issi Absorption issi
State 2 Emission p Emission

Transition probability/sec Energy

of process per atom in
state 1 or 2 Ao B12p(v) B21p(v)

State 1

Fig. 7.3 Transition probabilities between states 1 and 2

I'The spectral density is the energy density per unit frequency contained in an electric field.
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Byip(v) the probability/s that a molecule in state 2 exposed to radiation of
spectral density p(v) will emit a quantum /4v and pass to state 1.2

Aj the probability/s of spontaneous transfer from state 2 to 1 with
release of photon of energy hv (without regard to the presence of

p(v))

Similar expressions apply when isotropic radiation intensity or parallel beam
intensity (e.g., a laser) are involved.

7.3.2 Equilibrium

At equilibrium, the net rate of change of molecules in any molecular state is zero.
Consider a detailed balance of the optical processes at equilibrium for the population
change in state 2:

(M) g = NiBiap(v)  —Nao(Az) + Bap(v)) =0 (7.19)
molec/s entering state 2 molec/s leaving state 2

The molecule balance in Eq.(7.19) is simply the difference between the rate of
molecules entering state 2 and the rate of molecules leaving state 2. Equilibrium
requires that all transitions from state 1 to 2 (induced absorption) are balanced by
transitions from state 2 to 1 (induced and spontaneous emission). Another way to
express the equilibrium condition is with the Boltzmann fraction from statistical
mechanics:

N, B .
2 = & = & exp(—hv/kT) (7_20)
N1 Ay +Bap(v)eg &1

rad. equil. statistical equil.

Solving for p(v)q in Eq. (7.20) and equating it to the known result for p(v)eg, i.e.
Planck’s blackbody distribution,

. 8hv3/cd)
PW)eq = exp(+hv/kT) — 1 (7.21)
gives
A /B 8mhv3/c
PVes = 75 Got/Bn) _ _Brkv'/jc) (7.22)

22 exp(hv/kT) — 1 ~ exp(hv/kT) — 1
N—

82 Bai

Planck’s distribution

2This induced emission occurs in phase with and in the same direction as the incident beam. Hence,
for collimated incident light (e.g., a collimated laser beam) the induced emission appears as gain
in the exciting beam.
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Equation (7.22) must hold for all v and T, producing the two following important
conclusions [1]:

g1B1n = 2B (7.23)
8why3
Ay = 3 B> (7.24)
c
= 1/‘(21 (725)

where 1,1, the inverse of Aj;j, is the “radiative lifetime” in state 2. We must note
here that even though Eq.(7.24) was derived from thermodynamic equilibrium
arguments and Planck’s blackbody distribution, the relationship between A and B
holds even for systems not in equilibrium, and it does not depend on p(v). A,
and hence By, and B;; are theoretically calculable from quantum mechanics, but in
practice, tp; and/or B}, are often measured.

Note: For collimated light (as in the case for most absorption experiments):
p(V)eqg = np - hv [J/em? s7! ] (n,, is the number of photons/cm®s™! )

I, = ny - hv - ¢ [W/em?s™! ] (power per unit area per unit frequency)
Therefore,

p(v) =1/c (7.26)

Where is the link to &k, ? Find this next. I

7.3.3 Whatisk,?

We proceed now to find the relationship between the spectral absorption coefficient,
k,, and the Einstein coefficients, for the case of a structureless absorption line of
width dv. Recall that Beer’s Law is

T, = (110) = exp(—k,L) (7.27)

where I, may be either the spectral intensity [W/cm?s™!] or intensity [W/cm?] or
power [W] at frequency v, and that

di
ky = ——— (7.28)
I,dx
Figure 7.4 plots T, and k, versus frequency for this case. Note that 7, = 1

everywhere but in the region of the absorption line.
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Jbw
i

> v ;
Vo Vo

Fig. 7.4 T, and k, versus frequency for a structureless absorption line of width §v

1,5y Gas 1,8v + (d1,)dv

—dx—

Fig. 7.5 Transmission of laser intensity across a gas slab of depth dx

Imagine that a spectrally broad light source of uniform spectral intensity 10 is
used to illuminate a sample gas with the spectral absorption coefficient shown in
Fig. 7.4; the length of the sample is L. What is the absorbed power in W/cm??

P,,s = (incident power over §v) x (fraction absorbed) [W/cm?]
="sv)yx (1-T,) (7.29)
= (I° $v)(1 — exp(—k,L)) (7.30)
where 10 has units of W/cm?s™! and §v has units of s~'. The product /%8v
represents the incident power per unit area (W/cm?) contained in the spectral
interval §v over which absorption may occur.
What happens to Eq.(7.30) for a small (incremental) width dx, such that

kydx < 1?7 For small optical thickness, the exponential term can be linearized,
leading to the simple result

Paps = (10 8v) (kydx) (7.31)

or

P abs .
——— = fraction absorbed = k,dx. (7.32)
19 §v
This is known as the optically thin limit.

We can use a simple energy balance on an incremental slab of gas to find %,
(Fig.7.5).

In this model, we recognize that the change in intensity, i.e. (dI,)dv, is equal to
the net combined effects of emission and absorption,
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(dl,)8v = (induced emission + spontaneous emission) —induced absorption

=0

(7.33)

where the spontaneous emission is approximately zero for collimated light and

induced emission = (np,dx) X B v)x hv
&,.2 210(v)

molec/cm? prob/s of energy per

in state 2 emission photon

induced absorption = (n1dx) X B V)X  hv
p (n1dx) 12p(v)

molec/cm? prob/s of energy per

in state 1 absorption photon

Recalling Eq. (7.26), Eq. (7.33) becomes
h
(d]v)8U = [n2321 —I’I]Blz]—vludx
c

Therefore,

dl, hv 1 B By]
= —Ky, = ——|n —n
I,,dx ¢ Sv 2D2] 1012

which may be simplified further to give

hv 1
k, [em™!] = %EnlBlz (1 — exp(—hv/kT))

(7.34)

(7.35)

(7.36)

(7.37)

(7.38)

While this result is immediately helpful in understanding the fundamental coupling
between k, and Bj», nj, v, and T, we can see now that the shape and width of
absorption lines (evident in Eq.(7.38) with the term §v) are also relevant. How

would the use of a more realistic lineshape model affect Eq. (7.38)?

7.4  Revised Treatment of Einstein Theory (with Lineshape)

We now repeat the derivation for k, using an improved lineshape model that includes
the structure of absorption and emission lines. Compared with the uniform and
structureless feature in Fig.7.4, real spectra have shapes. These realistic shapes
for the spectral transmission, 7, spectral absorption, k,, and normalized lineshape

function, ¢, of a single absorption line are shown in Fig. 7.6.
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TV A A A
k
1 v /kv,max o) /¢pk
; | ; kv,max--
N O9 vmaxey 8v (FWHM) b
v v v v A v

Fig. 7.6 T,, k,, and ¢ versus frequency for an absorption line with typical structure

Recall that the general form for Beer’s Law is

T, = (ILO)V = exp(—k,L) (7.39)

Solving for &, yields
1
k, = ——=InT, (7.40)
L

In addition, we define a new parameter, ¢, as the normalized lineshape function

k,
¢ = T hods [em] or [s] (7.41)
line
so that
/ v = 1 (7.42)

line

The units for ¢ are inverse frequency (and hence may have units of either
centimeters or seconds). The lineshape function, whose integral over the line is 1,
provides a useful way of characterizing the shape of a line.

Note: Since
/kvdv 2 ky maxOV

where §v is an average width, then

kv.max 1

- [ kydv s

¢pk
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Spontaneous Induced Induced
Emission Absorption Emission
State 2
prob/s for v to v+dv prob/s for v to v+dv prob/s for v to v+dv
Transition prob/sec/molec =Ay(v)dv =B4,0(v)dvp(v) =B,10(v)dvp(v)

(in level 2 or 1) for =Ay0(v)dv
range v to v+dv

State 1

Fig. 7.7 Transition probabilities per second per molecule in level 2 or 1

Thus we should not be surprised if we find that the term 1/6v in
Eq. (7.38) is simply replaced by ¢ in the revised formulation, with ¢
varying smoothly from zero in the “wings” of an absorption line to a
peak value proportional to 1/8v (see Fig. 7.6 above).

Consider the small frequency interval, v — v + dv, in Fig.7.6. What are the
relevant transition probabilities for this spectral interval? We recognize that these
probabilities should have the same spectral dependence (shape) as k, and ¢ (v), i.e.
having a peak value at line center and falling to zero away from the line. We achieve
this shape with a simple modification to our previous model (with the constant
probabilities Ay, Byy, B»1) by multiplying the Einstein coefficients by ¢ (v)dv (see
Fig.7.7).

Ay1¢p(v)dv  the probability/s of a molecule undergoing spontaneous emis-

sion, in the range v — v + dv
[Note that the integral of this quantity over the range of
allowed v is just Ay [s7'], ice. [ A d(v)(dv) = Aj.]

B¢ (v)dvp(v)  the probability/s of a molecule undergoing a transition from
1 — 2, in the range v — v + dv

By1¢p(v)dvp(v)  the probability/s of a molecule undergoing a transition from
2 — 1l,intherange v — v + dv

Recall: p(v) = I, /c, where p(v) is the spectral energy density [J/cm? s™!]
and 7, is the spectral intensity [W/cm?s™!] of collimated laser
light.

We are now ready to do a simple energy/power balance on an incremental gas
slab of width dx, for the frequency range v — v + dv (Fig.7.8).

The energy balance for the slab requires that the incremental gain in intensity,
dl,dv, is equal to the difference between the emission and absorption over the
frequency interval dv in the gas slab:
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Gas
Idv Idv + (dI,)dv

[W/cm? in v to v+dv]
+—dx——>

Fig. 7.8 Energy/power balance on an incremental gas slab

dl,dv = emission in dv — absorption in dv

#/cc prob/s-molec for dv
I~ ———
=" ny dxXx[By¢p(v)dvl,/c]x hvy — ndx[Bia¢(v)dvl,/clhvy
—_— ——
molec/cm? energy/
photon
Therefore,
dl, hv
- =k, = —[nBia — n2B21]¢(v) (7.43)
I,dx c
SO
hv
k, = —m B (1 —exp(—hv/kT)) ¢(v) (7.44)
c

which is, as suggested, equal to our earlier result for k, aside from the substitution
of ¢(v) for 1/5v! Integrating k, over the absorption line yields

S = /kvdv [cm_1 s_l] (7.45)

line

h
Si» = ZmBia(1 — exp(—hv/kT)) (7.46)
C

S1» is an important quantity known as the “integrated absorption” for the absorption
transition 1 — 2[1]. It is also often called the “line strength.” Note that the
quantity does not depend on lineshape and is simply a function of n;, T, and Bj;.
Changes in lineshape, e.g. owing to pressure-broadening, thus do not affect Si.
This quantity, like Einstein coefficients, is thus fundamental in nature. In view of
the interrelationships of Ay, B},, and B;;, we may also write



120 7 Quantitative Emission and Absorption

2
Sy = A—nlAZIg—z(l —exp(—=hv/kT)) [em™'s™!] (7.47)
87 81
(”62) -1 1
S = nifiz(1 —exp(—hv/kT)) [cm™ s~ ] (7.48)
meC

(Note that the units of S}, shown here as cm™! s~/ depend on the choice of units
for frequency, typically either s™' or cm™, so that S1, may have units of cm™!s™!
or cm™2. Other variations also appear in the literature.)

Equation (7.47) makes use of the relationship between A;; and Bj,. Equa-
tion (7.48) utilizes the oscillator strength, f:

o SlZ,aCtual
SlZ,classical(1 - CXP(—hV/kT))

Sz (7.49)

The oscillator strength of a transition (or group of transitions like a vibrational
band or electronic system) compares the integrated strength of the transition with
the classical electromagnetic model of an oscillating electron in a magnetic field.
Sclassical is given by[2]:

7'[6‘2
Sclassical = ( )nl (7.50)
mec
where
2
e 2
( ) = 0.0265 cm” Hz.
meC
so that

S12.acwal = (0.0265 cm® Hz)n fi2(1 — exp(—hv /kT)) (7.51)

Since n; can be written in terms of pressure, i.e.,

Pt

=T (7.52)

nj

then at STP, if all the absorbing atoms are in the ground state (ny = n =
2.7 x 10" cm™3) and exp(—hv»/kT) < 1, the line strength S, is simply 7.17 x
10'7f, [em™! Hz/atm)], or equivalently

Si2lem™2/atm] = 2.380 x 107f;, (7.53)
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From Egs. (7.47) and (7.48), the reader may note that the oscillator strength is
also directly related to the Einstein coefficients for a given transition, and like the
coefficients for stimulated emission,

Ja = (&)flz (7.54)
82
We now make two important observations:
1. From the original definition of k, and S}, we have
2. When
hv/kT > 1,

as is common for electronic state transitions,

2
Si» [em™'Hz] = (ne )anlz (7.55)
m,c
= (0.0265 cm? Hz)n\fi» (7.56)
AZ
= —nlAz] & (757)
87 81

and, by comparison of right-hand sides
fia Aoy = fizen = 15122 (4 em? (7.58)
1

where 151 = 1/Ajy; is the radiative lifetime of the 2 — 1 transition.

Example: “Resonance Transition”
A resonance transition is one that couples the ground state to the first excited
state. Let’s look at a case for an electronic transition of a sodium atom:

lower(L)  upper(U)

2 2

Na (37812 —3°P12),
8 _ 1,
81

A =589nm = 5.89 x 10~ cm (7.59)
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Table 7.1 Oscillator
strengths of selected sodium
transitions, abstracted from [1]
Transition fo1 | Alnm]
32812 — 32Py /2] 0.33/ 589.6
32812 — 32P3,2/ 0.67 589.0
328 - 4P 0.04 330.2

Conventions:
atoms: -0
molecules: (U < L), arrow denotes absorption or emission
fii: i denotes initial state, j denotes final

From Eq. (7.58),
fi2Ts89nm = 5.24 x 1077 s,
where the radiative lifetime is
7 =16.1 x 107 s (measured, corresponds to A = 0.62 x 103571
Thus, f ~ 0.325 (strong atomic transition; single electron). Values of f for
molecular transitions tend to be much smaller, ~1072-107%, owing to the
relatively strong coupling between the multiple electrons and protons in a

molecule and can be very much smaller for highly forbidden transitions. The
“term symbols” for electronic states in atoms will be discussed in Chap. 9.

Table 7.1 lists the emission (f>;) oscillator strengths and spectral locations for a
few transitions of the sodium atom.

These values can be compared with electronic and vibrational oscillator strengths
in a few molecules (Table 7.2).

7.5 Radiative Lifetime

The concept of radiative lifetime merits further discussion. If we write a rate
equation for radiative decay from an upper level u, accounting for all allowed
spontaneous decay paths to lower states /, then
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Table 7.2 Absorption oscillator strengths of selected
vibrational and vibronic bands of a few molecules

Electronic | Band center

Molecule v/ <— v”/| transition |[cm™'] fi2
Cco <0 |- 2143 1.09x 1073
2«0 |- 4260 7.5x 1078
OH <0 |- 3568 4.0x 106
0«0 |23 <« 211 32,600 1.2x 1073
CN 0<0 |2 < 2% 9117 2.0 x 1072
% =—n, XI:AH (radiation only) (7.60)

Thus, for an initial number density 7,(0), the time-dependent density, allowing for
radiative decay only, is:

nu(t) = n,(0)exp | —t Y " Ay (7.61)
1

SO

7, = radiative lifetime = —— (7.62)

ZAu—>I

l

Of course, collisions and radiative excitation into the upper levels will also be
present and will maintain a non-zero population in the upper level. 7, is also
sometimes described as the zero-pressure lifetime.

The decay u — [ may also occur through non-radiative (i.e., collisional)
processes; corresponding energy may be given to neighboring molecules as trans-
lational energy or, quite commonly, as internal energy. In the case of non-radiative
decay, the rate of decays per unit volume can be written in terms of a rate parameter
knr(s_l)

dn,, ny
( ) = —kyn, = —2% (7.63)
dt ). Tor

where t,; is the non-radiative decay time. This parameter depends on the transition
considered and on the surrounding molecules.
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With the simultaneous presence of both radiative and non-radiative transitions,
the time variation of the upper level u population can be written as

L L L (7.64)

where 7! = 71 + 7.1 is called the lifetime of level u.

7.6 Alternate Forms

There are many alternate forms for the linestrength and Beer’s Law, each with its
own units and notation.

7.6.1 Line Strengths

Alternate forms for linestrength notation and units are as follows:

1.
ko [em™'] = Si2 em™*] ¢, [em], or
ky [em™'] = S12 fem™?] ¢, [em)]
where
vem™'Joro [em™'] = 1/A [em],
¢y [em] or @, [em] = c [cm/s] ¢, [s]
and
dv [em™ ] ordw [em™!] = (1/c)dv [s7!]
2.
Siz [em™*] = (1/0)S12 [em™ /5]
3.

S12 [em™2/atm] = S, [cm™2]/P; [atm]

:( il )( ¢ >A21g—2(1—exp(—hv/kT))
81

P; [atm] /] \ 87 v2

where n; is the number density of the absorbing species i in state 1.
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4. The typical units for linestrengths include a per-unit-pressure version, S
[cm™2atm™!], and a per-unit-number-density version used by HITRAN96, S*
[em™!/(molecule cm~2)]. The conversion between S and S* is

S fem~2 atm™1] = $* [em™! /(molecule cm™2)] x 1 [molecules/ cc]’ (7.65)
P [atm]

where n is the number density of the absorbing species in [molecules/cc] and
P is the corresponding partial pressure in [atm]. Using the ideal gas law and
converting pressure units from [dynes/cm?] to [atm] yields the following relation

S* [em~!/(molecule cm™2)] x 1013250 [dynes/(cm? atm)]
kT '

S[em2atm™!] =

(7.66)

where k = 1.38054 x 107'° erg/K is the Boltzmann constant and 7" [K] is the
temperature at which the conversion is being performed and the linestrength is
known. Equation (7.66) reduces to

S* x (7.34 x 10?!)
T

S =

[em™2atm™']. (7.67)

For converting room-temperature linestrength (7' = 296 K), the conversion is

S =S8*x(2.4797 x 10"°) [em2atm™!]. (7.68)

7.6.2 Beer'sLaw

It follows from the alternate forms for the linestrength that multiple expressions for
Beer’s Law also exist, e.g.

(ILO)WU,A = exp (—k,L) (7.69)
= exp (—no,L) (7.70)
= exp (—B,P:L) (7.71)
= exp(—S¢,P;L) (7.72)

where

n = number density of the absorbing species [molecules/cm?]

0, = absorption cross-section [cm?/molecule]
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U's™!7atm]

S = “linestrength” [cm_2 atm™'] or [em™
B. = frequency-dependent absorption coefficient [cm™!/atm] (7.73)
P; = partial pressure of species i [atm]
¢, = frequency-dependent lineshape function [cm] or [s]

In the IR, it is common to use atmosphere and wavenumber units, i.e. 8, =
k,/P; = absorption coefficient per atmosphere of pressure. Thus,

Si2 [em™2/atm] = /ﬁwda)

_ S [em™!s™!]

cP; [atm]
—882x 10731 ¢ (1 — exp(—hv/kT))
P; [atm]
¢ n 82
= L4222 (1 — exp(—=hv/kT
8712 P, 21g1( exp(—hv/kT))

7.7 Temperature-Dependent Linestrengths

As Eq. (7.46) demonstrates, linestrengths are directly dependent on the number den-
sity, ny, and exponentially dependent on the temperature, 7. Using the Boltzmann
fraction to relate n; at various temperatures and combining with Eq. (7.46) yields an
expression for the linestrength as a function of temperature.

The linestrength S;(T) for a particular transition i at some temperature 7 can
be determined from the molecule’s reference temperature linestrength S;(7p); the
absorbing molecule’s partition function Q(7); the frequency of the transition, vy ;;
and the lower-state energy of the transition, E7. This relationship is given by

o QT (To [ heE/ (11

—hevy —hevo \ 17! (7.74)
X |[1— €xp T 1— exXp T s
0

where S is in units of [cm™%atm™' ]. For units of [cm_l/ (molecule cm_z)], the
following temperature scaling can be used
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o ok o(Ty) _hCEz{/ 1 1
$:(T) = S7 (Ty) o) exp |: X ( ):|

5 [1 —exp (—hcvo_i)} [1 —exp (—hcvo,i)}‘l (7.75)
kT kT, ’

Thus, a ratio of linestrengths with the different units can be calculated as follows:

ST SN T
S(Ty) Sty T (7.76)

7.8  Concept of Band Strength

The concept of band strength is common in the IR. Recall that a band is a group of
lines for different upper and lower vibrational quantum numbers. The band strength
is determined by the number and strength of individual lines, and is expressed as a
sum of the linestrengths.

Spand = ZSlines (7.77)

band

Example: Heteronuclear Diatomic Band Strength
For the 1 < 0 band of a heteronuclear diatomic molecule, the band strength is

v/ =1<«v"=0

Sl<—0 — Z [ l<—0 //(P) +Sl<—0]//(R)]
J//
where
Py i ~l Ap ”2J’j’+1Am
S0 (R) = ny & _ 1] 0 o I o
I 8nv2 nkT/1.013x 106 | gr — 207+ 1| % 7 207 +1

x (1 — exp(—hv/kT)).

Note: The approximations shown for A}QO and A},O are based on the normal-
ized Honl-London factors, to be discussed in Chap. 10.

Then

1013X10)C ny J'+1
§10R ( 10
(R) = 8mwvZkT Z n 2J"7 +1
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and similarly

1.013 x 10) ¢ ny J"
§10(py — ( 410 ny
P) 8mwv2kT ; n 2J" +1

Therefore, since ), (ny7/n;) = 1,

(1.013 x 10°) cA1°

S'T) =
D 8w v2kT

Example: Band Strength of CO
The measured band strength of CO at 273 K, as measured at Stanford, is

3.2 x 1028 A0

S (273K) = > ~ 280 cm™2/atm

But,

® ~2150cm™!
and

VA 6.4x 10871

yielding

A =3657",
or, equivalently,

710 = 0.028s

Compare the value for 7!° with the previous example of 7y, ~ 16ns. CO
requires 28 ms to decay by radiation! Thus, IR transitions, due to their smaller
changes in dipole moment, have much lower values of A and longer radiative
lifetime 7 than UV/Visible transitions.
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7.9 Exercises

1. Light is transmitted through an optically thin (but absorbing) medium. If the path
length (L) is doubled, what happens to the fractional absorption?

2. The fractional transmission of monochromatic light through a uniform absorbing
medium of length L is 0.75. What is the fractional transmission if the path length
is doubled?

3. A discrete electronic transition of a monatomic gas at high temperature (7' =
5000K) and low pressure (P = 0.01 atm) has a measured linecenter spectral
absorption coefficient k,, of 0.1 cm™! at a wavelength of 500 nm. Determine the
linecenter spectral emissivity of the gas if the gas sample is 10cm thick and
¢(500nm) =6 cm.

4. The Einstein-A coefficient for a particular rovibrational transition of CO, is
220s~!. In the absence of collisions, what is the characteristic lifetime of the
upper state? Compare this with the Na transition near 589.6 nm which has an
Einstein-A coefficient of 6.14 x 107 s,

5. The partial pressure of H,O is 0.10atm and an absorption transition with a
linestrength of 7.58 x 10722 cm™!/molecule cm? is excited by a 10mW laser
near 1392 nm that is resonant with the transition linecenter. How much power
is absorbed by the 10 cm gas sample if ¢(1392nm) =5cm?

6. Given the Einstein-A coefficient of a transition, what additional information do
you need to calculate the temperature-dependent linestrength of this transition?
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The lineshape function ¢(v) characterizes the relative variation in the spectral
absorption coefficient with frequency and appears directly in Beer’s Law:

1
(1—0) = exp(—Sp,PiL) 8.1)
v

This variation with frequency is caused by broadening mechanisms in the medium.
An understanding of these mechanisms allows accurate predictions of the lineshape
function. Likewise, a measurement of the lineshape function, and the center fre-
quency, vy, can be used to determine properties of the medium such as temperature,
pressure, and velocity.

8.1 Lineshape Introduction

The lineshape function has been defined so that its integral over frequency is unity,

k,
p(v) = T kdv (8.2)
line
so that
+o00
[ o(v)dv = 1. (8.3)

A typical lineshape of an isolated absorption line centered at vy is shown in Fig. 8.1
as a function of frequency.

The lineshape has a maximum value ¢ (vg) at the center frequency vy. The width
of the feature, Av, is defined by the width at half the maximum value (the fullwidth
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Fig. 8.1 Sample lineshape as a function of frequency

at half maximum, or, FWHM). Note that the halfwidth at half maximum, HWHM,
is also used in many texts. The integral in Eq. (8.3) is defined to have no dimensions.
Since the units of dv are typically either cm™! or s™!, ¢(v) will have units of cm
or s, respectively.

It is often convenient to investigate the lineshape and other absorption parameters
by converting transmission or absorption into absorbance, where absorbance is
defined as

a(v)=—In (Iio) = S¢,P,.L = S¢,PX;L, (8.4)

where X; = mole fraction of the absorbing species i. Note that absorbance has no
units.

8.2 Line Broadening Mechanisms

Broadening of an absorption feature occurs due to physical processes within the
medium that perturb the transition’s energy levels or the way in which individual
atoms and molecules interact with light. If this effect is the same for all atoms of
the species, the broadening is said to be homogeneous. If, however, there are separate
classes or subgroups for which the interaction varies, the broadening is said to be
inhomogeneous or heterogeneous. This subtle difference will become more clear
when examining the types of broadening mechanisms.

The energy of an optical transition is equal to the energy difference between two
states. The Heisenberg Uncertainty Principle relates the uncertainty of these energy
levels to their lifetimes [1]. The uncertainty in the energy of level i is limited by

AE; > —— (8.5)
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where 7; is the lifetime of level i. The lifetimes of the upper and lower states, T’
and t”, respectively, can be combined to give the total energy uncertainty AE of a
transition. Thus, there is a range of energies over which the transition has a non-zero
probability of being measured. Since AE = hAv, that range is characterized by a
linewidth (FWHM) given (in units of frequency) by:

1 1 1

Since the Uncertainty Principle applies to all atoms in the same way, lifetime
broadening is homogeneous. The lineshape function can be derived by modelling
the atomic system as a damped oscillator. It takes the form of a Lorentzian function:

Av
¢L(v) = 7 Y (8.7)
T+ (%)
The Lorentzian lineshape function at linecenter is
Bi(v) = — 58)
Vo) = . .
Lo wAv
Another form of Eq. (8.7) is
BL() = fu(v0)—— (39)
v) =¢r(v) ———————. .
L L\V0 1+4(UZ:0)2

There are different mechanisms that lead to broadening of spectroscopic transi-
tions. Some of these mechanisms are described below.

8.2.1 Natural Broadening

In the absence of interactions with other atoms (e.g., via collisions), the lifetime of
an atom in a particular level is determined by spontaneous emission [2]:

Avy L (l + l) (8.10)

2w \ 1; T

1

— A; A; 8.11
e (Xk: k+2k: Jk) (8.11)

This is the sum of the Einstein A coefficients for all downward transitions from the
two levels of the transitions i and j. Thus, the sum is over all k such that E; < E; or
E;. Note that if the lower level, level j, is the ground state, there can be no radiative
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decay and its contribution to the halfwidth is zero. The subscript N indicates that the
FWHM is due to natural broadening which is described by the Lorentzian lineshape
function in Eq. (8.7).

8.2.2 Collisional Broadening (Pressure Broadening)

Molecules (or atoms) interact with each other via collisions. During a collision,
energy may be transferred among various energy modes within and between
molecules, thus changing the molecular state each molecule exists in. As a result,
collisions can reduce the average lifetime of a molecule in a state below that of the
natural lifetime. According to Eq. (8.6), shortening the lifetime t; of a molecule in
level i leads to greater uncertainty, and thus a broader absorption lineshape. Hence,
the more frequently collisions occur, the more lifetimes are shortened and transitions
are broadened. This relationship between collision frequency and transition breadth
is the fundamental mechanism underlying collisional (or pressure) broadening.

A collision can be modelled as occurring when two molecules approach each
other within a certain distance called the optical collision diameter. If the diameters
of molecules A and B are defined as o4 and op, respectively, the optical collision
diameter is given by

1
OAB = E(OA + oB) (8.12)

The associated optical cross-section area is n(oAB)Z. Note that this cross-section
may be significantly different than the cross-sections for collisions between A and
B that give rise to other phenomena (e.g., the elastic collision cross-section). The
number of collisions per second of a single B with all A is given by

Zap = AT OsgC (8.13)

where n, is the number density of species A and c is the mean relative speed of the
molecules given by

1/2
c= ( 8kT ) (8.14)

TT [LAB

The reduced mass, jap, is a function of the masses of A and B
Map = ——— (8.15)

The total collision frequency (of a single B) for a variety of different collision
partners is obtained by summing over the different species:
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8kT \'/?
Zg =) nmamogy ( ) (8.16)
A

T UAB

Note that for a pure gas, i.e. all B, Eq.(8.16) simplifies to the expression Zp =
npmoly(8kT/miupp)'/?. By introducing the ideal gas law, P = nkT, we can rewrite
Eq. (8.16) for the single-molecule collision frequency as

] 1/2
Zg=P) Xymos, | —— 8.17
5 ; AT O3 (nmkr) (8.17)
where P is the total pressure and X, is the mole fraction of species A. Using Eq. (8.6)
with 1/ = 1/t” = Zp, it follows that Avc, the FWHM due to collisional
broadening, is given by

4
Ave = 2. (8.18)
T

The frequency uncertainty due to collisional effects, Av¢, is the lineshape’s
halfwidth (FWHM). This net uncertainty for the interrogated species, B, is often
modelled as the product of the system pressure and sum of the mole fraction for each
perturbing species A multiplied with its process-dependent collisional broadening
coefficient 2yg_4

Ave =P Xx2y5a. (8.19)
A

Thus, the collisional width of an absorption transition is directly proportional to
pressure. The standard notation for the different broadening coefficients is 2y5_4,
where B is the molecule whose lineshape is being studied and A is the collision
partner (or perturber) that interacts with species B to broaden its absorption line.
Thus, 2yco—co is the broadening coefficient for CO—CO collisions (self-broadening,
2¥eeif), and 2yco-n, is the coefficient for CO lineshape broadening due to collisions
with N, (nitrogen-broadening). Mass-averaged O, and N coefficients are contained
in air-broadening coefficients, 2yco—air- Values of 2y are published for specific
transitions and specific collision partners.
If P has units of atmospheres, and Av¢ has units of s~! then 2y; is defined by

8 1/2
2yp = 1.013 x 1067, [ —— 8.20
VB X OaB (JT MABkT) ( )

where all parameters are in cgs units. The optical cross-section 3, and reduced
mass (sp depend on the molecule of interest and its various collision partners,
though typical values for small molecules are 2y ~ 0.1cm™!/atm, at room
temperature.
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Example: Pressure Broadening of CO

Calculate the collisional halfwidth (FWHM) for the R(9) line of CO’s second
overtone for 50 ppm of CO in air at 300K and 1.0 atm pressure. The standard
species populations in air are 77 % Ny, 21 % O,, 2 % H,0 (for 85 % standard
humidity), and 380 ppm CO,. The broadening coefficients and species mole
fractions are listed in the following table. According to Eq.(8.19), the colli-

Species, A | Mole fraction, X4 | 2yco—4(300K) cm™ Yatm

N, 0.77 0.116
H,O 0.02 0.232
CcO 50e—6 0.128
CO, 380e—6 0.146
0O, 0.21 0.102

sional halfwidth for this CO transition is:

Ave = P(Xn, + 2yco—N, + Xm0 * 2Yco-m,0 + Xco * 2Yco-co
+Xco, * 2Yco-co, + Xo, - 2Yco-0,)
=0.114cm™!

The variation of the broadening coefficient 2y with temperature is often modeled
using the following approximation

To\"
2y(T) = 2y(Ty) (7) (8.21)

where Ty is the reference temperature, typically 296 or 300K, 2y(7j) is the
broadening coefficient at the reference temperature, and N is the temperature
coefficient, which is generally less than 1 and typically 0.5-0.8. Inspection of
Eq. (8.20) reveals that N = 0.5 when o045 is constant, independent of 7, but in
fact o5 is typically a weak function of 7.

In the absence of actual data, useful approximations are that 2y(300) =
0.1 cm™'/atm for molecules (atoms tend to have larger values) and N = 0.5. An
exception, however, is NO, whose broadening coefficients for electronic transitions
are 2y(300) ~ 0.5 cm™!/atm. Another exception is H,O for which 2y and N vary
widely, N can even be < 0 for high-J transitions (see Chap. 14).
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Table 8.1 Some collisional broadening
coefficients 2y [cm™!/atm] in Argon and

Nitrogen at 300 K

Species | Wavelength [nm] | Ar N,
Na 589 0.70 1 0.49
K 770 1.01 |0.82
Rb 421 221 1.51
OH 306 0.09 0.10
NH 335 0.038

NO 225 0.50 0.58
NO 5300 0.09 0.12
CcO 4700 0.09 |0.11
HCN 3000 0.12 0.24

Table 8.2 Some collisional broadening
coefficients 2y [cm™!/atm] in Argon and

Nitrogen at 2000 K
Species | Wavelength [nm] | Ar N,
NO 225 0.14 0.14
OH 306 0.034 | 0.04
NH 335 0.038

Tables 8.1 and 8.2 contain broadening coefficients for a variety of species at 300
and 2000 K, respectively. Note that there are some radicals listed here that are not
stable at 300 K. However, it is common to extrapolate values of 2y down to 300 K
to facilitate comparisons. Some molecules, like OH, have a strong J (rotational
quantum number) dependency on 2y, while others such as NO do not.

Collisional broadening follows the Lorentzian spectral distribution in Eq. (8.7).
The total halfwidth for the Lorentzian lineshape can be determined by adding the
natural and collisional halfwidths, Av = Avy 4+ Avc. However, Av¢ is usually
much greater than the natural broadening, so Avy can often be neglected.

8.2.3 DopplerBroadening

When a molecule has a velocity component in the same direction as the propagation
of a beam of light, there will be a shift in the frequency at which it will absorb a pho-
ton. This effect is called the Doppler shift. The molecules of any gas are in constant
motion and the distribution of their random velocities (achieved in the absence of
collisions, see 8.5.1) is described by the Maxwellian velocity distribution function.
We can consider each group of molecules with the same velocity component to be
part of a velocity class. The Maxwellian velocity distribution function tells us what
portion of the molecules are in each class. Each velocity class will have its own
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Doppler shift. Thus the distribution function leads directly to an inhomogeneous
(meaning it varies with frequency) lineshape function with a Gaussian form:

2 In2\'"? v — 1y 2
¢op(v) = — | — exp{ —4In2 (8.22)
Avp \ 7 Avp
The Gaussian lineshape function at linecenter is
2 (l2\'"?
ép(vo) = e (3.23)
Vp T
The Doppler halfwidth (FWHM) Avyp, is given by
8kT1n2\ "2
Avp = 1y 5 , (8.24)
mc
for which a more convenient form is
T\ /2
Avp = 19(7.1623 x 1077) (1\_4) , (8.25)

where T is in Kelvins and M is the molecular weight in grams/mole. The Doppler
halfwidth Avp is to be used with Eq. (8.22) and never with (8.7).

The Gaussian lineshape can also be described in normalized terms as an
exponential relationship,

Kp(x) = exp(—x?), (8.26)
where
P ) (8.27)
Avp.1/e

is the normalized frequency detuning relative to the linecenter frequency, vy, and
Avp 1/ is the 1/e halfwidth,

2kT
Avpije = voy/ —.- (8.28)

mc?

Figure 8.2 compares Gaussian (Doppler; inhomogeneous) and Lorentzian (colli-
sional and natural; homogeneous) lineshapes which have the same FWHM and by
definition [Eq. (8.3)] the same area. The Gaussian lineshape has a peak value which
is about 50 % higher than the Lorentzian, but it drops off much faster in the wings.
The molecules of each velocity class will also have some finite lifetime and thus
some Lorentzian halfwidth. If the Lorentzian halfwidth is much smaller than the
Gaussian halfwidth, the Lorentzian component can be ignored, and vice versa.
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Fig. 8.2 Comparison of Gaussian and Lorentzian lineshapes with the same FWHM

8.2.4 Stark Broadening

Plasmas are characterized by the presence of charged particles (ions and electrons)
which exhibit long range Coulomb forces. These forces can perturb the energy
levels causing significant broadening, particularly in atomic hydrogen and other
light atoms. Both numerical and experimental results are published for specific
transitions as a function of electron number density. See the book by Griem [3]
for a detailed description.

8.2.5 Artifactual/Instrument Broadening

A measured lineshape can be broader than expected based on the conditions found
in a medium. Broadening can be caused by the way in which a measurement is
made and thus is an artifact of the experiment. One common example is where
an instrument such as a monochromator has insufficient resolution to measure
an actual lineshape. This low resolution causes the measured profile to look
broader than it really is. Another example is power broadening where a laser is
strong enough to perturb the populations of the molecular states (this effect is
often referred to as saturation) and thereby modify the frequency distribution of
the absorption coefficient. A third example is transit-time broadening where the
interaction between the molecules and the light is limited to a time comparable
to (or less than) the lifetime determined by collisions or natural emission. As an
example, the transit time for a gas moving at velocity V across a laser beam of
diameter D is D/V; this leads to an apparent broadening for absorption lines of
Avgansit(FWHM)=2 V/D in the case of a top hat intensity distribution [2].
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8.3  Voigt Profile
8.3.1 Analytical Expressions

In the common case in which both Doppler and collisional broadening are signifi-
cant and neither can be neglected, the appropriate lineshape will be a combination
of the two. If we assume that the effects of Doppler and collisional broadening
are decoupled, we can view each velocity class to be collisionally broadened.
This leads to a lineshape that is a convolution of Doppler and collisional broad-
ening [4] (assuming natural broadening is much less than collisional broadening,
Avy K Ave).

+o00
pv(v) = /_ $p() $e(v — u) du (8.29)

oo

This convolution is called the Voigt function. Before inserting relations for ¢ and
¢c, we define some useful parameters:

(1) Voigt “a” parameter

v/In2 A
a= vz Ave (8.30)
AUD
(2) nondimensional line position, w
2+/In2 (v —
= 2YIn2(—vo) 831)
AUD
(3) linecenter magnitude, ¢p(vo), the magnitude of Eq. (8.22) at vy
2 In2
ép(vo) = X A (8.32)
Vp b
(4) integral variable, y
2u+/In2
y = cuvnz (8.33)
AVD
With these parameters, Eq. (8.29) becomes
a [T exp(—y?)dy
= — _— 8.34
Pv(v) = ¢p(vo) - /_oo pE— (8.34)
= ¢p(vo) V(a,w) (8.35)

where V(a,w) is the famous “Voigt function.” The a parameter indicates the
relative significance of Doppler and collisional broadening, with a increasing as
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the effects of collisional broadening increase. The w parameter is a measure of the
distance from linecenter. The integral can be calculated using standard mathematical
routines, but it is common to make use of existing tables for this function.

Note that at the linecenter, where w = 0, V(a, w) reduces to

V(a,0) = exp(a?)erfc(a) (8.36)
= exp(a®)[1 — erf(a)] (8.37)

where erf(a) is the error function.

8.3.2 Numerical Approximations

There are many different numerical approximations for the Voigt lineshape that have
been published. One of the most accurate and quickest to calculate is the algorithm
published by Humli¢ek (J. Quant. Spectrosc. Radiat. Transfer, Vol. 27, No. 4, pp.
437-444, 1982). The algorithm can be processed using standard programs such as
Igor Pro, Matlab, and the C language. Appendix C contains an example Matlab *.m
file for calculating the normalized Voigt profile.

8.4 Line Shifting Mechanisms

Just as there are physical mechanisms that broaden absorption lines, there are
processes by which the lineshapes are shifted in frequency. Two of these shift
mechanisms, similar to broadening, are pressure shift and Doppler shift.

8.4.1 Pressure Shift of Absorption Lines

Interactions between two collision partners can have a perturbing effect on the
intermolecular potential of the molecule whose lineshape is being studied. Changes
in the intermolecular potential lead to differences in the energy level spacings, and
hence the linecenter frequencies of the different transitions. These differences from
the equilibrium linecenter values that result from collisions are known as pressure
shift. Just as in Eq. (8.19), where the collisional halfwidth, Av¢, is proportional
to the pressure and a broadening coefficient, 2y, the expression for pressure shift
depends directly on pressure but contains the shift coefficient § instead. Both 2y
and § have units of cm™! per atm.

Avs =P " Xpby (8.38)
A
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The shift coefficient also scales from a reference temperature similarly to the
broadening coefficient, but with a different temperature exponent, M.

To\"
8a(T) = 8a(To) (?) (8.39)

Note that while 2y > 0, the pressure shift can be either negative or positive. Average
values for near-infrared H,O spectra are § ~ —0.017 cm™!/atm and M ~ 0.96.

8.4.2 Doppler Shift Measurements of Velocity

For gases that have a bulk velocity relative to an incident laser beam, the entire Voigt
profile is shifted by

Sv
Vo

u
= (8.40)
C

where u is the bulk or mean speed in the laser direction and c is the speed of light.
Measurements of this frequency shift provide a non-intrusive means of measuring
gas velocities. This capacity is especially attractive for high speeds and low densities
where conventional laser Doppler anemometry (with particles) is not feasible.

8.5 Lineshapes Beyond the Voigt Profile

The Voigt profile assumes that Doppler and collisional broadening are indepen-
dent/uncorrelated and does not account for velocity-changing collisions. In some
cases, these assumptions can lead to relatively large errors (typically 1-10 % of
peak values) in modeling the lineshape of measured spectra. This section will
briefly discuss the underlying physics responsible for these errors and introduce
a few advanced lineshape profiles that address these processes. See Sect. 14.3 for a
working example.

8.5.1 Line Narrowing Mechanisms

While collisional broadening is usually more significant, collisions can also narrow
lineshapes via two primary mechanisms: (1) Dicke narrowing [5] and (2) speed-
dependent (i.e., heterogeneous) collisional broadening. These processes, more
generally referred to as “collisional narrowing,” lead to larger peak absorbances
and smaller FWHM. Collisional narrowing is most significant for molecules with
large rotational-energy spacing (e.g., H,O, HF, HCN) and at temperatures where
the thermal energy k7T is small compared to the spacing between rotational energy
levels (~2BJ"). In this case only strong collisions are rotationally inelastic, and
therefore, state-changing collisions are less common (i.e., y is small).
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Dicke narrowing describes a collision-induced reduction of the Doppler width
[compared to that calculated using Eq. (8.25)] that results from velocity-changing
collisions reducing the average thermal velocity of the absorber with respect to the
photon. Recall, the Maxwellian velocity distribution does not account for collisions.
Dicke narrowing is expected to be observed at modest number densities where the
mean free-path is comparable to A /27 where A is the wavelength of the transition
[6]. Dicke narrowing is insignificant when collisional broadening dominates the
lineshape (e.g., at high pressures).

Speed-dependent collisional broadening refers to collisional broadening that
depends on the speed of the absorber/emitter (i.e., which velocity class it belongs to)
and, therefore, is heterogeneous/inhomogeneous. For example, a molecule moving
at 1 m/s is likely to experience a very different type of collision (e.g., head-on vs.
glancing) than a molecule traveling at 1000 m/s. Despite its name, speed-dependent
broadening leads to a narrower lineshape compared to lineshape models that assume
homogeneous collision broadening (e.g., Lorentzian, Voigt).

8.5.2 Rautian and Galatry Profiles

The Rautian [7] and Galatry [8] profiles address Doppler and collisional broadening
in the same manner as the Voigt profile; however, they also address Dicke narrowing
through either hard- or soft-collision models, respectively. The hard-collision model
assumes that the velocity of the radiator after a collision is uncorrelated with
its velocity prior to the collision while the soft-collision model assumes many
collisions are needed to significantly alter the velocity of the radiator. Both lineshape
models address Dicke narrowing through one additional (compared to the Voigt)
parameter 8, commonly expressed in units of cm™! or cm™!/ atm, that represents
the frequency of velocity-changing collisions. f is lineshape-model specific, and
thus, cannot be used interchangeably between the Rautian and Galatry profiles. If
B = 0, both the Rautian and Galatry profiles reduce to the Voigt profile.

8.5.3 Speed-Dependent Voigt Profile

In reality, Doppler and collisional broadening are not independent processes and,
in fact, collisional broadening depends on which velocity class an absorber/emitter
belongs to. The speed-dependent Voigt profile [9] acknowledges this by introducing
a speed-dependent broadening coefficient y,, and y represents the speed-averaged
collisional-broadening coefficient. The speed-dependent Voigt also models the
speed dependence of the pressure-shift by introducing a speed-dependent pressure
shift coefficient §,. If speed-dependent effects are negligible (i.e., y, = §; = 0), the
speed-dependent Voigt profile reduces to the standard Voigt profile.
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8.6  Quantitative Lineshape Measurements

The size and shapes of different transitions can be used to make quantitative
measurements of species concentration, pressure, temperature, and flow velocity.

8.6.1 Species Concentration and Pressure

A measurement of the integrated absorbance,
+o0
A = f a(v)dv (8.41)
—00

or area under the absorption transition, can be used to calculate the species
molefraction, X;, and the pressure, P. The integral in Eq.(8.41) removes the
normalized contribution of the lineshape, reducing Eq. (8.4) to

A; = S;PX,L (8.42)

where §; is the line strength of the transition, X; is the molefraction of the absorbing
species, P is the pressure, and L is the pathlength. When S;PL is known, the species
concentration is then given by

A;

Xi=— 8.43
! S,PL (8:43)
Similarly, if S;X;L is known, the pressure is determined by
A;
= (8.44)
SiX;L

8.6.2 Temperature

There are two lineshape techniques available for measuring the temperature. The
first can be used in Doppler-limited applications, where the pressure broadening is
negligible. For these applications, the width of the absorption lineshape, or FWHM,
can be related directly to the temperature of the absorbing species via Eq. (8.24).

For measurement regimes in which pressure broadening cannot be ignored, a
two-line technique can be used. Earlier, it was demonstrated that a line strength for
a particular transition has a temperature dependency [Eq. (7.74)]. Taking the ratio of
the integrated absorbance area for two transitions removes the pressure and species
concentration parameters, leaving only the temperature and lower-state energies
for the respective transitions. Since the lower-state energies are typically known
(either by quantum mechanical calculation or, more commonly, from tabulations),
the temperature can be inferred. The ratio of the integrated areas, R, is related to the
temperature by
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S(T, S(To, h 1 1
g=STo) _ SToov) I (e g gy (L1 (8.45)
S(T,v2)  S(To,v2) k T T
where v, vy, E’l’ , and E/Z’ are the linecenter frequencies and lower-state energies
for the two transitions, S(Tp, v1) and S(7Ty, v,) are the strengths of the two lines at

the reference temperature 7y, and the induced emission terms have been neglected.
Thus, the temperature is

he
T (E; —EY)

$2(To) , he (EY—E])
InR +1In S1(To) T % To

T =

(8.46)

Differentiating Eq. (8.45) yields the temperature sensitivity for a given line pair at a
specific temperature in percent per Kelvin:

1 dR he\ (E] — E)
I_Qﬁ [%/K] = (?) —( 1T2 2) x 100 (847)

This shows that a large AE” is desirable, to enhance sensitivity, regardless of the
temperature. There are additional factors, however, which must be considered. The
absorbance of each transition («; and o) must be properly bounded. A good rule of
thumb is 0.1 < o < 2.3. This means that for a given partial pressure, path length,
and lineshape, the two linestrengths, S (7T) and S,(T), will be bounded. Generally, a
large difference between E| and E’) results in a large difference between S (T) and
S,(T). Thus, we see that a tradeoff exists between acceptable absorbance levels and
temperature sensitivity.

8.6.3 Examples

Nitric Oxide, NO

Nitric oxide, NO, is a common species found in combustion flows. It has an
electronic transition (A% — X?IT) near 225 nm (44,000cm™") in the UV region.
Some typical values (in cm™") for the halfwidths are shown below for a pressure of
1 atm and two different temperatures.

T [K] AUN AVC AV[)
300 ~5%x107° |0.58 |0.10
2000 0.14 10.26

Since neither Doppler nor collisional broadening is dominant, Voigt functions
are necessary at both temperatures to accurately describe the lineshape function.
It is clear that Doppler broadening becomes more significant with increasing
temperature (scales with T'/?). Likewise, collisional broadening becomes more
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significant with increasing pressure (scales approximately with P/T'/?). Note that
the collisional broadening coefficient for NO’s electronic transition is relatively high
compared to other molecules.

Because Doppler broadening is proportional to the transition frequency, it
becomes less significant for IR spectroscopy. NO has a vibrational band at 5.3 pm.
Values (in cm™!) for the FWHM are shown below for a pressure of 1atm. While
Doppler broadening may be neglected at 300 K, it clearly cannot be neglected at
2000 K.

T[K] |Ave | Avp
300 0.12 | 0.004
2000 |0.05 |0.01

Sodium, Na

A narrowband laser is tuned to the linecenter of the 589 nm sodium transition. It is
used to infer the partial pressure of sodium which is seeded into an atmospheric
pressure flame. The temperature has been determined to be 1600 K. The partial
pressure is obtained from a linecenter absorption measurement via the absorption
coefficient. First, solve for k,,, from the measured fractional transmission at linecen-
ter; next, evaluate the linecenter value of the lineshape function; finally, solve for P;
using the known value for the line strength at 1600 K.

(1) find k,, = (—1/L) In(1/1°),,
(2) find ¢(vo)
(3) find P; using Eq. (8.48)
p=
" S¢(vo)

(8.48)

To evaluate ¢ (vy), first calculate the collisional and Doppler halfwidths. Assume
that the collisional broadening is adequately characterized by collisions with N, the
major species in an air flame:

300
Ave = P-2y(1600K) = P-2y(300K) |/ - = 021 cm™!

This example uses the value of 2y at 300 K (see Table 8.1) and scales it to 1600 K.
Next, convert the wavelength to frequency:

(589 x 1077 cm)™! = 16,978 cm ™!
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and calculate the Doppler halfwidth with Eq. (8.24):

1600 /2
Avp = (7.17 x 1077)(16,978 cm™ ") (?) =0.10cm™!

Next, calculate the Voigt a parameter with Eq. (8.30):

vIn2 Ave  +/In2 (0.21) 175
a = = = 1.
AUD 0.10

Using the Voigt tables, interpolate between a = 1.70 and 1.80 for w = 0 (linecenter)
to get V(a,w) = V(1.75,0) = 0.2852. Calculate ¢p(v,) from Eq. (8.32):

bp(v0) 2  [In2 2  [In2 9.39
V) = —4/— = ——1/— =9.39cm
bie Avp V 7w 010V =

The lineshape function can now be found from Eq. (8.35):

B (V) = pp(vy) V(0) = 9.39 x 0.2852 = 2.68 cm

Now solve for P; using Eq. (8.48). Note that S(T') can be calculated from Einstein
coefficients or the oscillator strength, if S(7') is not already known (see Chap. 7).

Atomic H Velocity

LIF (Laser Induced Fluorescence) in an arcjet thruster is used to measure the
Doppler shift of atomic hydrogen at 656 nm. The laser is directed into the flow
in an axial direction (relative to the arcjet), and a shift of 0.70 cm™! is observed. The
corresponding velocity component is found by using Eq. (8.40):

) 3 x 108 0.70cm™!
y— C8v _ 3x10°m/s x0.70cm — 13,800m/s
Vo 15,232cm™!

8.7 Exercises

1. Neglecting all broadening mechanisms except collision and Doppler broadening,
write a general expression for the Voigt a parameter of a single gas system, in
terms of the total pressure, temperature, optical collision diameter (o), and the
transition center frequency.

2. Given a sample cell filled with pure '>C!®0 at atmospheric pressure and 0 =
4.0 A, determine at what temperature a = VIn2 for vy = 2100cm™" (an IR
transition) and for vy = 22, 170 cm™" (a visible transition).

3. For T = 300K, 0 = 4.0A, and a line strength § = 10cm™2atm™", plot the
spectral absorption coefficient at line center, (Vo) cm™!/atm, versus pressure
from 0 to 3 atmospheres, for the 2100 cm ™ transition.
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4. What atmospheric path length, L (cm), is required at 300 K, 1 atm total pressure,
to give 60 % absorption at the center of this transition when CO is present at
a level of 10 ppm in the atmosphere? You may neglect the small differences in
mass between CO, O,, and N,. You may also assume that the optical collision
diameters for CO, O,, and N, are equal.

5. A pure gas of molecular weight 25 g/mole is at T = 300K, and P = 1 atm. The
rovibronic transition at A = 700 nm is characterized by a Voigt a parameter a =
0.5. Determine the new Voigt a parameter value at 7 = 600K and P = 4 atm.
You may assume that the optical collision diameter is invariant with temperature.

Hints for these problems:
(a) In order to eliminate interpolation of the Voigt tables you may choose to pick
values of P that correspond to convenient values of a. In other words, select
a value of a, then calculate the corresponding value of P.
(b) For a > 10, the effect of Doppler broadening is small and purely Lorentzian
lineshape may be assumed.
(c) Use a semi-log plot (log B vs. P) to more clearly display the wide variations

in B(V).
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Electronic spectra of atoms includes the following topics:

1. the role of electron spin and orbital angular momentum
2. the notation employed in describing the electronic state
3. the building-up principle

Key references for the material in this chapter are [1, 2].

9.1 Electron Quantum Numbers

Instead of the vibrational and rotational quantum numbers that have been introduced
for molecules, atoms have quantum numbers that derive from the quantum states
occupied by their electrons. The individual electrons are characterized by four
different quantum numbers:

n  principal quantum number: 1,2, ...
{  orbital quantum number: 0, ... ,n—2,n—1
mormy  magnetic quantum number: 0, ... ,£({ — 1), ££ (2£ + 1 values)
sormg  spin quantum number: £1/2

9.2 Electronic Angular Momentum

Thus far we have discussed nuclear motions—now it is time to consider the role of
electrons. There are two motions/momenta for electrons: orbital angular momentum
and spin angular momentum (Fig. 9.1).
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Nucleus
Electron .
M
Orbital _ Spin §
motion/

Fig. 9.1 Motions for orbital and spin angular momentum of a single electron atom

9.3  Single Electron Atoms

9.3.1 Orbital Angular Momentum

The orbital angular momentum, Z, is a function of the orbital angular momentum
quantum number, £ [1]. £ is an integer in the range 0, 1,2, ... ,n— 1, where n is the
principal quantum number. z is the primary determinant of energy, roughly related
to the electron’s distance from the center of the atom.

7] = vae+n ©.1)

Orbital angular momentum is a vector quantity with 2¢ + 1 “allowed” directions
(each corresponding to a value for m, the magnetic quantum number) with respect to
an applied electromagnetic field. Therefore, the degeneracy (i.e., the number of val-
ues of m) is 2£ + 1. Orbital notation utilizes letters to represent specific values of £:

£ =0, selectron

£ =1, pelectron

{ =2, delectron
9.3.2 Spin Angular Momentum
The spin angular momentum is

5| = VsGs+ D (9.2)

where s is the spin quantum number (1/2). There are two allowed directions: s, =
+1/2.
9.3.3 Total Electronic Angular Momentum

The total angular momentum, based on vector addition, is

F=5+1 (9.3)
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But, owing to quantum constraints, the allowed quantum numbers are limited to

j=L+s, L—s
=0+1/2,£—-1/2 (9.4)

This multiplicity of j values is called spin—orbit coupling.

9.3.4 Term Symbols

Term symbols are used to succinctly summarize the state of the atom. Small letters
characterize the “state” of a single electron and large letters characterize the “state”
of a whole atom (including multi-electron atoms).

Term symbol =25+, 9.5)

where the 25 + 1 term is the “multiplicity” of state, L is the quantum number for
the total orbital angular momentum of the atom, and J is the quantum number for
the total angular momentum. For atoms with a single electron in the outer shell, we
have the simple result that S = 1/2, L = £, and J = L + 1/2 (except for L = 0
where only J = 1/2 is possible, as J cannot be negative). When multiple electrons
become involved, only the electrons in unfilled shells contribute. When L > S, the
multiplicity gives the number of possible J values.

For a single electron: ] = e
For theatom: J=L~+5
or in terms of quantum numbers, J =L+ S,L+S—1,... ,|[L—S|.

There are different couplings possible for atoms. For an atom’s four quantum
numbers, the selection rules are as follows:

An = any integer

AL = +1

AJ =0,%x1, (butnotJ =0 — 0)
AS = 0 (AS # 0 is spin-forbidden)

For example, 251/2 —2 Pyjp or 2P3/2 are allowed transitions, while 2S1/2 —*Sis
forbidden.

9.3.5 Example: Hydrogen Atom

Quantum Numbers
n=1,2,3,... principal quantum number
£ (and hence L)=0,1,2,... fors, p, d states (£, = n— 1)
s (and hence S)= 1/2
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2 2 2
S1/2 F)1/2,3/2 D3/2,5/2
J J J
4s )’ 4 3 4d M
N A Py 1 % VA
% A w
e %
37
2s !
2 2
Si2” “Pijz
2, 2,
Sijg > P
1s %
Fig. 9.2 Some of the lower energy levels for the hydrogen atom
States

28172, 2P3/2.1/2: *Ds/2.3)2. - . -

Selection Rules
An = any integer
AL (and hence AL)= +1
Aj (and hence AJ)= 0, £1

These selection rules yield “doublets,” i.e. a pair of closely spaced lines for each
An (Fig.9.2).

9.4  Multi-Electron Atoms
9.4.1 Building-Up Principle
Electron shells fill as the periodic table progresses and obey the Pauli Principle,
which states that no two electrons in an atom share all n, £, £,(m), and s, [1].

Therefore, we fill the n = 1 shell with two electrons (1s orbital), and the n = 2
shell with eight electrons (2s, 2p orbitals) (Tables 9.1 and 9.2).
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Element
Hydrogen
Helium
Lithium
Beryllium
Boron
Carbon
Nitrogen
Oxygen
Fluorine
Neon

Note: °

Table 9.1 Building-up principle for the
first few quantum numbers
nil|im |s, Number of electrons
10| 0]=%£1/2]2electrons
210 0| =%1/2|2electrons
21| 1|=%£1/2]6 electrons
0| +1/2
—1|%x1/2

Table 9.2 Building-up principle for the first ten elements

2p Atomic term symbol

Is |25 |px. |py |p. |Notation (ground state)

i) 1s! 281/

N 15> 'S

Nt 15%2s! 2812

NI 152252 1So

NIt 1572572} 2Py
IR 1522522p12p) Py

N Y 1822572p2p12p] | 4S5

NN 1s2epplapl P
P 19220 2Py
M A M 1s2epapip? |,

The notations p,, py, and p, correspond to the three allowed
values of m for the p-orbital (m = 1,0, —1)

2p22p22p? can also be denoted 2p°.

Neon and Helium have closed shells and are thus inert.
They have no net electronic (orbital or spin) angular
momentum. That is, the spins (+1/2) and m (+£1,0)
quantum numbers of their electrons sum to zero.

Hund’s principle: electrons tend to occupy degenerate
orbitals singly with their spins parallel, when possible (e.g.,
note the progression for B, C, and N).

Only the electrons in unfilled shells need be considered
in establishing the atomic term symbol, e.g., only the 2s
electron for Lithium.

9.4.2 Examples

Carbon

What is the term symbol for C in its ground (lowest energy) state?
The electron distribution can be represented by 15*25*2p* or 15*25*2p2p). We
have two electrons in an unfilled shell with the same n and ¢ (called equivalent

153
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Table 9.3 Some possible
electronic  configurations
for the carbon atom

Is |2s 2p
N
Nt t
Nty
Nt Vo

Table 9.4 Terms symbols for equivalent

electrons

Configuration Possible term symbols

5% s

pZ lS lD 3P

p3 ZP 2D 4S

p4 IS, lD7 3P

pS ZP

pﬁ IS

d? 18,'D,'G,3P, 3 F

electrons), and we must decide how they are arranged. There are, in fact, 15 possible
electronic configurations (e.g., see Banwell and McCash [2, pp. 149-151]), of which
four are shown in Table 9.3.

There are three net ways for the orbital (angular) momentum to sum, giving
a total orbital momentum of 2, 1, or 0. The Pauli-allowed spin pairings for each
configuration determine the spin multiplicity (25 + 1) and the possible values of J
(here, the possible values of J simply contribute to the total multiplicity).

For a given number of equivalent electrons in a specified orbital, there are several
states of varying energies and thus several possible term symbols. The possibilities
are expressed in Table 9.4.

Since carbon has two p electrons, there are three term symbols that describe the
available energy states: 3P, ' D, and 'S. Hund’s Rules will help us determine which
state has the lowest energy.

Hund’s Rules:

1. Maximize the value of S consistent with the Pauli Principle. The
lowest energy state will be the one with the largest spin multiplicity.

2. Having fixed S, maximize L, i.e., for states of equal multiplicity, the
greatest L has lowest energy.

Therefore, for C:

o 15225*2p*(3P) is the ground state, and
o 15%2522p*('D) and 15%2522p*('S) are “excited”
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-

Energy

130
(1 value of J)
1D2
(1 value of J)
J=2 3 =
X P2, g—5
3p /
J=1 3p, o=
,g=3
i 3pl oo
v J=0 Po 9=1
43 cm™116 cm™ g'=9 for 3p

Fig. 9.3 States for a carbon atom

12eV

24eV

2 _
P, =4

2 -
Pip. 92

—__
—__

2Dy, g4
2Dy, 976

Spin-Orbit
Splitting
p
Energy
D
‘S
Note:

—> g':6

—» g=10=(2L+1)(25+1)

1, gt —> Q=241

Fig. 9.4 States for a nitrogen atom

1. degeneracy = 2J + 1 for a specific J

2. multiplicity = the # of J states when L > S

155

The energy spacing of the J = 0, 1, and 2 states of the *P level increases with the
atomic number (i.e., nuclear charge, Z). When energy increases with J, as shown
in Fig. 9.3, the multiplet is called “normal”; cases in which energy decreases as J
increases are termed “inverted.”

Atomic Nitrogen

The electron distribution for N is 1s22s?2p®. What is its term symbol? There are
three “equivalent” 2p electrons. From Table 9.4, the possible solutions for term
symbols are: *S, 2D, 2P. Following Hund’s rules:

Here g’ is the total degeneracy for each level, and ¢’ = (2L + 1)(2S + 1). Note
that the 2D states are inverted; i.e., the 2Ds /2 state has lower energy than 2Ds /2-
Recall from statistical mechanics,
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Qgec = Z 8i €Xp (_Ei/kT)

—27,659 —27,669 —41,495
=4+ 6exp —r + 4exp —r + 6exp —

Thus, except for very high temperatures,

Qe ~ & =4

elec ™

owing to large spin—orbit splitting.

9.4.3 Hydrogen-Like Species

After hydrogen, the next simplest “hydrogen-like” species (i.e., those with 1 odd
electron and a closed shell) are lithium (Li), sodium (Na), potassium (K), rubidium
(Rb), etc., all members of the first column of the periodic table. These atoms are
known as the alkali metals.

Lithium (Li)

The ground state for Lithium is 1s%2s' (2§, /2)- The excited states are 1s22p1, 1523s!,
1s23p1, 1523d", as shown in Fig.9.5.

2 2 2
S1/2 |:>1 /2,312 I:)3/2,5/2

Fig. 9.5 Some of the lower energy levels for the lithium atom and transitions “allowed” by the
selection rules
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CN Radical

Note that three shared electrons are needed for N-bonding to complete the n =
2 (2s, 2p) shell; four for C-atoms. This sharing of electrons to fill outer shells is
covalent bonding.

9.4.4 Zeeman Effect

We can use Zeeman splitting to infer J, L, g, etc. The basis for the Zeeman effect
is that circulating current (moving electrons) can interact with an external magnetic
field. The magnetic dipole of an atom is ft and is given by

=27 (9.6)

2m
where g = Landé factor with a value of 0-2, .7 = total angular momentum, e is

electron charge and m is the mass of the atom. Interaction with a field of strength B
leads to AE-splitting between levels of equal J

AE = ji-B — u,B, for a field in the z-direction 9.7

Example:

forg=1,u~ 1073 )T

forB=1T, AE =1073]

Av ~ 0.5cm™!
Therefore, this effect is observable with a narrow linewidth laser (i.e., a laser
with Av < 0.5cm™! linewidth).

9.4.5 Nuclear Spin

The total angular momentum for an atom also includes the intrinsic momentum of
the nucleus; however, we have thus far ignored it because the change in energy due
to nuclear spin is small (called hyperfine splitting). Nonetheless, nuclear spin needs
to be considered for a thorough analysis of atomic angular momentum. Similar to
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molecules, the nuclear spin quantum number is /, and has values of zero, integers,
or half-integers.

I = 0, integers, half-integers

For an atom, the total angular momentum is F.

F (electronic + nuclear) = \/F(F + 1) & (9.8)
F=J+1LJ+1-1,...,|J-1 9.9)

Therefore, there are 2 + 1 or 2J + 1 states (whichever is less). Typical values
of energy difference between states (i.e., splitting) are ~10~ that of electron spin
splitting. Thus, we can conclude that nuclear spin is:

1. often negligible, and
2. observable only with
(a) narrow linewidth lasers, and
(b) narrow lineshapes (i.e., Doppler-free)

9.5 Exercises

1. Is the term symbol accurate for a particular state quoted as (a) 481, (b) 2D, /2, and
(c) °P,? Explain why.

2. The term symbol for a particular atomic state is quoted as *Ds /2. What are the
values of L, S, and J for this state? What is the minimum number of electrons
which could give rise to this?

3. The moving electrons can interact with an external magnetic field, resulting in
the magnetic dipole of an atom [Eq. (9.6)]. For a field in the z-direction,

" ge -
= —J,
Mz o’
where J, = J,J —1,... ,—J; g is the Landé splitting factor. This factor depends

on the state of the electrons in the atom and is given by:

SS+1)—LIL+1)
2J(J + 1)

872
This expression shows that the application of the field splits the original levels
into (2J + 1) different energy levels. Note that the selection rule for the split

energy levels is:

AJ =0, £1.
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With this knowledge, try to answer the following questions:

(a) We discussed the electronic energy levels of lithium (hydrogen-like) in class
and reproduced some of the lower energy levels in the figure below, showing
the doublet lines arising between the %S and 2P states. Write down the
corresponding quantum numbers (S, L, J) of these three states and the Landé
splitting factor g.

(b) When a magnetic field is applied to this lithium atom, how would its
spectrum be affected?

2
P, )
2
P 12 A

Field applied

—
2
S 12
-1
} b oom

Positions of spectral lines (Show your diagram)

(Part of the energy levels of lithium atom)
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Electronic Spectra of Diatomic Molecules:

Improved Treatment

10

10.1 Term Symbols for Diatomic Molecules

Term symbols, introduced in the previous chapter, are the notation used to charac-

terize key features of electron spin and orbital angular momentum.

For an atom, the term symbol is: 25+,
For a diatomic, the term symbol is: BHIA

Important terms to define are S, %, A, and Q:

A projection of orbital angular momentum on the internuclear axis

Its magnitude is A| = Ah, where A is an integer, and the symbols

associated with different values of A are shown in the table below.

total electronic spin angular momentum (the net sum of electron spin

in unfilled shells). The magnitude is )3’ — Sh, where S will have

A 01 |2
Symbol | X | IT | A
S
1/2-integer values.
5 -

projection of S onto the internuclear axis (only defined when

A # 0). The magnitude of this projection is ‘i‘ = Xh, and the

allowed values of X are

2=55-1,...

© Springer International Publishing Switzerland 2016
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,—S

(28 + 1 values)
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Q@  sumof projections along the internuclear axis of electron spin and
orbital angular momentum
Q=3+A
Q=A+SA+S5—1,...,|A=5 (2541 values for A > S)
Examples

NO  The ground state for NO is X?T1.
S=1/2,A=1,Q2=3/2,1/2
There are two spin-split sub-states: *I1 5, 2132
Separation: 121 cm™!

CO  The ground state for CO is X! 2T,
S = 0and A = 0, therefore €2 is unnecessary. This is a rigid rotor
molecule with no influence from electrons. Easiest case!

0, The ground state for O, is X* Do
S=1,A=0
The = and , are notations about symmetric properties of wave
functions. This is an example of a molecule that is modelled by
Hund’s case b, discussed below.

10.2 Common Molecular Models for Diatomics

There are four common molecular models that are used to describe diatomic
electronic spectra:
Rigidrotor A =0,S=0
Symmetrictop A #0,S=0
Hund’sa A #0,S#0
Hund’sh A =0,S#0
The rigid rotor and symmetric top models have no spin, and thus their multiplicity
(2S5 + 1) is one; these states are called “singlets.” For the Hund’s cases, the influence

of spin on the electronic state structure must be considered through interactions of
A and X.

10.2.1 Rigid Rotor ('X)

The simplest model for molecular rotation assumes that electron motions do not
contribute to the rotational energy. Rotation of the nuclei occurs about an axis
perpendicular to the A-axis (i.e., the B-axis). Recall that I ~ 0 and Iy = I¢
(Fig. 10.1).



10.2 Common Molecular Models for Diatomics 163

axis of

rotation
AB

TT e C
O 5 -
m m
1

center of 2
mass

Fig. 10.1 Rigid rotor model for molecular motion

When A and § = 0, the molecule is ' = type and € is not defined. Note that
A = 0 means that the projection of the orbital angular momentum onto the A-axis
is zero, and that rotation must thus be around the B-axis.

Rotational Energy
The total rotational energy for a rigid rotor, including centrifugal distortion is, as
before,
F(J) =B,J(J 4+ 1) =D, J*(J + 1)* (10.1)

Total Energy
Rovibronic transitions (those that include electronic, vibrational, and rotational
changes in quantum number) have a total energy that includes contributions from
each mode, i.e. AE = AT, + AG + AF

where E(T,,v,J) =T, + G(v) + F(J). (10.2)
Selection Rules
The selection rules for these transitions, as described before, are:

Rotational spectra:
Rovibrational spectra:

Rovibronic spectra:

A =T —-J" =+1

Av =v" —v" = +1

AJ = %1

Av determined by Franck—Condon factors
AJ = %1

Note: An alternate form for the selection rules is used in some texts, i.e. Ao =

Qlfinal — Oinitial Where (¢ = J or v).
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Intensity Distribution

Within each band (v’, v”), the intensity distribution follows the Boltzmann distribu-
tion for J modified by a J-dependent branching ratio (i.e., for the P and R branches),
known as the Honl-London factor (defined later in this chapter). Similarly, the
relative intensities among all the vibrational bands originating from a single initial
level viniial to all possible final levels vgn, are given by Franck—Condon factors
(a manifestation of the Franck—Condon principle). The relative total emission or
absorption from vipia (i.€., to all values of vg,,1) depends directly on the Boltzmann
fraction in that level, i.e. ny,,,/n, and also on an overall Einstein coefficient or
oscillator strength for the specific electronic system (i.e., a specific pair of lower
and upper electronic states), as presented in Sect. 10.3.

Examples

Most stable diatomics, including CO, Cl,, Br,, N;, H; are Rigid Rotors. Exceptions
are NO (X2I1) and O, (X>X). (Note that there are no XA states for the diatomics
listed in Herzberg—all X states are ¥ or I1!) Some linear polyatomics such as
CO, (X'E}) and both HCN and N,O (X'= %) are Rigid Rotors with ' ground
states. Remember, however, that nuclear spin can have an impact on the statistics of
homonuclear diatomic molecules.

10.2.2 Symmetric Top

Symmetric tops have a non-zero projection of orbital angular momentum on the
internuclear axis and zero spin (A # 0,S = 0). Thus, its ground states are 'TI, ' A
(although, as mentioned in the previous section, there are no known X' A ground
states for diatomics) (Fig. 10.2).

The important components are

N angular momentum of nuclei
A A-axis projection of electron orbital angular momentum
J  total angular momentum; J=N+A

Fig. 10.2 Symmetric top model for molecular motion
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Only the axial component of orbital angular momentum is used, because only A
is a “good” quantum number, i.e. a constant of the motion.

Rotational Energy
The total rotational energy for a symmetric top is

FJ)=BJJ+1)+(A—BA*> J=AA+1,... (10.3)

The constants A and B are given as before by

h

AB= ———
8JTZCIA’B

(10.4)

Therefore, the symmetric top energy levels have the same spacing as the Rigid
Rotor, but with a constant offset. Note, however, that since 4 is small compared to
Ip, A is large compared to B. Lines with J < A are missing, asJ = A, A +1,....

Selection Rules
The selection rules for symmetric top electronic spectra are

AAN=0 AJ==1,0 (AJ = 0 may be weak)
AN =41 AJ==1,0

As a result of having a Q branch (i.e., AJ = 0), the bands for a symmetric top will

be double-headed, in contrast to the single-headed character of rigid rotor bands.

Spectra
The spectra for the case where AA = 0 are discussed here. The upper- and lower-
state energies are described by the following equations:
T =BJJ +1)+ @A -B)A*+GW)+ T, (10.5)
T// — B//J//(J// + 1) + (A// _B//)Az + G(v//) + T;/ (106)
Voo = upper (for J' = 0) — lower (for J/ = 0) = constant (10.7)
T! = 0 for the ground state. Then, for the three branches, the line positions are as
follows:
P(J") = Voo — (B' + B")J + (B' — B")J? (10.8)
Q") = Voo + (B —=B")J + (B —B")J? (10.9)
R(J") = Voo + (B'+B")(J + 1) + (B —B")(J + 1)* (10.10)
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Using the rotational number m for the three branches,

l’l’lpZ—J
mQ=+J
mp=J+1

the line positions for the P and R branches become
V = Do + am + bm?, (10.11)
where a = B’ + B” and b = B’ — B”, and the line positions for the Q branch become
V = Voo + bm + bm? (10.12)

Note that the three branches now can lead to two bandheads (see the Fortrat parabola
plot below for the case of a ' A <— 'A band) (Fig. 10.3).

The Fortrat parabola shows the bandheads in the Q and R branches for the typical
case of B’ < B”. For the 'A < 'A case, Jyin = 2 and therefore mpyi, = 3 for the
R branch, m,;, = 2 for the Q branch and m = —3 is the first line in the P branch,
resulting in multiple missing lines near the origin.

m
0 o sssssmmsnamsisssinnsninsins i sivsessssursany R'branCh _____________
m=J+1

Q-branch
0- ''''''''''''''''''''''''''''''''''''''''''' \"' """"""""""""
7 Lines missing
near the origin!
10 e P-branch

m: -

T T T T L

19950 20000 20050

Frequency [cm'1]

Fig. 10.3 Symmetric top model for molecular motion, ' A <! A case
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Intensity Distribution

Actual relative intensities depend on ny/n and “relative intensity factors/line
strengths,” also known as Honl-London factors, denoted below by Sf’Q’R. Differ-
ences in Honl-London factors indicate the breakdown of the principle of equal

probability [1].

Example: Honl-London factors for symmetric top (p. 208 of [1])

For AA =0

S =

_ U+NU=A)
J

JHI+MUTHI=A)
UHERNUFIZN ~J+1 (> A)

= QDA 207 ) for large J ZSJ=2J+1

JU+1) J

~ J forlarge J

. XSy = 2J + 1, the total degeneracy!
. The R-branch line, for a specified J, is approximately (J + 1)/J

times as strong as the P branch line.

. For AA ==%1,andJ > A

R . (2J+1)
K~ 2IED

2J+1 —
SO~ LD AN =27+ 1

P _ (J+1)
SJ - T4
The Q branch lines are thus twice as strong as the P and R lines!
Therefore, the AA value is important in determining the relative
line and branch strengths of rovibronic spectra.

Example: X =TI
If X =TI, then the following transitions are possible for changes in A of 0 or
+1. That is, there are three separate “systems” of bands possible from X'IT.

MM« 'A<'TT 'S «'T
AAN=0 |[AA=1 AA=-1
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Nuclear
Rotation

Fig. 10.4 Coupling of ¥ and A

3 A 3A3
A /_ 2A
v 3A2 For A>0
\— N

Fig. 10.5 Spin—orbit splitting

10.2.3 Interactionof A and X

Understanding the interactions and coupling of A and X is a key to modelling the
influence of spin on the electronic state structure. When A # 0 and S # 0, they
combine to form a net component of €2, as shown in Fig. 10.4.

The presence of A # 0 implies that there is an associated magnetic field due to
net current about the axis. This field interacts with spinning electrons. This effect is
known as spin—orbit coupling (or spin-splitting) (Fig. 10.5).

Examples

3A has three components CAs, 37y, 3A) corresponding to § = 1, A = 2 and
Q = 3,2,1 (since ¥ = 1,0, —1). These states have different electronic energies,
which may be represented by

T, = Ty + AAS (10.13)

Here, A is the spin—orbit coupling constant (it’s not exactly the same A as in the
symmetric top, but it is similar; keep in mind that these are models). A generally
increases with molecular weight and the number of electrons. Ty is the energy
without interaction.

For?A, A =2,S=1,and ¥ = 1,0, —1. Therefore,

1
T.=Ty+AQ2)| O
-1
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Some sample spin—orbit coupling constants are listed below.

Apen &~ 2cm™! (10.14)
Ano &~ 124cm™! (10.15)
Apgn ~ 3600cm™" (10.16)
Aon ~ —140cm™! (10.17)

Note that the spin—orbit coupling constant for OH is negative. (See Herzberg, Vol. I
for details; p. 215/216, 232, 558/559, 561.)

Note: 1. ¥V = BA is the ratio of the spin—orbit constant and B,

2. Values for A are given in tables in Herzberg, Vol. 1

Now, finally, we are ready to consider rotational levels for cases where S # 0.
There are two primary cases: Hund’s @ and Hund’s b.

10.2.4 Hund’s Case a

Hund’s case a is for A # 0 and S # 0 with ¥ definedas ¥ = §,5—1,...,-S.
Replace A with Q in F(J) for the symmetric top to get [1]
F(J)=BJJ+ 1)+ (A—B)Q? (10.18)
Q=A+SA+S—-1,...,|A=S]
J=Q,Q+1,...

Remember that A for the equation above is A = h/8mI,c; it is not the spin—orbit
constant.

There are P, Q, and R branches for each value of 2. For example, with 211, we
have Q = 3/2 and 1/2, i.e. two electronic sub-states, giving a total of 2 x 3 = 6
branches.

10.2.5 Hund’s Case b
Hund’s case b applies when spin is not coupled to the A-axis [1] (Fig. 10.6), e.g.:

1. for A = 0 (so Y is not defined, and we must use 3)
2. at high J, especially for hydrides, even with A # 0

The allowed JareJ =N+ S,N+S—1,... ,N—S§, and J > 0 only. For this case,
S and N couple directly.
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O

Fig. 10.6 Molecular model for Hund’s b

Example: O,
The ground state X>¥ has three J’s for each N except N = 0. These energy
levels are labelled F(N), F»(N) and F3(N).

Fi(N) Fy(N) F3(N)
J=N+1J=NJ=N-1

N=2 VA J=2
N
/7 J=2
N=1 J=1
N
I B

N=0

There are split rotational levels for N > 0, and each level has a degeneracy of
2J + 1 and a sum of Honl-London factors of 2J + 1. The minimum J is [N —§|.

Note: Inthe N = 0 level, since only spin is active and is not equal to zero
(i.e., S = 1), the minimum value of J is 1.
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FU) {
A

Fig. 10.7 Lambda-doubling results in two different energy levels

10.2.6 A-Doubling

There is further complexity in the energy levels resulting from a phenomenon known
as A-doubling. The two orientations of A (£A along the A-axis) have slightly
different energies, owing to different coupling with nuclear rotation (i.e., N and
A interaction). The result is

F(J) — F.(J) and Fy(J)

That is, there are two components to the energy, F(J) (Fig. 10.7).

By definition, F.(J) > F;(J),' i.e. the c state is the higher-energy state.

Lambda doubling usually results in a very small change in energy, thus affecting
the Boltzmann fraction only slightly (other than adding a state). A more important
aspect is found in the change of parity between A-doubled states, which reduces the
accessible fraction of molecules for a given transition (due to selection rules).

10.2.7 Comment on Models
1. Models are only approximations to real molecules; don’t think of them as exact!
2. Coupling may change as J ranges from low to high values.

10.3 Quantitative Absorption

This section is a review of Beer’s Law and spectral absorption as interpreted for
molecules with multiplet structure.

1
Beer’s Law (1—0) = exp(—k,L) (10.19)

For a two-level system, we had

2

ky = Sp(v) = (:;C

e

) nifiz (1 — exp(=hv/kT)) ¢ (v), (10.20)

"Note that the subscripts ¢ and d are replaced by e and f, respectively, in some literature.
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where Sj, is the integrated absorption intensity with units of cm™' s™! [see

Eq. (7.48)]. How do we evaluate n; and fi, in a complex, multiple level system?
There are two issues:

1. The Boltzmann fraction, and
2. The oscillator strength for a specific transition

10.3.1 Boltzmann Fraction

n = (10.21)
n;
where n; = the total number density of species i and

ny/n; = the fraction of species i in state/level 1
The state/level is specified through the quantum numbers, e.g. n (elec), v (vib), X

(spin), A (orbital), J (total angular momentum), N (nuclear rotation), ¢ or d (A-
component).

n _ Ni(n,v,Z,A,J,N)
no N;

(10.22)

A gives the orientation and distinguishes A-doubling.

10.3.2 Oscillator Strength

It is common to denote the oscillator strength of a specific, single transition (i.e.,
from one of the J” substates to a specific J' substate) by f;~y, and to view this
transition strength as the product of a system strength, vibrational factor (fraction)
and rotational factor (fraction), i.e.,

J12 = fonw” 7y’ 1) (10.23)
= fiy (10.24)
_ ¥ % . x Sy (10.25)
< N 207+ 1 '
“system” osc.  Franck—Condon

normalized H-L

strength factor .
& factor or line

strength
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We will show later that the sum of line strengths from a specific substate of J” (i.e.,
with a specific N and A component (c or d)) to all possible J’ is simply 2J” + 1;
further, Zv, ¢, = 1. Thus, the effective total oscillator strength (i.e., for the
sum of all radiative transitions) for each of the substates, i.e. with specific values
of J/,N", A" and v", is f,,.

Note: 1. >, Syy = (2J" + D[(2S + 1)é]
> Sy is the sum over all allowed J' (upper states) for the combined
lower substates with specific J = J”. § = 1 for & — X, otherwise
8 = 2 (to account for A-doubling!). The term [(2S+1)35] = 4 for OH’s
A% < XTI system, since there are four substates with a given J”.

2- ZU’J”fJ”J/ = [(2S + 1)8]](‘3]
where )", is the sum over v’ and all the substates in J”. This sum
is fo; for a single J” substate.

Remarks
1. It is common to use band oscillator strengths (available in the literature).

fv//v/ = ‘fe]qv//v/

e.g., foo = 0.001 (OH; A2 < X2TI)

2. Then
Sj//]/
fJ//J/ :fv//v/ (2‘1” + 1)

e.g., if only P and R are allowed,

Shy=J" (10.26)
Sk, =J"+1 (10.27)
Therefore, the intensities for R and P transitions from a specific J” are similar,
except for small J", but the R-branch transitions are stronger than the P-branch

transitions by the ratio (J" + 1)/J".
3. In some cases, an additional “correction term” 7~ is used, e.g. in OH.

SJ//J/
"y = v//v/ —_— TH /’
Sy =1 (2]” T 1) 7

where T~y is always near 1.
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4. In terms of A-coefficients, we may also write

mecA? ge
Y _— A 7
R = e

5. And recalling Eq. (7.54) we may write

fu//v/ =

8e
fv/v//
8e”

We now know enough to tackle a real (and important) molecule, OH; see
Chap. 14.

10.4 Exercises

1. A rovibronic transition in nitric oxide (NO) occurs at 226 nm. The oscillator
strength for the transition between states 1 and 2 is given by

/

Sy g
=/fa —~
§

2J"7 +1

f12 :fel X gyy’ X

where f; is the oscillator strength for transitions between the lower and upper
electronic states, g,~, is the Franck-Condon factor and Sy~ /(2J" + 1) is the
normalized Honl-London factor. For this transition of NO,

fu=230x10"3
qury! = 1673 X 10_1
S 8
T _ 05
20" +1

Consider a gas mixture at 1000K and 2atm, with an effective collisional

broadening coefficient for this NO transition of 2y = 0.09cm™!'atm™!, and a

number density in the absorbing state 1 of n; = 3.7 x 10'*cm™.

(a) Determine the peak absorption coefficient &, in cm~! at the above tempera-
ture and pressure.

(b) Find the fractional absorption at line center and at a detuning of 0.2 cm™" for
path lengths of 1 and 10 cm.

(c) Determine the spontaneous lifetime of the upper state. You may assume the
electronic degeneracies of the upper and lower states are both 2.
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(d) What is the mole fraction of NO (in ppm) for this gas mixture, assuming an
approximate Boltzmann fraction of NO molecules in the absorption state of
4.2 %. (This is a reasonable estimate, if one neglects issues of A-doubling
and assumes that the absorbing state is in v/ = 0 and J” near the peak of the
rotational distribution.) This step requires no spectroscopic calculation, only
a simple use of the ideal gas equation of state, but is useful in giving a sense
of the species detection sensitivity of spectrally resolved absorption.

Reference

1. G. Herzberg, Molecular Spectra and Molecular Structure, Volume I. Spectra of Diatomic
Molecules, 2nd edn. (Krieger Publishing Company, Malabar, 1950)



This chapter discusses the theory and practical application of laser-induced
fluorescence (LIF). Fluorescence, generally, is just another name for spontaneous
emission. LIF is a two-step process: (1) absorption of the laser photon, followed by
(2) emission.

11.1 Introduction
Why is this technique of interest?

1. the LIF signal can be monitored at 90° to the exciting laser beam, thereby giving
spatial resolution to the absorption measurement

2. the signal rides on a dark background, rather than being based on signal
differences as in absorption

3. LIF is a stronger process for spatially resolved species-specific measurements
than Raman scattering

11.1.1 Background

LIF is a multiple step process in which absorption is followed after some delay
by spontaneous emission (Fig. 11.1). LIF is NOT instantaneous. The lasers for LIF
are either continuous wave (CW) or pulsed and are often tunable, thereby enabling
access to specific features in an absorption spectrum.

History of LIF
This is a relatively young field. Key advances have been linked to the evolution of
laser sources and detectors.

© Springer International Publishing Switzerland 2016 177
R.K. Hanson et al., Spectroscopy and Optical Diagnostics for Gases,
DOI 10.1007/978-3-319-23252-2_11
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possible collisional

change —
s This is the laser-induced
'y fluorescence

/

hv (spont. emission)

Laser absorption

1 —_—

Fig. 11.1 Simple model for laser-induced fluorescence

» Excitation with a flash-lamp pumped tunable dye laser [2]

¢ Excitation with a CW laser source (1970)

» Excitation with a frequency-doubled CW laser source (around 1980)

* Excitation with Nd:YAG- and excimer-pumped tunable dye lasers (also around
1980)

* 2-D imaging using array detectors, i.e. PLIF, enabling collection of UV/visible
fluorescence images (1982)

¢ Extension of PLIF to infrared excitation and detection, i.e. IR-PLIF (1999)

* Extension of PLIF to high pressures (2004)

* Extension of PLIF to high-speed imaging (2008)

Light detection for LIF can be accomplished with photomultiplier tubes (PMTs)
for single-point applications, and array photodetectors for multi-point applications.
These arrays can be 1-D or 2-D and may be intensified. Quantum detectors are
typically used, owing to their sensitivity. Intensification is achieved by converting
the incident photons to electrons, which then undergo multiplication, followed by
conversion on a phosphor to an increased number of photons that reach the detector
array.

LIF can be used to measure multiple properties, including the following:

n; (n,v,J)  number density of species i in a state described by n, v, and J
temperature (from the Boltzmann fraction)

species concentration

velocity (from the Doppler shift of the absorption frequency)
pressure (from line broadening)

N el XN

LIF can also be used to measure different species:

Radicals or atoms: OH, C,,CN,NH, ..., O,H,C,...
Stable diatoms:  O,, NO, CO, I, ...
Polyatomics: NO,, NCO, CO,, CH,0, Acetone (CH3;COCH3),
Biacetyl ((CH3CO),), Toluene (C;Hg), and other
carbonyls and aromatic compounds.
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11.1.2 Typical Experimental Set-Up

There are several different recording modes available for LIF: (1) emission intensity
in a fixed wavelength interval or band, (2) fluorescence spectrum, or (3) excitation
spectrum. A recording of emission intensity, /(¢), through filters centered at a
fixed wavelength Aex or Age, can be used to monitor the temporal behavior of
LIF. The fluorescence spectrum refers to the emission spectrum, i.e. the intensity
as a function of wavelength, I(Aey), for a fixed excitation wavelength, Ac. The
excitation spectrum resolves the absorption spectrum by varying the excitation
wavelength, Aex, while monitoring the LIF emission at a fixed detection wavelength,
Adet» Or fixed range of wavelengths (Fig. 11.2).

11.1.3 Measurement Volume

The pathlength, L, for LIF is adjustable, but typically is in the range of
L ~ 0.5 — 5mm. The solid angle of collection, €2, is given below (Fig. 11.3)

Experiment (e.g. flame, flow, plasma)

/

Trap or powermeter
laser

lens

PMT with spectral filter, OR grating
monochromator to disperse the spectrum

Fig. 11.2 Typical experimental setup for LIF systems

waist

|<_>| Area = A

A-L = volume element (~ 1 mm3)

collection
optics

-
k—a—f

Fig. 11.3 Measurement volume for LIF
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__ lens area

Q= —z (11.1)
wd?/4
=~ (11.2)
1
The f# of collection is
f#= g (11.4)

Therefore, small f#’s (also known as fast optics) are required for efficient light
collection.

Note: Atf#=12.5,Q/4mr = 0.01, or 1 % ! Therefore, the collection process is
relatively inefficient, even for fast lenses.

11.1.4 Signal Level (Two-Level System)

See Fig. 11.4
Steady Conditions
For steady conditions, the signal level of fluorescence, S, is
21 Q
Sy [# photons/s] = N, x Ay; x yp (11.5)
T
Q
:n2XVXA21X— (116)
4

where

N, = number of molecules in the measurement volume in state 2
n, = number density of molecules (#/cc) in state 2

2 Spontaneous
Emission

1

Fig. 11.4 Spontaneous emission corresponds to an atomic (or molecular) transition from level 2
to 1, with release of a photon
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V = volume (cc)
Ay = probability/s of emission from state 2 to state 1
Q/4mw = collection fraction

The collected signal power is
Sr [power collected] = (S%1 [# photons/s]) hv (11.7)

Pulsed Conditions
For unsteady conditions (e.g., with pulsed excitation), the collected fluorescence can
be integrated over time:

r Q
52! [# photons] = { / ng(t)dt} XV x Ay X yo (11.8)
0

n,(f) depends on the laser and the collision process and is further explained in the
following sections.

11.2 Two-Level Model

The two-level model provides a good introduction to LIF modelling. As more levels
are added to the model, the complexity naturally increases, but the general method
of analysis remains the same (Fig. 11.5).

Recall from Einstein theory that the probability per second of a molecule
undergoing a transition from state 1 to state 2 due to absorption in the frequency
range v — v + dv is

prob/st 3t = B1yP p(v) (v)dv (11.9)
where
p(v) =1,/c
Induced Induced Collisional ~ Collisional  Fluorescence
Absorption Emission Excitation  De-Excitation
Energy
T nyWip naWoy n1Qqp Qo N2A21
1

negligible/ \

Fig. 11.5 Different transitions that are included in the two-level model

"quenching"
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laser (~0.5 cm™! FWHM)
for typical pulses

absorption line
(~0.1 cm'at STP)

Fig. 11.6 Pulsed lasers are often spectrally broad compared to absorption lines

and

/¢(u)du =1

Most pulsed lasers are spectrally broad compared with absorption lines (see
Fig. 11.6), so that I, = constant over the spectral width of the absorption line.
Hence, the total rate of absorption (i.e., the spectral integral for the 2 <— 1 transition)
becomes

Rate|, = nl/ B121U¢(U)dl) = nmB1xl, (11.10)
line
= I’l1W12. (1111)

Thus Wi, is the rate (s~!) that individual molecules in state 1 undergo the transition
to state 2, and we have introduced Bj, = sz /c as the probability per second of
absorption per unit spectral intensity.

Rate analysis can be performed to determine the rate of change of the population
of molecules in level 2

iy = ni(I,B12) — na(I, By + O + Azy) (11.12)
= mWiza —na(Wa1 + Qa1 + A1) (11.13)

At steady-state, 1, & 0, thus

Wiz

e (11.14)
War + Az + 0o

(m)ss =n
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Two limits emerge from the steady-state analysis for n,:

¢ weak excitation (“linear LIF”)
e strong excitation (“saturated LIF”)

11.2.1 Weak Excitation Limit

If the induced emission from level 2 is much weaker than the sum of collisional and

spontaneous decay processes, i.e. if

War K Ay + Qo1

(11.15)

then n, < ny, and n; ~ n‘l) (usually n? ~ n°® where n° is the conserved total number

density, n’ = n; + n,). The population fraction in level 2 becomes

Wiz

ny = n?—
Az + O

and the fluorescence signal is given by

Q
Sr=ny XV XAy X e (photons/s)
"4

e )
= (n; V)(Wi2 = Bypl,) (A21 T On
~——————

“fluor yield”

photons absorbed/s

collected

fraction

(11.16)

(11.17)

(11.18)

Note: 1. Need to know Qy; (the rate of the electronic quenching, a collisional

process), as well as Ay; and I,
2. §F x n(l) = nify s (T)

Thus, we can see that the LIF signal is directly proportional to the
population density in the lower quantum level. Hence, LIF is typically

viewed as a species diagnostic.
3. Alternate view:

# of absorptions/s = (# molec in 1)(prob/s of abs)

= (n} V)(B121,)
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11.2.2 Saturation Limit

If the induced emission rate is much larger than the collisional and spontaneous
emission rates (W, > As; + Q»1), then

w
ny = nj—2 (11.19)
Wai
B
= n 2 (11.20)
l321
—n 2 (11.21)
81

(recall ngIZ = ngzl).
Thus, in the “saturation” limit, the population in level 2 is independent of Q

and [,.

Note: 1. If g, = g1, then n, = n; when the transition is “saturated”
2. n¥ = total = ny + ny, so that

0
n

ny = ———
1+ g1/g

0
71 when g, = g;

Therefore, the LIF signal level (#photons/s reaching the detector) for
the saturation limit in the two-level model is

-0 82 2
SF =n; XV x Ay X (11.22)
g1+ & 4

The virtue of working in the saturation limit is that the fluorescence signal
does not depend on the quenching rate Q,;, which may be poorly known, nor
does it depend on the laser intensity, which may be difficult to measure accurately.
However, there are other complications which arise when one tries to do “saturated
LIF” For instance, it may be difficult to reach the saturated limit in all parts of the
laser beam (whose intensity varies in space). If the intensity is not sufficiently high,
one may reach an intermediate situation between weak excitation and saturation.

11.2.3 Intermediate Result

The solution for n,, valid at all values of 1, is found directly from Eq. (11.14), with

ny+ny = n(l),
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1.0 4

SF/SF,sat

e N A Q,+A,=10"

at small (B,,+B,)l,,,
Se/Sk sa=(B12*Ba ) /(Qpi+Ay,)

14

0.0 — I I

0 2 4 6 8 10  14x10°
-1
(ByatByy)l, [s ]

Fig. 11.7 Intermediate fluorescence signal levels

B A
ny = 12 021 + Az (11.23)
By + By (Biz + B,
Since g1B12 = g2B21, then By /(B2 + Ba1) = g2/(g1 + g2) and therefore
SF ny 1
= = (11.24)
SF sat N2 sat 1+ %

See Fig. 11.7.

11.2.4 Typical Values for A and Q in Electronic Transitions

1. Ay ~ 10° — 108 s™! (10°s™! for NO, OH; 10% s~! for Na)
2.

0,1 &~ Z (collision frequency)
=nxno’x (E = \/SkT/ﬂ/L)

o« 0?P/NT
051 ~ 10° =100~ at STP

3. Therefore, the fluorescence yield, Ay, /(A21 + Q>1), is much less than 1, except
at low P [i.e., LIF is an inefficient process!]
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4. Note: spontaneous emission for IR transitions is much weaker (smaller A;;)
than for UV transitions. Therefore LIF is weak in the IR, unless the effective
quenching rate Q,; is small (as may be the case!)

Az r/Azuv K 1 (11.25)

O1.1R/ Qa1uv =?

5. What is I\, for Bz]],) > Az] + Q21 ? Call this (Iu)sat
(a) For low Qa1 I sat > A21/B2)
(b) For high 021, I, s > 021/B1 s0 that I, o o (P/~/T)(1/Bay)
(c) Recall from Eq. (7.24) that Bgl = Ay (A3 /8hm)

Byy” A3
S By =By = =
21 21 c 21 Sher

at A = 500 nm,
By = 25 Ay [em?/ergs]
(d) Assume Qy; ~ 10*Ay; (e.g., @21 = 10'%s7! and Ay; = 10°s™!), then
Ly > 10%A5,/25 Ay

= 400 [ergs/cm2 = ere/s i|

cm? Hz

0.4J/m?

(e) But,
_ Power
" Area - Avjgser
Take d = 1mm, Av;, = 0.5cm™! = 1.5 x 10'9s™!, then
_ P[W] - 107 [ergs/]]
" (0.8 x 1072cm?) (1.5 x 101057 1)
= (P[W])(0.08)

Therefore, Py [W] > 20 Lws/em’] _ 55 103 W = 5kW!

(f) Note: Nd:YAG-pumped dye lasers give 1-10mJ per 10ns pulse at 225 or
300 nm, giving 10° — 10° W!

(g) Therefore, it’s easy to saturate within the limits of a two-level model! In fact,
with atoms it’s easy to reach full saturation; with molecules it is not so easy to
get full saturation, owing particularly to population exchanges with adjacent

rotational states, but saturation is feasible at P < 1 atm.
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11.2.5 Typical Values for A and Q: Vibrational Transitions (IR)

1. Ay ~ 10" — 10257 (30s~! for CO, Av = 1) for strong IR bands

2. Oy is either the vibration—translation (V-T) de-excitation rate or vibrational—
vibrational (V-V) transfer rate (to another species). The dominant process is
usually V-V; e.g. Ov_v ~ 10°s™! for CO with N, near STP, but higher at
elevated temperatures.

3. Therefore, the fluorescent yield is typically in the range 103 — 107>, This is
sufficient for IR LIF to be a useful diagnostic, providing a means of imaging
many species not accessible via electronic transitions.

11.3 Detection Limits (Pulsed Laser)

Since LIF is used to detect species, the minimum detectivity of this technique is an
important characteristic.

11.3.1 Weak Excitation Limit

The fluorescence signal level in the weak excitation limit in terms of total photons is

Sr = /Sp(t)dt (11.26)
0 Ajg Q
=n Vx [ LdtxB, ———— — (11.27)
Ay + Oy 4m
where
n =nXfy, (11.28)
and

n = total number density
X; = mole fraction of species i
fv.; = fraction of molecules initially in v and J

The integral term, [1,dr, is equal to the laser pulse energy, E,, divided by the laser
linewidth, Av;, and the cross-sectional area of the exciting beam, A,.

/1 dt = Ey (11.29)
Y B AUL'AC '

Thus, the signal level reduces to
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o, Ep A Q
Sp~n L—Bjp,—— (11.30)
Avp, T Q4n
where L is the length of the measurement zone (L = V/A_.). Here, we have

assumed a common case where Ay; < 0>, and for simplicity, we have dropped
the subscripts on Q»; and Ay;.

Now, let’s calculate the detection limit for representative weak excitation con-
ditions using the new expression for the signal level. The following information is
given:

Laser pulse energy ~ Ep = 107 J (10 uJ) = 10? ergs
Pulse length 7, = 10785

Laser linewidth  Av; = 1cm™

Number density 7 = 5 x 10'® molecules/cc (at 1 atm, 1620 K)

1

Boltzmann fraction f,; = 0.01 (1% of the species is in the
absorbing state)
Measurement volume V = A. x L = (102cm?)(10"'cm) =
0.001 cc

Collection angle /4w = 1073 (for optics with f#=8)
Einstein coefficients A/Q ~ 1074, By, ~ 20 - Ay [cm?/ergs],
Ay = 10651

Using the typical values listed above and Eq. (11.30) gives

E
Sp = (5x 10" X, - 1072) (107 (M) (20 x 10%(10~4)(107%)
AvL [S_l] ————
”[1) B
—10%.x. . Ep [ergs]
" lTcm™1-3x100cm/s
=3x10"-X;

where X; is the mole fraction of the absorber i.

The total number of photoelectrons produced by this number of photons incident
on a quantum detector is Sgn, where 7 is the quantum efficiency of the detector. The
quantum efficiency is defined as

# of e~ produced

n (11.31)

" %of photons input

For ideal, shot-noise-limited detection, the signal-to-noise ratio (SNR) is simply
the square root of the number of photoelectrons in the pulse

SNR = /Sin (11.32)
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hv

photocathode

Thus, an estimate for the SNR for the prescribed conditions in the weak excitation
limit (and assuming n = 0.1) is

SNR = /3 x 106 - X;

Therefore, the SNR for X; = 1 ppm (X; = 107%)is 1.7.Or, X; = 0.3 ppm for a
SNR =1. This sensitivity is pretty impressive for a nonintrusive measurement made
in a 1 mm? volume in 10 ns and with only 10 uJ of laser energy!

11.3.2 Saturation Limit

In the saturation limit, the signal level is
0 g2 Q Tlaser
Sp=n] V—"—A — dt = 1) [photons] (11.33)
g+tg " 4r \Uo

To find the detection limit for typical conditions, use the information and
procedure from Sect. 11.3.1. The signal level in the saturated case is
Sp=(5x10"-X;-1072)(107 cc)(0.5 = g2/(g1 + £2))(10°)(1073)(107% s)
=2.5x10%-X;

Then, with n = 0.1,

SNR = /2.5 x 107 - X;,

or SNR=5 at X; = 1ppm. Thus, if we can saturate, the minimum detectivity is
Ximin = 0.04 ppm for a SNR=1!

In molecules, the dominant collisional rate (in the rate equation analysis) tends to
be rotational transfer, and because this rate is typically larger than Qec, Saturation
is relatively difficult to achieve except at reduced pressures.
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11.4 Characteristic Times

With pulsed excitation, the question emerges of whether we can continue to use the
same steady-state relations that were derived before. This section compares the time
to reach steady-state with laser pulsewidth to show that these relations are generally

acceptable (Fig. 11.8).
Recall that the fluorescence signal level at any time ¢ is

"%
(n2) 2 (11.34)
Wai + Az + O
W
=n 2 (11.35)
Wiz + Wa + Ay + O
Wi
(mp)¥e =0 ——= (11.36)
2ss " Asr + 0

Are these results applicable for pulsed experiments? Yes, if there is time to reach
steady-state, that is, if tgg < Tjusr- Consider idealized step changes in 7, and define

Tgs (characteristic time to reach steady-state) as follows (Fig. 11.9):

— % (11.37)

Tss = —
(722 )initial

Laser pulse

Tiaser~ 2 - 20 nsec /
\

t
Fig. 11.8 Characteristic laser pulse times can be 5-20 ns

n,
A

» [T J__ (N2)ss

—» F‘Tdecay

Fig. 11.9 Characteristic steady-state and decay times for the population in state 2
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Then
! (11.38)
Tgs = )
7 Wiy 4+ Way + Ay + 01
and, similarly,
! (11.39)
Tdecay — T~ .
Y Ay + On

What, then, is n,(#)?
Weak Excitation

For weak excitation, Wi, < Q1 and Ay < 71, 80 tss &~ 1/051, e.8. O &
10° —10's™! at STP, then 755 &~ 0.1 — 1 ns, and the SS relation applies at virtually
all values of time in the laser pulse.
Strong Excitation

For strong excitation, Wi, > Q1 > Ay, S0

1 1

s " ———— K —
Wiz + Wy 0Ox1

so that for typical Q»,
Tgs K 10_9 S,

and the SS approximation is good on most time scales of interest for strong
excitation (except, perhaps, for ultrafast lasers).

11.5 Modifications of the Two-Level Model
11.5.1 Hole-Burning Effects

Inhomogeneous (velocity) broadening can lead to “hole” burning (saturation due to
depletion of a certain velocity class) with intense, spectrally narrow lasers.

11.5.2 Multi-Level Effects

Upper and lower levels of molecules are really manifold states (Fig. 11.10). Hence
the LIF signal and the associated fluorescence quantum yield depend on collisional
transfer rates among upper levels and the number of these monitored by the
detection system. Two interesting limits are narrowband detection and broadband
detection.

If emission occurs only to v” and is collected only from v’, J’ (this is narrowband
detection), then



192 11 Laser-Induced Fluorescence

(2 Vv, rot s J:+1
Q‘ib - \
— V-1 A el
Ivaz A2i Qe| -

4
1y v, J v i

_ v -

Fig. 11.10 Upper and lower manifold states
ny = mBiol, — na(Ba 1, + Az + Qelec + Orot + Oviv) (11.40)

where A,; is the sum of A-coefficients (A,;) for allowed transitions that are
monitored by the detection system, shown here as the emission lines (e.g., P, O
and R). For weak excitation, i.e. B>/, small relative to other decay terms,

Bpol,

Boh 1141
"4y + 20 ¢ )

(n2)ss =n

where X0 (the effective loss or “quenching” rate) includes QO;or, Ovib, and Qelec
(i.e., all processes removing molecules from the upper state observed by fluorescent
emission). Hence, in the weak excitation limit,

Ajy Q

Sp=n; -V -I,B —2 %
F=m 2 Ay + X0 4rm

(11.42)

What about broadband collection (e.g., from all J” with v’), again in the weak
excitation limit? Then the “2” state is redefined to include all rotational levels, and
the steady-state relation becomes

(m) Bl (11.43)
n =n ——, .
2)ss 1 A + 30
where X0 now includes only Qi and Qe ! The fluorescence signal is
S Ve .I,B Az @2 (11.44)
= np - -1, S — .
F ! 12 A21 + EQ 47

The important conclusion to be drawn is that collection bandwidth defines the
upper state “2” being monitored by emission and the effective quenching rate. The
LIF signal strength, and the fluorescence yield, are thus dependent on the collection
bandwidth!
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Overview of Process

+Absorbed photons populate V'
levels of A2z*

*When v'>2 in A2X*, deexcitation
O('D) + H(2S) may occur rapidly by predissociation
Predissociated potential curves

X211

O(3P) + H(2S)

>

Fig. 11.11 Potential curves for ground, excited, and predissociative states of OH

(Note that Ay, i.e. the sum of A-coefficients from a given J', is effectively
independent of J'; see Appendix F for details.)

11.5.3 Predissociation

For some excitation scenarios, new decay paths become available along predissocia-

tive potential curves (Fig. 11.11). Including a new decay path, Qp, the rate analysis
yields

ny = mBioly, — na(Baly + Azt + Qetec + Orot + Ovib + Opre) (11.45)

Interestingly, Qpre can be much larger than the other collision rates, i.e. Qpe >
Orot > Oviv. For example, for Oz, Qpre & 10" — 10" 57", In this case, we recover
the two-level result, with Qe = QOpre.

Advantage Q. is independent of composition, pressure, and
temperature, so the fluorescence yield is more read-
ily quantified.

Disadvantage = A/Qp. may be small! (i.e. low fluorescence yield)
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11.6 Example: Acetone LIF
11.6.1 Background

In order to perform LIF in air, it is common to add a fluorescent tracer (neither
O, nor N are readily accessible). In the 1980s, researchers at the High Temperature
Gasdynamics Laboratory (HTGL) at Stanford University used biacetyl ((CH3CO),),
a food additive with modest vapor pressure (40 Torr), but it had two problems:

1. smelly and hard to handle
2. highly quenched by O,

In the early 1990s, Lozano’s survey identified acetone (CH3;COCHj3), a member
of the ketone family with desirable properties. Since then, acetone-based LIF has
become a popular laser diagnostic in laboratories worldwide, with applications rang-
ing from fundamental studies of fluid mechanics to internal combustion engines.

11.6.2 Acetone Photophysics
See Fig. 11.12.

e Vapor pressure is 180 Torr at room temperature

* cheap, non-toxic, easy to handle

» fluorescence lifetime is approximately 2 ns and is independent of O,

* constant fluorescence yield of about 0.2 % at room temperature

* each state is a manifold of vibrational levels

¢ “intramolecular intersystem crossing,” at rate Q,, dominates, therefore the FY =
Ao/ (Ao + Q1) ~ Ao/ Q; = 0.2 %!

¢ absorption and fluorescence are broadband

fluorescence (lifetime ~ 2 nsec)

Q _
transfeL m—

'

Sy
(first excited singlet)

| 7 (first excited triplet)
+ 7

/
k& phosphorescence (lifetime ~ 200 psec),
is quenched by O,!

So
(ground singlet state)

Fig. 11.12 Molecular levels for acetone
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11.7 Applications of LIF

There are different strategies for measuring various properties with LIF.

11.7.1 Species Density

To measure species density (n; [molecules/cc]) with LIF using linear excitation, we
have (where 01 and Q are used interchangeably)

A21 Q

Sr [photons/s] = n-V-I,Bp —m— . —
d : 2 Ay + 0y 4w

(11.46)

Sk o n; (11.47)

fv,J(T)
0

e assumed known: Ay, Bj2, I, V, and Q2 are usually measured (i.e., by Rayleigh
scattering)

e then Sy « C - n;, where C « % is from a calibration point

» for T-varying systems, we can select v and J to give f,, ;/Q nearly independent
of T, in which case S is directly proportional to n;, the desired quantity.

11.7.2 Species Mole Fraction

For measuring mole fraction X;, use the following expression

- (T
Sp o n,»f’f(_) (11.48)
noc
va
=X 11.49
oNT ¢ )
~ C-X; (11.50)

Note that Q = noc, where ¢ is the mean molecular speed, and C is obtained by

calibration. This relation implies that selection of v and J to give anTJT # f(T) leads

to direct proportionality between Sy and X;.
11.7.3 Temperature
There are two strategies for measuring temperature.

Strategy 1
The first strategy is a single-line method.
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Sp o X; Joas (11.51)

oNT

Therefore,

1. use a tracer with fixed X;

2. select v and J for large T dependence of fo

o T

Strategy 2
The second strategy is a two-line method (two excitation wavelengths) [1].

‘fU,J(T)
Sp(1) [n, Q ]1

SF(2) [nl. ”f#]

(11.52)

2

S
Sou(T)2
= F(T) (11.54)

(11.53)

Therefore, select A; and A, to probe states with strong 7-dependence for

va(T)l/fv.J(T)2-

Example: OH

For OH, the R{(7) and R;(11) lines are located within 0.5 cm™! of each other,
so it is possible to scan over the entire pair with one laser sweep (Fig. 11.13).
The laser at Stanford based on a fast-scanning ring dye laser can scan in
approximately 200 ps.

Sr0f) _ noufy(N" = 1D "B ¢ (v]))(4/Q)]"
Sr(v9) noufy(N" = 1[I, B’ ¢ (W) (A/ Q)]

(11.55)

A (time)

Fig. 11.13 OH line pair for temperature measurements
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" = 1D[A/Q]"

11.56
S, (N = TA/Ql (1136
Therefore,
SE00) AN = 11)
11.57
5: 00 & HVT=7) (1>7
— F(T) (11.58)

With T known, the integrated area can be used to find noy, and the measured
linewidth can give the pressure.

11.7.4 Velocimetry

Flow velocity information can be found from Doppler shift (Figs. 11.14 and 11.15).

AVDoppler shift U COS 0

(11.59)
v c
vcos 6
Avpoppler shift = P (11.60)

Therefore, we can infer v cos 6 from a measure of Avpoppler-

. These measurements have been made in supersonic and subsonic flows

. Pulsed (broad) laser sources have also been used for the measurements

. With two laser components, the 2-D velocity can be resolved

. The mass flux, m = pv, is given by the product of p (obtained from the
determination of total number density, n) and v (from the Doppler shift),
assuming 6 is known

5. The momentum flux, T = pv?, is available from measurements of p and v

AW N =

laser (v) o
> vcoso

Fig. 11.14 The Doppler shift from a flowing gas can be used to measure the gas velocity along
the direction of the laser beam
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Sk Static Sample
Moving sample
\ / 9 p

vV, Vot A\/Dopmer

Fig. 11.15 The Doppler shift from a flowing gas can be used to measure a component of velocity

11.8 Exercises

1. What is the effective electronic temperature, T(K), for a 2-level atom with E, >
E; in the limit of fully saturated LIF?

2. You are asked to study a molecule described by only 2 energy levels. A short
duration, spectrally narrow, high-power laser pulse is used to saturate the
absorption transition between levels 1 and 2. After the laser pulse is complete
(i.e., t > 0), the gas begins to relax towards a new thermal equilibrium via the
pathways shown below. The energy levels and pertinent constants are indicated.

32,000 —— Level 2, g,=2
Energy, cm-! Qy, Q,=3 x 10° s~
0 - Level 1, g,=1

(a) What are the fractional populations in each energy level (i.e., ny /n and ny /n)
immediately after the laser pulse?

(b) At equilibrium and 1000 K, what is Q;»?

(c) Write a differential equation describing the fractional number density in level
2 (i.e., ny/n) for t > 0.

(d) 0.3 ns after the laser pulse, what is the fractional population in level 2?7 Hint:
Neglect small terms.

3. A continuous-wave diode laser is used to excite a vibrational band of H,O
via laser absorption. Assuming weak-excitation and a two-level molecule and
ignoring collisional excitation and stimulated emission:

(a) Derive an equation for the fractional population in the excited vibrational
state.
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(b) Derive an expression for the LIF signal in photons/s cm? and the fluorescence
quantum yield.

Note: Assume steady-state and write your equations in terms of n or

n;, Q,A, W12, and Q.

4. You are given a three-level model of a molecular system diagrammed below.
Remember that VV,'J‘ = B,‘J'I, and for i > j, T,J = A,‘J‘ + Q,‘J and T}, = Qj’,‘. Also
for this problem g, = g, = gz and N| (t = 0) = N°.

(a) Write the complete set of equations needed to characterize the rate of change
of the population of each level.

(b) Solve this system of equations to determine the steady-state population
difference between levels 1 and 3 (ANP; = NS — N3%) in terms of Ny and
the transition rate coefficients. You may neglect all non-radiative excitation
processes. In other words, T3 = Ty = Tpz = 0.

(c) Find the saturation intensity, /|3 ¢, for the 1 — 3 transition in terms of the
stimulated absorption coefficient, B3 and the other rates, 7;;. The saturation
intensity is 7 such that AN}y = AN'T’. Assume AN ~ N'=0 ~ N°.

(d) Using the three-level rate equations, derive an expression for the rate of the
fluorescence, S3; (number of photons/s emitted in all directions), at steady-
state from level 3 to level 2. Assume I < I3 -

3 vy 7y 7y N3 =#inlevel 3
Wi Ti3 Toz | Taz
2 VA Ny
W4 Ta1 [Tor | Th2
1 \4 \ 4 Y N»]

N°=N,+N,+Ns=constant

Reference

1. A.C. Eckbreth, Laser Diagnostics for Combustion Temperature and Species (Abacus Press,
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309 (1966)



A variety of techniques exist that complement or enhance traditional absorption and
fluorescence diagnostics. Here we introduce a number of these techniques.

12.1 Absorption Techniques
12.1.1 Frequency-Modulation Spectroscopy (FMS)

In FMS, the optical frequency of a laser is sinusoidally modulated, typically
with an electro-optic modulator (EOM), at frequencies equal to or greater than
the HWHM of the absorption transition lineshape. This typically requires mod-
ulation frequencies from 100 MHz to GHz rates for IR transitions at < 1atm
(1 GHz=0.033 cm™"). The modulation effectively shifts absorption and dispersion
information in frequency space to the harmonics of the modulation frequency which
lie above lower frequency noise sources. As a result, FMS can provide highly
sensitive measurements (down to absorbances of 10~ [1]) of narrow absorption
transitions.

Figure 12.1 illustrates a typical experimental setup for an FMS experiment.
Frequency modulation is achieved by modulating the voltage applied to an EOM
crystal which modulates its refractive index, and therefore, the phase or frequency
of the laser beam passing through the EOM. The electric field of the laser beam
exiting the EOM is given by:

E,(t) = E, exp(i2mv .t + i sin(2nf,t)) (12.1)

If the modulation index, B, is < 1, the electric field exiting the EOM predom-
inantly consists of a carrier wave at v, and two out-of-phase sidebands located at
Ve £ fin, known as a triplet. In the absence of wavelength-specific absorption, the
triplet is balanced and the beat signals (of opposite sign) cancel each other out
and go undetected by the photodetector. However, if the triplet is resonant with

© Springer International Publishing Switzerland 2016 201
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Fig. 12.1 Schematic for laser-absorption measurements using FMS

an absorption transition, the wavelength-specific absorption and dispersion (phase
shift) cause unbalance within the triplet (since each component is attenuated and
phase shifted a different amount) which introduces a beat signal at f;, in the detector.
This beat signal can be extracted via homodyne detection (e.g., with a lockin-
amplifier or double-balanced mixer) and compared with measured reference signals
or simulated signals to infer gas properties. By scanning the carrier frequency of the
laser across an absorption feature, FMS spectra can be measured. More information
can be found in [2-6] and the references therein.

12.1.2 Wavelength-Modulation Spectroscopy (WMS)

In WMS, the laser’s wavelength is sinusoidally modulated (typically via injection
current modulation) about a given location on an absorption transition lineshape
(Fig. 12.2). The wavelength modulation leads to intensity modulation, according to
Beer’s Law, which introduces frequency content centered at the harmonics of the
modulation frequency in the detector signal. The harmonic signals can be extracted
via lock-in filters during post-processing or data acquisition and can be compared
with calibration-free WMS models [7-13] to infer gas conditions (T, P, y, V)
from the measured WMS harmonic signals. Like FMS, WMS enables improved
measurement sensitivity via high-frequency modulation, down to absorbances of
1072 [1], but is more versatile than FMS since lower modulation frequencies (f,, is
typically 1kHz to 1 MHz) and larger modulation depths O(0.1-1 cm™!) can be used,
the latter of which enables sensitive measurements at high pressures.

I(t) = 1,(t) exp[—a(v(?), T, P, x, L)] (12.2)
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Fig. 12.2 Schematic for laser-absorption measurements using WMS
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When using injection-current-tuned lasers (e.g., diode lasers, quantum cascade
lasers) the current modulation introduces near-linear intensity modulation that can
be exploited to normalize-out the dependence of WMS signals on the DC light
intensity and electronic gain [10, 14]. This enables use of first-harmonic-normalized
WMS signals that are insensitive to low-frequency (compared to f;,) variations in the
light intensity impinging on the detector (e.g., resulting from beamsteering, window
fouling, etc.) thereby improving measurement fidelity in harsh environments [10].

12.1.3 Cavity-Ringdown Spectroscopy (CRDS)

Cavity-ringdown spectroscopy enables increased sensitivity in laser absorption
detection of a species by increasing the path length over which the light interacts
with the absorbing species (Fig. 12.3).

In CRDS, a small fraction of pulsed light is coupled into a cavity through highly
reflective mirrors (R > 99.99 %). This light reflects many times (> 10,000 passes)
so that the light circulating in this cavity has a long interaction path with any gases
inside the cavity. The rate of decay of the transmitted intensity can be related to the
reflectivity of the mirrors and any other loss processes (e.g., absorption, scattering)
of light from the cavity. If a concentration of absorbing species is the dominant loss,
the transmitted intensity can be expressed in the following form [15]:

L(t) = I, exp(—t/7) (12.3)
= I exp(=((1 = R) + asp(v))ct/L) (12.4)

Cavity-ringdown spectroscopy has the potential to be 10,000 times or more
sensitive than direct absorption [16]. Variations of pulsed CRDS (Fig. 12.3) include
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CW (continuous wave), PS (phase shift) CRDS, and off-axis integrated-cavity
output spectroscopy (OA-ICOS) [17,18].

For optimum performance, the laser should be coupled into the TEM, mode of
the cavity. The spectral width of the laser is also important. If the laser bandwidth is
wider than the cavity mode spacing or is not very narrow compared to the absorption
linewidth, additional considerations are required [15, 17]. Additionally, a small
amount of window fouling can create a significant interference when the beam is
reflected from the mirror 10,000 times. Thus, maintaining clean mirrors is critical
for sensitive measurements.

12.1.4 Off-Axis Integrated Cavity Output Spectroscopy

Similar to CRDS, OA-ICOS enables improved measurement sensitivity by increas-
ing the effective path length over which light interacts with the absorbing species.
However, in OA-ICOS cavity-mode-locking is not required since the reflections
within the cavity are spatially separated (laser light travels around the perimeter of
the mirrors in an elliptical pattern as it moves back and forth, see Fig. 12.4). At each
interface, a small fraction of the light is transmitted through each mirror, and the
spatially integrated signal is collected and focused onto a detector. The transmitted
intensity exiting the mirror is given by a variant of Beer’s Law, Eq. (12.5).

1,(t) = 1,(t) exp[—aceas(v)] = I,(t) /(1 + Gasp(v)) (12.5)

Here, I, (f) and I,(¢) are the intensities exiting the cavity in the absence and presence
of absorbers, respectively, acgas is the effective cavity-enhanced absorbance, ap is
the absorbance for a single pass (i.e., S(T)P x;PL), and G is the gain of the cavity.
By spatially separating the reflections, many roundtrips are required before the
light rays overlap and retrace their original path through the cavity. The effective
cavity length is now m times longer (up to O(1 km)) and the effective free-spectral
range (FSR) of the cavity is now m times smaller (typically << HWHM of absorp-
tion transition at STP). These attributes enable scanned-wavelength measurements
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of absorption spectra and a cavity-enhanced path length that is much less sensitive to
alignment compared to CRDS. More information regarding OA-ICOS can be found
in [19-22] and the references therein.

12.2 Fluorescence Techniques
12.2.1 Planar Laser-Induced Fluorescence (PLIF)

One advantage of LIF is that it can easily be extended to two dimensions. By replac-
ing the detector with a 2-D detector array (i.e., a digital camera), and expanding the
excitation laser beam into a sheet, a two-dimensional image can be acquired (see
Fig. 12.5). PLIF was first applied to combustion in 1982 [23,24]. Details of PLIF can
be found in Kychakoff et al. [25] and the extension to high pressure was reported by
Lee et al. [26]. PLIF has been used to measure concentration, temperature, pressure,
and velocity [27, 28]. Pulsed lasers are normally employed to achieve single-shot
imaging, and the short excitation pulse effectively freezes the flow field. While it
is useful for measuring quantities in a plane, PLIF can suffer from lower SNR than
1-D LIF because the laser energy is spread out over a much larger area. For steady
systems, PLIF measurements may use averaged measurements for improved SNR
with either CW or pulsed laser excitation [27,28].

12.2.2 Narrow Linewidth LIF

Stanford has pioneered the use of rapid-tuning, narrow-linewidth CW lasers for
absorption and fluorescence spectroscopy (dye lasers, diode lasers (IR, NIR, VIS)).
The LIF linear excitation equation for narrow-linewidth sources is
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Q
Sp(v — v +dv) =nd - V- I,Bp[p(v)dv] . (12.6)
S————— 47T

A

A+Q
Wi2=prob/s of abs

where ¢(v) is the absorption lineshape function (see Chap.8). Recall that
[ ¢(v)dv = 1, therefore ¢(v)dv = the fraction of total probability per second
of absorption (I, By3), for the frequency range v — v + dv. What can we do with
this? We can make spatially resolved measurements of the lineshape function and
its integral (Fig. 12.6).

The shape of the LIF line provides opportunities for inferring pressure and
temperature, while the integral (area) of the lineshape can provide a measure of
ny = nifb(v”,l”).
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12.2.3 Laser-Induced Breakdown Spectroscopy (LIBS)

Laser-induced breakdown spectroscopy is a simple yet powerful analysis tool for
particles and surfaces.

In LIBS, a high-energy laser pulse is focused onto a small sample of unknown
composition, ablating a small amount of material from the sample and heating it to
high temperatures (~10,000-20,000 K) [29]. At these high temperatures, the ablated
material is broken down into the atoms and ions which constituted the original
sample. These atoms emit light at very specific wavelengths, in proportion to the
excited-state atomic concentration of the sample. Analysis of the emission spectrum
can be used to identify the relative concentrations of the atoms present in the sample,
which can then be matched to LIBS spectra of known specimens.

LIBS can be performed on stationary solid or liquid samples as shown in
Fig. 12.7 or may be applied to flowing gaseous or particle-laden systems [30, 31].
Variations on standard LIBS include double-pulse and mixed-wavelength systems
for enhanced identification [32, 33].

Advantages:
. Requires little or no sample preparation
. Can analyze very small sample sizes (~107° g)
. Measurement time is typically short (~1 s)
. Experimental setup is simple
. Utilizes high-quality, inexpensive Vis/UV optical components

O N N R S R

Disadvantages: LIBS is subject to variation in the pulse energy and can
be subject to interference from plasma breakdown of the air surrounding the
sample. Quantitative analysis can be complicated by electronic nonequilibrium and
unknown, time-varying temperature.
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12.3 Photothermal Techniques

Following laser absorption, the upper quantum energy states are depopulated via
fluorescence or quenching. LIF is commonly limited by low fluorescence yields,
an inefficiency caused by the more dominant quenching process. Conversely, pho-
tothermal techniques exploit rapid quenching by relating changes in the translational
energy (i.e., temperature) of the gas to the absorbed photon energy. Two variants of
photothermal diagnostic methods are presented below.

12.3.1 Photoacoustic Spectroscopy (PAS)

Recall the equation for laser-induced fluorescence signal for the simple two-level
model:

Sp = (n2)ss - Az1 - hv [energy/vol/s] (12.7)

*  Where did the other absorbed energy go? Heating.

Sheating = (nZ)SS Qhv (12.8)

=n-Bpl, - 2 - hv (12.9)
ILB+A+Q

~ n B, - hv [energy/vol/s] (12.10)

How can we measure the heating strength? Use a pulsed laser and measure the
pressure pulse with a microphone! In a confined test cell, where density is constant,
the absorbed energy per unit volume is related to the change in temperature and
pressure by

Ews = cypAT (12.11)
and
AP = pRAT (12.12)
such that
Euws = cy,(AP/R) (12.13)

A cylindrical gas cell may serve as a resonant cavity for sound waves, amplifying
the signal when laser modulation is performed at acoustic frequencies. Due to
signal dependencies on hardware components, PAS usually requires calibration for
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quantitative species concentration measurements. PAS is a common technique for
species monitoring in relatively quiescent environments (Fig. 12.8).

12.3.2 Photothermal Deflection (PTD)

Temperature from the Speed of Sound

The speed of sound is proportional to T'/2, and so a measurement of the speed of
a weak pressure wave can be used to infer 7. As one example, local heating on a
wire from a pulsed laser leads to a pressure pulse that causes deflection of two HeNe
probe beams (Fig. 12.9). The times at which the pressure pulse causes deflection at
the two different HeNe probe beams is related to their separation distance, L, and
the speed of sound in the flow.

4= (12.14)
= J= 57 (12.15)

An alternative is to use laser spark breakdown to produce a pressure wave.
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Flow Velocity from Propagation of a Hot Spot

Flow velocity can be inferred from the convection of marked fluid, e.g. a thermal
hot spot, as in Fig. 12.10. Alternatively, fluid may be marked by laser excitation to
produce a new chemical species or excited state of a constituent species that can be
tracked by a probe beam.

12.4 Scattering Techniques

Various forms of spectroscopic detection have been developed based on the Raman
effect. Most notable are spontaneous Raman scattering (SRS) and coherent anti-
Stokes Raman spectroscopy (CARS).

12.4.1 Spontaneous Raman Scattering

Rotational Raman:  (Av = 0); changes in J only (AJ = £2)
Vibrational Raman:  changes in v and J (Fig. 12.11)
Set-up:  Similar to LIF (90° detection); CW and
pulsed lasers
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Uses:  measure n; and T (e.g., by use of filters and
Iss o exp(—6,/T))

en; (277 + D" + 1) exp(—E(”,J") /kT)
Qr,v

I(vy) = (vp —vr)* (12.16)

Note: v*-dependence favors short-wavelength lasers.

12.4.2 Coherent Anti-Stokes Raman Spectroscopy

Figure 12.12 depicts a typical experimental setup for a CARS experiment and Figs.
12.13 and 12.14 illustrate the energy levels and processes most relevant to CARS.
Energy conservation requires that wy = 2w; — w;, where w is in frequency units.
When w; — w; is resonant, there is strong, coherent generation of w4 via wave-
mixing. In addition, conservation of momentum is in effect.

The spectrum and scanning w, mode are depicted in the following figure
(Figs. 12.15).
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Fig. 12.14 Conservation of momentum for 4-wave mixing
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Fig. 12.15 CARS spectra for scanning and broadband sources

Advantages:  directed beam, efficient process
Uses:  thermometry/single shot in jet exhaust
Disadvantages:  complexity of theory/experiment/cost

Modern CARS techniques can provide high temporal and spatial resolution in
complex flows [35,36].

12.5 Laser lonization Spectroscopy

Multiple analytical strategies have been developed based on the concept of laser-
induced ionization (Fig. 12.16).
The lifetimes for laser ionization spectroscopy are as follows:

real levels
virtual levels

The experimental schematic for the measurements is shown below (Fig. 12.17).
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Fig. 12.17 Experimental schematic for laser ionization spectroscopy

Example applications for 3-photon processes:

H-atom detection (1S — 2S) at approximately 121.6 nm
2 x 243 — 121.5nm
28 — H™ + e with third photon
O-atom detection ~ 2°P — 3°P
33P — O" + e at223nm
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An important consideration for spectroscopic measurements is the availability
and performance of light sources and detectors. Figure 13.1 shows the operating
wavelength range for many common laser sources. This chapter is devoted to a
discussion of laser light sources and detectors that operate between the UV and
far-IR. While many of the sources and detectors find industrial uses, we concern
ourselves here with the spectroscopic applications of these devices.

13.1 Sources

Laser light can be made at many wavelengths ranging from the UV to the far IR.
Some lasers are quite large and expensive while others are small enough to fit in the
palm of your hand and cost less than $100. Lasers can be pulsed or continuous wave
(CW), with average powers ranging from microwatts to kilowatts or more. In this
section we will discuss a few of the more popular sources and their uses.

13.1.1 The Helium-Neon Laser

The helium—neon (HeNe) laser is one of the simplest lasers and was one of the
earliest lasers invented (the ruby laser was the first laser). The HeNe laser is so
simple that there are books, web sites, and undergraduate classes that will teach
motivated students to build their own [2]. The HeNe laser has a tube filled with a
mixture of helium and neon (~0.1 Torr neon, 0.9 Torr helium) [3]. The helium is
excited by an electrical discharge (which looks very much like a neon light). The
excited helium atoms transfer energy to the neon atoms which produce the laser
light. HeNe’s are CW devices with typical powers ranging from 1 to 50 mW.

HeNe lasers are most commonly used to produce 632nm light, but HeNe’s
are also available with output at 3.3903 um, 1.15 wm, and several other visible
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Fig. 13.1

Wavelengths of operation for many common lasers [1]

and IR wavelengths [4, 5]. Visible HeNe’s are useful for optical alignment and
optical scattering measurements. The 3.39 um HeNe laser is useful in absorption
spectroscopy for detection of hydrocarbons because the C—H stretch oscillates near

3.4 um [6].

Argon-ion lasers are similar to HeNe lasers because they are gas lasers that are
pumped by an electrical discharge. However, in an argon-ion laser, the argon is
ionized in the plasma and ions act as the gain medium. Argon-ion lasers are typically
CW devices, but can provide significantly more power than the HeNe laser. Argon-
ion lasers can lase at many discrete wavelengths between 275 and 550 nm [7].

Argon-ion lasers can be used for direct absorption measurements at their funda-
mental wavelength [8] or at wavelengths of higher order harmonics [9]. They can
also be used to pump dye lasers for absorption or fluorescence measurements [9].

13.1.2 The Nd:YAG Laser

The Nd: YAG laser (i.e., neodymium-doped yttrium aluminum garnet: Nd:Y3Al501;)
is a common laser for high-power applications. The YAG crystal is doped with
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triply ionized neodymium, which replaces another element of roughly the same
size, typically yttrium. To emit coherent radiation, the neodymium must first be
pumped from the equilibrium state into a higher energy level. For these solid state
lasers, this is often done using flashlamps, but diode lasers are also used. Nd: YAG
lasers can be CW or pulsed. Higher peak powers are available when operated in
pulsed mode, which is important for frequency conversion (i.e., frequency doubling,
difference frequency generation, and sum frequency generation) and fluorescence.

Nd:YAG lasers are useful for their high power output. Nonlinear processes are
often used to convert the IR light (usually at 1064 nm) to mid-IR light (2—4 pm)
using an optical parametric oscillator (OPO) [10], or to visible and UV light (532,
355, 266 nm) through harmonic generation [11,12]. Nd:YAG lasers can also be used
to pump dye lasers [13]. Because of the high achievable powers and wide range
of wavelengths that can be accessed using the Nd:YAG laser, they are a common
component in many fluorescence and absorption experiments, both in the UV [12]
and IR [10].

13.1.3 The Excimer Laser

Excimer lasers (short for Excited Dimer) are pulsed UV lasers with a gain medium
that is a short-lived molecule made up of one rare-gas atom and one halogen (e.g.,
ArF, KrCl, KrF, XeCl, XeF) [4]. Excimer lasers are used for LIF because they have
high output powers in the UV [12]. A UV laser photolysis technique has also been
demonstrated using the excimer laser as the photolyzing source [14].

13.1.4 The CO, Laser

In the CO, laser, the molecular vibrations are pumped by a plasma discharge. CO,
lasers can be either pulsed or CW. CO,; lasers can operate at discrete wavelengths
between 9.3 and 11.4 um, however the 10.6 um transitions are popular choices
[5]. High-power CO; lasers are useful in manufacturing for cutting, welding, and
other processing technologies [3]. CO; lasers are also utilized in spectroscopy for
fluorescence and absorption measurements [15].

13.1.5 Semiconductor Lasers

Semiconductor lasers (e.g., diode lasers, quantum cascade lasers, external cavity
diode lasers, distributed feedback (DFB) lasers) have become increasingly important
in spectroscopy and remote sensing. Semiconductor lasers are available in wave-
lengths from the near UV (375nm) to the far-IR (~11 um) and produce powers
from ~1 to 500 mW. Near-IR diode lasers are well developed and commercially
available due to significant investment from the telecom industry. These lasers are
compact and rugged and can often be purchased in a prepackaged, fiber-coupled
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unit. Many DFB lasers can be rapidly tuned over several wavenumbers by changing
the injection current or laser temperature. Some external cavity diode lasers can be
tuned more than 100 cm™".

Due to their lower power outputs, tunable diode lasers are used primarily in
absorption spectroscopy. Wavelength-tunability enables the user to interrogate an
individual absorption feature of an atom (e.g., potassium or cesium) or small
molecule (e.g., CO, CO,, H,O, or CHy). Absorption measurements at multiple
wavelengths have been used for simultaneous measurements of temperature and

multiple species [16] or pressure, temperature, and velocity [17].

13.1.6 Dye Lasers

Dye lasers use an organic dye as the gain medium. Because the dye is a liquid, the
absorption and fluorescence spectra are broadband, but the laser cavity is designed
to emit “monochromatic” laser light somewhere within this emission band. Dye
lasers are tunable over this emission band; each specific dye provides a range of
wavelengths (10 to 70 nm), mostly in the visible and UV. Dye lasers are pumped by
other UV lasers (such as an argon-ion laser) or by flashlamps.

Laser dyes can be found that emit between 300 and 1200 nm [18]. Harmonic
generation of these tunable lasers facilitates spectroscopic work in the UV [9, 13].

13.1.7 Non-Laser Sources

While lasers act as valuable spectroscopic tools, and cover much of the electromag-
netic spectrum from the UV to the far-IR, some wavelengths cannot be accessed
using laser sources. Broadband lamps are useful tools for accessing wavelengths
that cannot be easily obtained with lasers. Lamps offer the additional benefit of
being simpler and less expensive than lasers, however, the lower spectral intensities
reduce the SNR for spectrally resolved measurements.

13.2 Detectors

In an optical experiment, the detection system is an important consideration, second
only to the optical source. Thus, we will devote some time to describing the different
types of detectors and their characteristics. Before examining detectors in detail,
some basic detector vocabulary is reviewed. Next, three common types of detectors
are described. Finally, detector wavelength range, time response, and signal-to-noise
ratio are compared for several common detectors. While this is only an introductory
treatment, more information can be found in [19-21].

Shot noise refers to noise that is a result of random fluctuations in the time of
arrival of the photons or electrons.
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Dark current is the current produced by the detector with no signal from the
source. Sources of dark current include background radiation from the environment
and random thermal excitation of electrons within the detector itself.

Johnson noise is the noise generated by the equilibrium fluctuations of the
electric current inside an electrical conductor, which happens without any applied
voltage, due to the random thermal motion of the charge carriers (i.e., the electrons).
In other words, Johnson noise is caused by random electron motion in the circuit.

Generation-recombination noise occurs in photoconductors because the pho-
toexcited carrier has a characteristic lifetime, 7. The lifetime of each carrier is not
exact, but described statistically. Thus, there is uncertainty in the precise time that
the carrier recombines and this uncertainty results in random noise.

Background limited infrared performance (BLIP) occurs when the detector
noise is limited by the background shot noise and not by intrinsic detector noise.
Infrared detectors are often cryogenically cooled to approach this ideal condition.

Bandgap energy is the energy difference between the top of the valence band
and the bottom of the conduction band in a semiconductor. Photons with energy that
is lower than this bandgap energy are not detected by the semiconductor.

The detectors we will consider here are referred to as quantum detectors.
Quantum detectors respond to individual photons and offer a fast response time.
Thermal detectors are not discussed here, but more information can be found in
[19]. It is sufficient to say that thermal detectors offer broad wavelength sensitivity,
but at the cost of reduced time response.

13.2.1 The Photomultiplier

The photomultiplier is a popular optical detector used to measure radiation in the
UV, visible, and near-IR wavelength regions. The photomultiplier consists of a
photocathode, a series of electrodes, called dynodes, and an anode. When a photon
strikes the photocathode, there is some probability that an electron will be emitted
and accelerated towards the first dynode. Each dynode is held at a higher electrical
potential than the previous so that it can attract the electrons. When an electron
strikes the dynode, it sheds multiple electrons which accelerate to the next dynode.
In this way, the signal is amplified at each dynode. Primary sources of noise in a
photomultiplier are shot noise (generated by both the signal and the dark current)
and Johnson noise.

13.2.2 Photoconductive Detectors

A photoconductive (PC) detector is a semiconductor-based detector with an electri-
cal resistance that is sensitive to the light incident on it. A voltage placed across the
detection element is used to measure the resistance. Photoconductive detectors are
available in the near-IR to the far-IR (wavelengths from 1 to 50 um).



222 13 Spectroscopy Equipment

Photoconductive detectors (and other semiconductor-based detectors) have a
bandgap energy associated with them. Photons with energy that is smaller than this
bandgap energy are not observed by the detector. For photons with energy that is
greater than the bandgap energy, the current generated is proportional to the number
of photons striking the active area. Thus, for fixed power, the detector sensitivity
increases linearly with wavelength until the bandgap energy is reached, then the
sensitivity drops off rapidly.

When a photon is absorbed by the material, an electron is excited from the
valence band to an acceptor atom. There is a minimum photon energy required
to excite the electron, placing a lower limit on the photon energy (or an upper
limit on the detectable wavelength). The electron hole is acted on by the electric
field (the applied voltage) and drifts along the field direction, resulting in a current.
The contribution of a particular hole to the total current ends when an electron
recombines with the hole. This process is referred to as electron-hole recombination.
Photoconductive detectors are often cryogenically cooled so that thermal excitation
of the carriers does not dominate over the photoexcitation process. There are two
primary sources of noise in photoconductors. The first noise source is shot noise
which can originate from the dark current or from the measured signal. The second
source of noise is generation-recombination noise, which is a result of the finite
lifetime of the photoexcited carrier.

13.2.3 Photodiode Detectors

A photodiode is a semiconductor that generates a voltage (or current) when light is
incident on it and is often called a photovoltaic (PV) detector. Like photoconductors,
photodiodes have a minimum photon energy associated with the energy bandgap of
the semiconductor. Noise in a photodiode is dominated by the Johnson noise and
therefore is not usually shot-noise limited.

A variation of the standard photodiode is an avalanche photodiode. In an
avalanche photodiode, an electric voltage is placed across the diode. When a carrier
is produced, it is accelerated by the electric field to energies great enough to knock
new electrons out of the valence band. Thus, the signal is amplified resulting in more
sensitive detection. The shot noise of the avalanche photodiode is also amplified in
this system, but because a standard photodiode is Johnson noise limited, the SNR
increases with increasing amplification until the shot noise dominates.

13.2.4 Selecting a Detector

There are many criteria that might be used to choose the correct detector for a
specific application including wavelength, time response, noise characteristics, sim-
plicity, and cost. Different types of detectors are sensitive to different wavelengths
of light. Figure 13.2 shows the wavelength range for many common detectors.
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Fig. 13.2 Wavelength range for common detectors. Black boxes indicate photovoltaic detectors
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Fig. 13.3 Typical bandwidth for common detectors. Black boxes indicate photovoltaic detectors
(photodiodes). Gradient from left to right indicates a photoconductor and gradient from top to
bottom indicates a photomultiplier

By choosing a specific wavelength or set of wavelengths, the choice of detectors
will be some subset of the detectors indicated in the figure.

As shown in Fig. 13.2, there are often several detectors available for a particular
wavelength, so more selection criteria can be used to reduce this list. Detectors
have a frequency bandwidth which is important for time-resolved measurements.
Bandwidth can be dependent on the detector area and temperature as well as the pre-
amplifier gain, and of course, the detector material. By increasing the detector area
or the preamplifier gain, the frequency bandwidth will generally be reduced. Typical
commercially available bandwidth for some common detector types is plotted in
Fig. 13.3.
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Detector noise can also be an important issue, especially when measuring weak
signals (such as with fluorescence). Detector noise is characterized by the detectivity
(D*):

D* — ADetectorAf (131)
NEP
where Apeector 1S the detector area, Af is the bandwidth, and NEP, the noise
equivalent power, is the amount of optical power required to equal the magnitude
of the detector noise. The signal-to-noise ratio for a measurement dominated by
detector noise can be calculated using this equation:

SNR = Pincident _ Pi11<:idenlD>'< (13 2)
B NEP B \/ADetectorAf .

where Piycident 1 the incident optical power. Thus a high D* is required for sensitive
optical measurements.

Cost and complexity should also be considered when choosing detectors. Most
near-IR, visible, and UV photodiodes are available in compact packages at a
relatively low price while photomultipliers typically are bulkier and more fragile and
expensive. Many IR detectors are mounted in large dewars and require cryogenic
cooling which can be inconvenient and makes the detector package more expensive
and fragile. However, some IR detectors operate at room temperature or can be
thermo-electrically cooled, making these detectors more compact, rugged, and
portable.

Spatially uniform responsivity is an important factor that should not be ignored.
IR detectors (particularly HgCdTe and room temperature and TE cooled PV
detectors) can have a spatially nonuniform response across the active detector
surface. This nonuniform response can manifest itself as noise in a poorly controlled
experiment. Oftentimes smaller detectors are more uniform than large detectors and
cooled detectors are more uniform than uncooled detectors. In the end, there is often
a tradeoff between cost, sensitivity, bandwidth, noise, size, and complexity.
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Here we present spectroscopic case studies of specific molecules, spanning
the ultraviolet to long-wave infrared. These case studies are intended to reinforce the
concepts of line positions, line strengths, and line shapes, while also exposing
the reader to some of the many species-specific details that contribute to the
uniqueness of observed spectra. A detailed study of the OH molecule is followed
by more brief reviews of O, H,O, and hydrocarbons.

14.1 Ultraviolet OH Spectroscopy: The A2X * — X*II System

Contributing Author: Jerry M. Seitzman

As a practical example of material previously covered, we will examine the ultravi-
olet (UV) absorption spectrum of the hydroxyl molecule. In order to understand the
electronic absorption spectrum of a molecule, there are at least three things one must
consider: (1) the energy levels of the molecule (for line positions and Boltzmann
populations), (2) the specific radiative transitions which are allowed (determined
from selection rules) and, finally, (3) the proper calculation of an absolute spectral
absorption coefficient.

14.1.1 OH Energy Levels

In this first section, we briefly examine the structure of the two OH electronic levels
involved in the OH spectrum. Based on the structure of each, we then consider the
proper term energies to apply. For a more complete discussion of this material, see
Chap. V, Sect. 2 of Herzberg (Spectra of Diatomic Molecules).

© Springer International Publishing Switzerland 2016 227
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Term Energies

Recall, the term energy E(n, v, J) of a specific energy level with electronic quantum
number n, vibrational quantum number v, and angular momentum quantum number
J is given in general by:

E(n,v.J) = T.(n) + G(v) + F(J), (14.1)

where T, is the electronic term energy, G(v) is the vibrational term energy,
and F(J) is the angular momentum term energy (also commonly referred to
as the rotational term energy even though it comprises more motions than just
nuclear rotations). In writing this equation, we have applied the Born—Oppenheimer
approximation, which assumes the different motions associated with each energy
mode are separable.

Generally, explicit equations for each term energy mode can be written. These
equations have as variables the appropriate quantum number and other molecular
parameters. For example, recall that the vibrational term energies are often modelled
by an equation of the form

G() = we(v + 1/2) — wex. (v + 1/2)? (14.2)

Because of the complexity of modelling electronic term energies, the values for 7,
are usually obtained from appropriate tables.

In the remainder of this section, we focus on proper modelling of the appropriate
expressions for F(J). As discussed previously, this depends on how we choose to
model the coupling between the various forms of angular momentum (e.g., nuclear
rotation, electron spin, and electron orbital angular momentum). Generally, a model
based on one of Hund’s Cases is chosen. For most diatomics of interest here, either
Hund’s Case (a), Hund’s Case (b) or an intermediate model representing a transition
from Hund’s (a) to Hund’s (b) is appropriate (at least for values of J up to some
cutoff).

Spin-Splitting

According to standard spectroscopic notation, the A2X+ — X2IT system of OH
involves a transition between the ground electronic configuration, X>IT (where X
denotes the ground level), and the A2X* level, the lowest energy excited electronic
configuration with the same spin multiplicity as the ground level. Likewise, a B— X
transition would usually indicate a transition between the ground and the second
excited electronic energy level with the same spin multiplicity.

In this case for OH, the two electronic levels are doublets, i.e. 25 + 1 = 2
or§ = % (which results from the configurations having an unpaired electron in a
suborbital). Therefore, each electronic configuration actually consists of two spin
sublevels, one having an electron with spin “up” and one with the electron
spin “down.” Instead of writing a different electronic term energy 7, for the two
spin sublevels, it is more convenient to denote two spin-split levels with the same
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J but different spin with the angular momentum term energies F; and F,. Recall, the
quantum number N (when defined) is given by

J—1/2for F
N = /2 for Fy (14.3)
J+1/2 for F,

The Excited A2X * Level

The designation ¥ implies that for this configuration, A, the component of the
electronic orbital angular momentum (L) along the internuclear axis, is zero. Since
A is zero, there is no induced magnetic field to couple the electron spin vector S to
the internuclear axis and, therefore, Hund’s case (b) is the proper coupling model.
In that model, L couples (aligns) directly with the B-axis of nuclear rotation and we
get the following quantum number rules

N=AA+1,A+2,A+3...

orinthiscase N =0,1,2,3,...
and then coupling to S, we get the two spin-split levels,

J=NxSorJ=N=+1/2

The rotational term energies for such a X state are well modelled by:

Fi(N) = B,N(N + 1) —= D,[N(N + D]*> + y,N
Fo(N) = B,N(N + 1) —=D,[N(N + D> —yp,(N + 1) (14.4)
(y» ~ 0.1cm™! for OHAZZ™T)

The energies of two states having the same N but different J are nearly identical,
with a spin-splitting (constant in this model) of y, (2N + 1). (Recall the , subscripts
denote molecular “constants” which can be a function of vibrational level.) See
Table 14.1 for values of y,,.

Figure 14.1 shows the first few energy levels of the A>X configuration. Note,
only one state exists with a value of N = 0.

As a final note, the symbol + in the A%X 1 name denotes that even numbered N
levels have a positive parity (that is, they have wave functions which are symmetric).
For a ¥~ state, the even N levels have — parity, and the odd levels are now +.

The Ground X211 Level
Hund’sa A #0,S#0
Hund’sb A =0,S#0

Here, the symbol IT designates that the ground electronic configuration has a value
of A = 1. Because S can now couple to the internuclear axis Hund’s Case (a)
may be appropriate, although this is not a strict rule, especially for hydrides and
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Table 14.1 OH term energy constants

(inecm™)
T W, WeXe
32,682.0/3184.28 |97.84
A2zt | B, D, Yo

v=314.422 | 0.206E—2 0.0980
v=215.287 |0.208E—2 0.0997
v=116.129 |0.203E—2 0.1056
v=2016961 |0.204E—2 0.1122

T, W, WeXe
0.0 3735.21 82.21
X’ | B, D, Y,

v=3|16414 |0.182E—2| —8.568
v=217.108 |0.182E—2| —8.214
v=1/17.807 |0.182E—2| —7.876
v=0/18.515 |0.187E—2| —7.547

¥, (2N+1)~0.1(5)~0.50m ™"
Compare with Av, (1800K)=0.23cm’™ "

N l J p
5 52 F +
7 32 F +
1 312 F,
112 F,
0 12 F, +

Fig. 14.1 Energy level progression for A2X 7T ; Hund’s Case (b). The symbol “p” denotes parity
(+ or—)

light molecules (see Herzberg, p. 221). In fact, for OH, a transition occurs from
Case (a) to Case (b) as the nuclear rotation increases (i.e., the coupling between
L and the nuclear rotation (N) becomes stronger, and the coupling between S
and the internuclear axis becomes weaker). Because the ground level has some
characteristics of Case (a) and Case (b), we use a mix of quantum numbers to
describe it. With the definitions for Hund’s (b) already given above, now recall in
Hund’s Case (a), the coupling between L and S along the internuclear axis forms a
new quantum number.

Q=|A+3| |A+3Z—1].



14.1 Ultraviolet OH: The A2Xt — X2T1 System 231

With A = 1 and ¥ = 1/2, the two spin-split levels have different quantum number
values

Q=1/2,3/2.
and the total angular quantum numbers for each is given by

J=Q,Q+1,Q2+2,Q+3,...

Hund’s a Hund’s b
S
J N N g
AorQ =A+2% A=0

The rotational term energies for a 21 state in the intermediate case are relatively
well modelled by:

Fi(N) = B,{(N + 1)> = A*— %[4(1\1 +1)?
+Y, (Y, — H)AYY2} — Dy [N(N + 1))
FAN) = BN = A% 4 SN + Y, (Y, — 9A°]%} — DNV + 1P

(14.5)

where Y, = A/B, (< 0 for OH) and A (spin-orbit coupling constant) is like
the parameter A (from the moment of inertia) in the symmetric top model; see
Eq. (10.13). At large N, the spin-splitting F,(N)—F (N) approaches zero, indicating
the transition to the Hund’s (b) case. Note also that the approach to zero is from the
positive side, i.e. F(N) < F,(N) according to the model represented by (14.5).

By substituting the definitions of (14.3) into (14.5) and neglecting the centrifugal
correction terms (D,),

Fi(J) = B,{(J + 1/2)> — A2 — 1[4(J 4+ 1/2)> + Y, (Y, — 4)A?]V/%}
Fy(J) = Bo{(J + 1/2)> = A> + 1[4(J + 1/2)* + Y, (Y, — H)A*]/?} (14.6)

it is also evident that F(J) < F,(J) for all J.
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So far we have identified two spin levels with different quantum numbers €2, and
two term energies F; and F,. Which term energy expression belongs to which €27
Recall the Hund’s case (a) expressions which showed two levels with the same J
but different  were separated by a term ~ AQ?2, with the Q = 1/2 state lower in
energy for A > 0. Similarly here, for Y > 2 or so-called regular states, a given J
level in Q2 = 1/2 should have a lower energy than the corresponding level in 2 =
3/2; in this case, the F; expression corresponds to the 2 = 1/2 levels. Likewise,
for Y < 2 or inverted states, as is the case here for OH, F| is associated with the
Q = 3/2 levels. One might wonder what is the importance of the Q2 designation
since we have already defined the values of N and J for a given F;. Recall that the
lowest allowed value of J in a given 2 level is J = . Therefore, the regular or
inverted designation determines the identity of the lowest (energy) lying J levels.

Because A # 0, the IT configuration also is lambda-doubled. Each specific
(J, N) configuration actually consists of two lambda-doubled sublevels, designated
c and d (recently, the slightly different designations e and f have begun to be used).
The lambda-doubling corrections to (14.6) can be adequately modelled by

Fie = Fi(J) +38:J(J + 1)
Fig = F;(J) +84J(J + 1) (14.7)

where §. and §,; are the lambda-doubling constants and Fi;(J) < F;.(J). The
lambda-doubling is usually quite small ([F;.(J) —Fq(J)] ~0.04 cm™! for the X state
of OH). Finally, each lambda-doubled sublevel for a given N and J has a different
parity, i.e. one is + and the other is —.

Figure 14.2 shows the first few energy levels of the inverted OH XTI configu-
ration (Yo = —7.547). Figure 14.3 shows what the assignment of levels would be
if the ground configuration was regular. Note, the smallest value of N changes and
only one J is assignedto N = O and to N = 1.

14.1.2 Allowed Radiative Transitions

In this section, we examine the general selection rules to determine which rotational
levels can be radiatively coupled, or in other words, what rotational branches will
occur in the OH spectrum. The standard notation for rotational branches is also
reviewed.

General Selection Rules
Here we summarize the general selection rules for single photon dipole transitions
that are derived from quantum mechanics:

(1) parity must change + — —or — — +;
(2) angular momentum can only change by AJ = 0, £1; and
(3) no Q(J = 0) transition, / = 0 — J = 0 not allowed.
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Fig. 14.2 Energy level progression for OH X2I1 (inverted)
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Fig. 14.3 Energy level progression for a regular X>IT configuration

Transition Notation

In general, a specific radiative absorption transition for a diatomic molecule is
denoted by a symbol of the form, A2Z* (v') <« X’TI(v") YXup(N” or J”). The
electronic and vibrational systems involved in the transition are given first, while the
last term denotes the specific (N, J) states being considered. In the ¥X,5(N" or J”)
notation,

(1) Y represents a symbol for AN (O, P, Q, R, or S for AN = —2 to 2);
(2) X represents AJ (P, Q, or R for AJ = —1to 1);
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Fig. 14.4 Allowed rotational transitions from N’/ = 13 in the A2Z+ < X2TI system

(3) « gives i for F} (1 or 2 for spin doublets); and
(4) B gives i for F7.

For example, the symbol Q;5(13), in a spin-doublet transition, represents a
transition from N” = 13, J” = 125 (in Ff) to N’ = 12, J' = 12.5 (in F)).
For transitions between two lambda-doubled electronic configurations, the identity
of the lambda-doubled states is given by symbol of the form £ Qy5.4(13) (here the
upper level is the c state and the lower one is the d state).

One should note the following shorthand forms that can be confusing:

(1) when AN = AJ, the Y symbol is suppressed;
(2) when @ = B, the § symbol is suppressed; and
(3) often authors will always suppress either the Y or X symbol.

Finally, though N” or J” can be used in the transition notation, N” is found more
frequently in the recent literature.

Figure 14.4 illustrates the application of the selection rules and transition notation
to the OH system. There, all possible transitions from all states with N = 13 are
shown.

Shown in the figure are the four states with N’ = 13 and all excited states to
which they can be radiatively excited (by single photon transitions). In total, 12
bands are possible with 3 bands originating from each lambda-doubled, spin-split X
state. Two kinds of rotational branches are evident: (1) the main branches for which
« and B are equal and (2) the cross-branches, with « not equal to §. As N increases,
the cross-branches weaken, and the 6 main branches contain the only significant
transition strengths. Note for transitions between two lambda-doubled levels (e.g.,
a IT — IT), there would be twice as many transitions, 24, with 6 connected to any
given lambda-doubled, spin-split state.
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Fig. 14.5 Allowed rotational transitions from N = 13 in the A2X 1 <« X237 system

As another example of the general selection rules, consider the 2%+ —2 X+
system shown in Fig. 14.5. Note the effect of the parity selection rule in reducing
the number of allowed main branches to 4.

14.1.3 Absorption Coefficient

In order to perform quantitative spectroscopy (e.g., absorption or laser-induced fluo-
rescence), one often needs to calculate an absolute absorption coefficient. Recall, the
spectral absorption coefficient k, [cm™!] at frequency v [s~'] for a single, isolated
radiative transition from an initial molecular state 1 to a final state 2 is given by

/4

2
ky = == (Nifia — Nafar)$ (v — vo) (14.8)
meyC

where N; and N, are the number density [ecm™3] of molecules in the specific
states involved, fi, and f,; are the oscillator strengths for stimulated absorption
and stimulated emission, respectively, and ¢(v — vo) [s] is the lineshape of the
absorption profile. (Note, the value of 7 e?/m,c is written in cgs units here, and is
approximately 2.651 x 10™2 cm?/s. If wavenumber units are preferred for v, replace
¢[s] using the equality ¢[s] = (1/c)¢[cm™!'].) Though it is common to work with
and find tabulations of oscillator strengths, Einstein coefficients (A1, B»1, By2) are
frequently used, and helpful conversion formulas are

321 62
— = (14.9)
Ajy 8w hvs,
mgc3
for = —SﬂzuglezAZI (14.10a)
3
for = 2 Ay (14.10b)

2
2w vy e
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where e is in cgs units (an esu, Eq. (14.10a)) or in SI units (Coulomb, Eq. (14.10b)),
where we have multiplied by 4r€, to convert units.

In the case of thermal equilibrium at temperature 7, the number densities are
related by a Boltzmann distribution, and the expression for k, reduces to

2 N
K, = =€ —lflz(l e )qb(v—vo) (14.11)
m.c Na

where vy is the transition center frequency (s~') given by (E, — Ej)c, N, is the
total number density of absorber molecules, and N;/N, is the fraction of absorber
molecules contained in the specific transition level 1. For visible or ultraviolet
transitions, E, — E; > 14,000cm™" (or in equivalent temperature, 20,160 K). Thus,
the exponential term can be neglected in most temperature environments.

Oscillator Strengths

In order to calculate the absorption coefficient, it is useful to consider discrete energy
states and again assume the molecular motions are separable into distinct modes. For
a transition between two specific states (n”, v”, X", J”, A”) and (', v/, ', J', A')
where n characterizes the electronic configuration, v represents the vibrational level,
3 identifies the spin multiplet, J is the angular momentum, and A discriminates
between lambda-doubled levels, the absorption oscillator strength is given by

s

f(n”.v”.Z”.J”,A”),(n/,u’,E’,J/.A’) = ﬁi”n/QU”u’ Jj”il (14123)
usi

or f,//J/ :f;l”n/qv//v/ 2/,,_1_1 (14]2b)

where we have used the common shorthand notation f;~;, to describe the oscillator
strength for a specific rotational (absorption) transition. In (14.12a) and (14.12b),
fwrw 18 the electronic part of the oscillator strength (proportional to the electronic
dipole moment |R,|?), gy is the Franck—Condon (vibrational overlap) factor, and
Sy is the Honl-London (rotational strength) factor. The electronic and vibrational
parts of the oscillator strength are often combined to form the so-called band
oscillator strength

fv//v/ :ﬁl"n’QU”v/v (1413)
or
Sj//j’
Sy = forv YR ! (14.14)

Equivalently, the band oscillator strength is simply ), fy,r.

"Because of the normalization chosen for the Honl-London factors (see Eq.(14.17) below)
and because of a common, but different, way of defining f,/,~, transitions from an excited Il

configuration and a lower energy X level may follow a different equation, e.g. fyy = 1f,ry ZSIJ,’II
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For some molecules, like OH, this separation of the motions of the molecule into
discrete modes is deficient. For OH, the band oscillator strength is, in fact, a function
of J” and J'. Empirical corrections, denoted Ty, are used as follows.

S_///]/ TJ//]/
fJ”J’ :fv//v/m (1415)

Since the g,7,y and S,y terms represent subdivisions of the total electronic
oscillator strength, they must conform to certain sum rules. These rules are

> gy =1 (14.16)

and for transitions from all states with a specific (n”, v”, J”) to all J' levels with a
specific (7', v')

ZSJ”J’ = Q)+ 1S+ 1)8 (14.17)
J/

where § accounts for lambda-doubling; it is unity for X — X transitions and two
otherwise. (Note that 25 4+ 1 is equal in the upper and lower states, for the spin-
allowed transitions of interest here.) Using these sum rules and the law of detailed
balance (for transitions between discrete states with degeneracies g;, fiog1 = f>182),
it can be shown that

Y gy =1 (14.18)
and
D Spp= @1+ 1D@S+1)8 (14.19)
Yz
where
Sy = Sy (14.20)
and
Forer = foror. (14.21)

Note that the sum of Sy~ terms from a single upper state (i.e., specific J/, N') will
now equal 2(2J’ + 1), but as there are 2 states with the same J’, the overall sum of
Sy will obey Eq. (14.19) as required, i.e. 4(2J" + 1).
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Table 14.2 Band
oscillator strengths
for the OHA? X+ —
X211 System

(v/’v//)a fv'v”
(0,0) 0.00096
(1,0 0.00028

Table 14.2 lists band oscillator strengths for two OH bands and Table 14.3 lists
Sy /(2J" + 1) values for J” = 0.5, 1.5, 2.5, 3.5, and 9.5. *Note, the usual
convention for a band is to specify the vibrational quantum numbers in the order
(v’, v"), so that (1,0) corresponds to v/ = 1, v”" = 0.

The normalization is that described by (14.17). Note for the J = 0.5, only
the F, levels exist, so that the sum over all J’ is only 2. Also note that while the
cross-branch transitions are important at low J, they decrease in strength at higher
rotational levels. The °P;, and SR, cross-branches disappear most rapidly, since
AN = =£2 for them.

Population Fractions
In calculating the absorption coefficient for transitions from a specific energy level,
we must be careful to consider the number of molecules in that level. For example,
the Q1(13) transition of OH (see Fig. 14.4) involves molecules in one state only, the
Fi(N = 13,J = 13.5, A = c¢) state. We do not want to include the population of
the A = d level or the F, levels.

In thermal equilibrium, the fractional population of all molecules N, which are
in a specific energy level N, is given by the Boltzmann distribution

—hcE;

Ny ge ®

N Q

(14.22)

where the energies are in (cm™') units, and the partition function Q is found by
summing over all possible energy levels,

0= gew (14.23)

For example, the population fraction N, . 5 .a)7/N, of a specific energy level
(", v",%",J", A") would be

Nawzany Q2J" + e 54

N —hcE@ v 2" 0" A
a

Ywsaay (2" + De T

(14.24)
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Table 14.3 Honl-London factors for selected OH transitions

Transition

ST )17 + 1)

ZF(J)

XF)(J)

Z[F1() + F(J)]

012(0.5)

0.667

0

2

2

0,(0.5)

0.667

R12(0.5)

0.333

R»(0.5)

0.333

Pi(1.5)

0.588

P1(1.5)

0.078

Py (1.5)

0.392

Py(1.5)

0.275

Qi(L.5)

0.562

012(1.5)

0.372

021(1.5)

0.246

0>(1.5)

0.687

Ri(1.5)

0.165

R12(1.5)

0.235

Ry1(1.5)

0.047

Ry(1.5)

0.353

P1(2.5)

0.530

P12(2.5)

0.070

P»1(2.5)

0.242

P5(2.5)

0.358

01(2.5)

0.708

012(2.5)

0.263

021(25)

0.214

0(2.5)

0.757

R1(2.5)

0.256

R1»(2.5)

0.173

Ry1(2.5)

0.050

R»(2.5)

0.379

P1(3.5)

0.515

P1>(3.5)

0.056

P>1(3.5)

0.167

P>(3.5)

0.405

013.5)

0.790

012(3.5)

0.195

021(3.5)

0.170

(3.5

0.814

R; (3.5)

0.316

R12(3.5)

0.131

Ry (3.5)

0.044

R»(3.5)

0.402

P1(9.5)

0.511

P1»(9.5)

0.016

P5(9.5)

0.038

(continued)
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Table 14.3 (continued)

Transition SJ”J /(2" + 1) SF\(J) SF>(J) £[F1(J) + F>(J)]
P»(9.5) | 0.488
0109.5) |0.947
0129.5) |0.050
0219.5) |0.048
0>(9.5) | 0.950
R1(9.5) |0.441
R1»(9.5) | 0.035
R»1(9.5) | 0.014
R»(9.5) | 0.462

While (14.24) is a rigorous definition of the population fraction, it requires
calculating the energy of every possible state (at least until the sum converges for
some given T'). While computers can do this rapidly, it is still often convenient to
divide the energy into separable modes and produce a population fraction for each
using simplified partition functions. In that case,

Nvsany  Nprsrar Ny Ny
= X X
Na Na Nn”Z”A” Nv//

(14.25)

where we have effectively defined each spin and lambda level of a particular
configuration to be a different electronic level. Next, we would write a Boltzmann
fraction (14.22) for each. Since we usually combine the energies for the different
spins and lambdas into the angular momentum term energy F(J), it is more
reasonable to write

—heTe(n') —heG(') 1 —heF (")
N(n,v,Z,],A)” e kT y e kT » (2] + l)e *T (14.26)
Na Qe QU Qr .

where Q., Q,, and Q, are the electronic, vibrational, and rotational partition
functions and the only degeneracy to be included in the numerator is (2J” + 1).
At temperatures >> B, (hc/k), the rigid rotor result

0, = (14.27)

he
B,

is often a reasonable approximation to the complete sum. (It is useful to remember
he/k = 1.44K/cm™'.) While Q, can also be represented simply for a harmonic
oscillator,

—hcwe
e 2T

0y = ——— (14.28)

—hcwe

1 —e &1
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accurate values of Q, for realistic anharmonic oscillators at elevated temperatures
may require performing the sum (14.23), from v = 0 to a high enough v that the
sum converges.

Finally, we consider Q.. For many molecules, the excited electronic levels, i.e.
levels other than the ground X configuration, have sufficiently high energies that
they do not contribute to the sum except at extremely high temperatures (they
are negligibly populated at lower temperatures). When only the ground electronic
configuration is populated, we can simply model Q. as the “degeneracy” of the
ground electronic configuration

Qe =ge =25+ 1)(2—do.n) (14.29)

where §p 5 is 1 if A = 0 (X states), otherwise it is 0. We have to remember, however,
that the splitting between different spin levels F; can actually be appreciable (per-
haps 100-200cm™! or, equivalently, a few hundred Kelvin). At low temperatures,
where this splitting is important, we can approximate the effect with

Qc=@2—8un) Y exp —helFild) — 1 Un) (14.30)

1..(25+1) kT

where J,, is the minimum J value for the F; level. This works well for a Hund’s
case (a) state, where the spin-splitting is a constant value. Unfortunately for many
molecules, this is not the case. From the Eq. (14.5) for states intermediate between
Hund’s cases (a) and (b), we have already seen that the splitting varies with J.

Combined with the inaccuracy of the rigid rotor approximation (14.27) at low
temperatures, the full summation (14.24) should be performed when the temperature
is low and when high degrees of accuracy are required. It should also be noted
that comparisons between different transitions at the same temperature can be
carried out with ease and accuracy, since the ratio of the absorption coefficients
is independent of the partition functions.

Example Calculation

As an example, consider the spectral absorption coefficient of the (0,0)Q;(9) line
in the OH A2X " — XTI system, at line center. The transition occurs at ~309.6 nm
or roughly 32,300 cm™". For the calculation, we will use a temperature of 2000 K, a
collision fullwidth of 0.05 cm™!, and we will express the answer as a function of OH
partial pressure. Again from (14.11) the spectral absorption coefficient is given by

cm? Py Nwo.s.0.0)"

k, [em™'] = 2.651 x 1072 o (ve)



242 14 Case Studies: Molecular Spectroscopy

where we have written the number density of absorber molecules in terms of their
partial pressure (N, = P,/kT). So, we need to calculate the absorption oscillator
strength, the population fraction, and the lineshape factor at linecenter.

The oscillator strength from Tables 14.2 and 14.3 is

S]//J/ —4
fouo) = forvr gy = 0.00096 x 0.947 = 9.09 x 10

The population fraction in the absorbing state (v’ = 0, F.(9.5)), according
to (14.26) and with the term energies from (14.2), (14.5) and the values in
Table 14.1, is

—heTe(0) —heG(0) —heFy(9.5)
Nji(0.5) _ e T Q)+ T
N{l - QL’ QU r
—2660 K —2313K
— é e T Oe T
- T
) 0287 o
_ 1 0.264 6.29
= 4 0287 75.0
= 0.25 0.920 0.0839
= 0.0193

where Q, is from performing the sum, which converges by about v = 3, and Q,
is the electronic “degeneracy” (14.29). It is interesting to note that the harmonic
oscillator approximation gives Q,, = 0.280, a 2.4 % difference from the converged
sum. Also, the final result, 1.93 % of the OH molecules in (v = 0) F.(9.5) of the
X state, is very close to the value of 1.91 % obtained from performing the complete
sum over states (14.24).

The final component in the absorption coefficient calculation is the lineshape
factor. At 2000K, the OH Doppler width is 0.25cm™!. With the collision
width given earlier, 0.05cm™!, this gives a Voigt a parameter of 0.17. At line
center (x = 0), the Voigt profile ¢ is 3.13cm or 1.04 x 107's (ignoring
the collision broadening would have given us ¢ = 3.75cm). So we have

ko = (2.651 x 1072 %)(Pa [atm])(3.66 x 108 _c::ms)

1

x(1.93%)(9.09 x 1074)(1.04 x 1071%5) = 1772 (P, [atm])

atm

which may be rounded to k,, = (180 cm™!/atm)(P, [atm]) for present purposes.
Recalling Beer’s law,

I, = I%exp(—k,L)

we calculate that a narrowband laser centered on the Q(9) transition would see
approximately 59 % absorption in Scm of gas containing 1000 ppm of OH at
2000 K, 1 atm (total static pressure).
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Fig. 14.6 Plot of OH line strengths for a selected region of the A2X+ <« X2T1(0,0) band at
2000K

As a more comprehensive illustration of the information presented here, Fig. 14.6
shows 2000 K line strengths, k,/¢ (v) (also known as integrated line intensity), for
lines in the (0,0) band between 305.9 and 310.1 nm. Unlike the example calculation
shown above, the units of the line strength are presented in wavenumbers (e.g., ¢ (V)
has units of [cm] instead of [s]). To convert into the units given earlier, simply divide
by ¢ [cm/s].

In the figure, vertical lines are plotted for each transition, with the height
representing the line strength. Lines belonging to a specific branch are connected
(at the top) with a dashed or dotted curve. The main branches are those connected
by thicker dashed lines, while the cross-branch lines are identified by thin dotted
lines. Each branch is labelled, using the standard notation where the AN symbol
has been dropped.

The bandheads associated with the R branches are clearly seen. (Remember, the
bandheads can be predicted by comparing the B, values of the upper and lower
states; if B,y < B,», we get a bandhead in the R branches and if B,y > B,», we
get a bandhead in the P branches.) The O,; branch also has a bandhead; recall it is
properly denoted R0, . The reverse holds for the 9R,, branch.

The following sections provide more brief case studies of spectra in the visible,
near-infrared, and mid-infrared.
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14.2 Visible/Near-Infrared O, Spectroscopy

Quantitative detection of molecular oxygen is of interest for monitoring biological
and chemical processes, and for planetary sciences. Due to oxygen’s symmetry,
absorption and emission interactions are generally constrained to electronic or rovi-
bronic transitions. Although electronic spectra are predominant in the ultraviolet,
some transitions may be observed in the visible or near-infrared wavelength domain,
enabling utilization of more convenient and less expensive light sources, such as
tunable diode lasers, to conduct spectroscopic measurements.

The observation of the solar spectrum around 760 nm in telescopes has shown
the fine structure of a weak, spin-forbidden, atmospheric oxygen absorption band.
The analysis of the line positions and their absolute wavelength measured precisely
by interferometry has shown that this band corresponds to transitions between the
X’ (v” = 0) electronic ground state of O, and the b' = (v" = 0) excited state.
Potential curves of the electronic states of the O, are shown in Fig. 14.7.

The rotational levels of the O, electronic states are designated by the quantum
numbers N and J, corresponding, respectively, to the rotational angular momentum
of the nuclei and the total angular momentum (with” for the ground state and’
for the excited state). The ground electronic state, which is a triplet state with a
spin of unity, is split into levels corresponding to J” = N”, J” = N” — 1, and

E” (cm™) |
60,000 | N  ocfm+olD
I —
B X, OCP)+0CP)
40,000 | |l TN
20,000 [
0 =
1 1 1 1 1 1

1 2 3 d (A)

Fig. 14.7 Potential energy diagram for diatomic molecular oxygen [1]
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Table 14.4 Spectroscopic constants for O,
State T, [em™']| w.[em™"] w X, [cm™!]
X33 (" =0)0 1580.36 | 12.07
b' Y (v =0)]13,195.22 1432.69 | 13.95

J” = N” + 1, with only odd values of N allowed. The excited state (zero spin) is
composed of singlet states with J = N’, where only even values of N’ are allowed.
The selection rules allow four types of transitions, denoted ANAJ(N”,J"), with
ANAJ = PP, PQ, RR, RO.

Example: RQ(7, 7) is a transition from N” = 7,J" =7
state tothe N/ = 8,J = 7.

For the X* Y~ (v" = 0) electronic ground state of O, and the b' Z;' @ = 0)
excited state, Herzberg gives the constants listed in Table 14.4:

The band center for this transition can be calculated from the energy difference
between X 3~ (v = 0) and b' Z;' (v = 0). Use the following equation, we can
find the band center:

T4 o, wX, o/ n w X!
e N 4

The atmospheric A-band band center is calculated to be 13,120.915 cm™ L

The set of the PP and PQ lines form the P branch, at frequencies smaller
than 13,120cm™!; the set of the RR and RQ lines form the R branch, located at
frequencies higher than 13,120 cm™ ! At 13,165cm™!, the R lines gather to form a
bandhead (see Fig. 14.8).

14.3 Near-Infrared H,0 Spectroscopy: Lineshapes

Accurate lineshape models are needed to simulate absorption and emission spectra
and, therefore, are often required for quantitative absorption- or emission-based
measurements of gas conditions. Complicating matters are the large number of
variables that influence the transition lineshape including temperature, pressure,
collision partner (i.e., composition), and even transition states, to name only a few.
The Voigt profile often provides satisfactory accuracy (typically within 1-2 % of
peak absorbances) despite only accounting for Doppler and collisional broadening
and assuming them to be independent processes. However, H,O and other molecules
with large rotational-energy-level spacing (e.g., HF, HBr, HCI) often require the use
of more advanced lineshape models that address the assumptions of the Voigt profile
and account for additional collision physics. This section will briefly present a few
cases where Rautian (RP) [2], Galatry (GP) [3], and quadratic speed-dependent
Voigt (qSDVP) [4] profiles were used to more accurately model the lineshapes of
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Fig. 14.9 Experimental setup used to measure H,O lineshapes

high-J H,O absorption transitions and discuss the influence of temperature upon
H,O lineshapes. More details regarding this work can be found in [5] and similar
lineshape studies can be found in [6—10].

14.3.1 Experimental Setup

Figure 14.9 shows a schematic of the experimental setup used. Tunable diode lasers
(TDLs) with a linewidth <5 MHz were scanned across 7 high-J rovibrational H,O
transitions near 1.4 uwm at temperatures and pressures up to 1300 K and 800 Torr,
respectively. Measurements were acquired in pure H,O and H,O-N, mixtures in
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Fig. 14.10 Measured /, and [, for single scans across H,O transitions near 1345 nm at various
pressures. I, = I, at non-resonant wavelengths

a heated static cell. Each TDL was injection-current tuned approximately 1cm™!

with a 100Hz triangle wave generated by an analogue function generator. The
laser light was collimated and pitched through 3-zone quartz cell with a 76.2 cm
test section using a double-pass arrangement. The quartz cell was located within a
3-zone furnace to provide a near-uniform test section at up to 1300 K. The transmit-
ted laser light was measured using an InGaAs photodetector with a 3 mm diameter
active area and 3 MHz bandwidth.

A fiber-coupled fused-silica etalon with a free-spectral range (FSR) of 0.02 cm™
was used to characterize the wavelength tuning of each laser and convert the data
from the time domain to the optical frequency domain. The measured spectral
absorbance, «(v), was then calculated using Beer’s Law after the background
emission was subtracted from I,(¢) and I,(¢). Figure 14.10 shows measured I, and I,
for a single scan across transitions near 1345 nm at a few different pressures.

1

14.3.2 Experimental Results

Influence of Lineshape Model

Figure 14.11 shows measured absorbance spectra and best-fit lineshape residuals for
H,O transitions near 7413.02cm™! with J” = 8 and 6919.95cm™! with J” = 14.
Upon immediate comparison it is clear that transition near 7413.02cm™" has a
much larger collisional-broadening coefficient and the best-fit Voigt profile is more
accurate compared to that of the transition near 6919.95cm™!. This is because
the larger collisional broadening of the transition near 7413.02cm™! mitigates the
influence of Dicke narrowing and the speed-dependence of collisional broadening.
For the transition near 6919.95cm™! at the conditions studied, the best-fit Voigt
profile recovers the measured absorbance spectra within only 6 % of the peak
absorbances, and exhibits a systematic gull-wing shaped residual with the largest
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Fig. 14.11 Measured absorbance spectra and best-fit lineshape residuals for H,O transitions
near 7413cm™! with J” = 8 (left) and 6919.9cm™! with J” = 14 (right). The Voigt profile
is significantly less accurate for the transition near 6919.9 cm™!

errors near v, and in the near-wings of the transition. In comparison, the more
advanced Rautian, Galatry, and speed-dependent Voigt profiles provide significantly
smaller residuals and recover the measured spectra within 0.5-1 % of the peak
absorbance. This suggests that Dicke narrowing and/or speed-dependent broadening
are primarily responsible for the non-Voigt shape. This trend was consistent for
all transitions studied and the accuracy of the Voigt profile steadily declined with
increasing J”; however, this is not always expected as collisional broadening
depends on more than J” [11,12].

The best-fit lineshape parameters can vary significantly with the lineshape
model used. Figure 14.12 shows the best-fit lineshape parameters as a function
of temperature for the transitions near 7413.02cm™! (left) and 7471.6cm™! with
J" = 16 (right) perturbed by N,. The best-fit N,-broadening coefficients are nearly
equal for the Voigt, Galatry, Rautian, and speed-dependent Voigt profile for the
transition near 7413.02 cm™', but vary greatly for the transition near 7471.6cm™".
This is because non-Voigt effects are relatively insignificant for the transition near
7413.02cm™! (in which case all lineshape models studied here reduce to the VP),
but play a significant role in the lineshape of the transition near 7471.6 cm™" due to
its larger energy-level spacing and smaller collisional broadening.

Influence of Temperature on Collision Broadening

Temperature can influence collision broadening by modifying: (1) the relative
velocity distributions and the probability of collision-induced state changes, (2)
the trajectories of the perturber relative to the absorber, and (3) the population
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Fig. 14.12 Measured yy,, Y2 n,, and By, for the H,O transitions near 7413.02 cm~ ! withJ” =8
(left) and 7471.6 cm™! with J”” = 16 (right). Dotted lines correspond to best-fit power-law model

distribution of the perturber across its rotational and vibrational states [13]. Depend-
ing on the species and energy levels involved, these processes compete with
one another and can lead to collisional-broadening coefficients with a complex
temperature dependence.

If the spacing between rotational states is small, collisions easily shuffle
molecules between rotational states and the collisional-broadening coefficient
decreases with increasing temperature, typically with n near 0.75, primarily due
to the reduced collision frequency. If the rotational-energy spacing is large, only
strong collisions can shuffle molecules between rotational states and, therefore,
collisional-broadening coefficients may increase with increasing temperature due to
the corresponding increase in thermal energy and, potentially, increased collisional
resonance (i.e. matching rotational energy-level spacing between absorber and
collision partner).

Figure 14.13 shows the best-fit yy, as a function of temperature for all transitions
studied using the speed-dependent Voigt profile. In general, as J” is increased, yu,
and n decrease. Around J” = 10, n becomes negative (i.e., yy, increases with
increasing temperature) indicating the importance of increased thermal energy and
collisional resonance on Nj-broadening of these high-J H,O transitions. A detailed
discussion regarding this phenomenon can be found in [13].

14.4 Mid-Infrared Spectroscopy of Hydrocarbons and Other
Organic Compounds

Detection of volatile organic compounds (VOCs) is of interest for energy, health,
and environmental monitoring. Time-resolved sensing of fuels and fuel interme-
diates, largely hydrocarbons, are of particular importance to understanding the
chemical kinetics of fuels. Here we review vibrational spectroscopy (infrared) of
hydrocarbons and other organic species.
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Table 14.5 Typical

vibrations

Vibration

—C=C-H: C-H bend

C-H rock
C-H out-of-plane
=C-H bend
C-0 stretch
C-N stretch
C-H rock
C-H bend
C—C stretch
—C=C- stretch
C=0 stretch
C-H stretch
O-H stretch

characteristic frequencies

for hydrocarbon

Frequency range [cm '] | Functional group

600-700
720-740
675-900
650-1000
1000-1320
1250-1340
1300-1370
1450-1470
1400-1600
1640-1700
1665-1760
2690-3330
2500-3650

Alkynes

Alkanes
Aromatics
Alkenes
Alcohols, esters
Amines

Alkanes

Alkanes
Aromatics
Alkenes
Aldehydes, ketones
All hydrocarbons
Alcohols

As detailed in previous chapters, the characteristic frequencies of absorption or
emission for a given molecule are unique to the chemical bond structure of the
molecule. Because many hydrocarbons have similar bonds or groups of bonds, these
species have similar vibrational modes and correspondingly similar characteristic
infrared spectra. Table 14.5 shows a list of characteristic vibrational modes and
frequencies along with the associated functional groups.

The infrared absorption spectra of methane and octane [14], both saturated
hydrocarbons (alkanes), are shown in Fig. 14.14. Some characteristic vibrational
bands are labeled. Comparison of the two spectra highlights a few important fea-
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Fig. 14.14 FTIR measurements of octane and methane at 1 atm and 25 °C

tures. The C—H stretch vibration near 3000 cm™! provides the strongest resonance
for both species, and this is common to all alkanes. Discrete rotational lines are
not observed for octane, whereas they can be observed for methane. This results
directly from the much larger moment of inertia for octane due to its larger
size and correspondingly smaller line spacing between transitions. Similarly, for
many organic compounds of moderate size (N > 6 atoms), discrete rovibrational
transitions are blended, and only the vibrational bands, which include an aggregate
of blended lines, are observed. Since vibrations like the C—H stretch near 3000 cm ™!
can be common to many organic species (e.g., alkanes, alkynes, aromatics, alkenes,
aldehydes), the observed spectra of this band in a complex gas mixture offers poor
differentiation for large molecules of interest for gas detection. Conversely, the
spectral window between 700 and 1300cm™' is only active for the larger octane
molecule, a result of interacting vibrational modes which can be difficult to interpret
but are unique to a given organic compound. This spectral window is commonly
referred to as the fingerprint region for large hydrocarbons and provides good
differentiation at the expense of weaker absorption.

Figure 14.15 provides two examples of the distinct spectral features observed
when hydrocarbons are oxygenated (e.g., alcohols, ethers, ketones) [14]. The
inclusion of an oxygen atom yields different chemical bond structure and unique
vibrational spectra, as shown here for ethanol and acetone.
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Appendices



o, Spectral absorptivity [no units] at frequency v or over the frequency range
v—>v+dv

&y Spectral emissivity [no units] at frequency v or over the frequency range
v—>v+dv

ky Spectral absorption coefficient [cm™'] at frequency v or over the frequency
range v — v + dv

I, Spectral intensity with units of power per unit area per unit spectral interval
[VXI C,“}z] in the frequency range v — v + dv

I Total radiant intensity [W/cm?]

1 Incident radiation intensity

I(v) Radiant intensity at frequency v [W/cm?]

v Frequency [cm™ or s™!]

v Frequency [cm™']

P Power [W]

T, Spectral transmissivity [no units] at frequency v or over the frequency range
v—v+dv
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Voigt Tables

These tables contain the values of the Voigt function, V(a, w), for a variety of values

of “a” and “w”. Each page list values of “a” across the top and values of “w” down

the left column.’

_a [T exp(—y?)dy

ITabulated by Liebeskind, 1/30/92.
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260 B Voigt Tables

w\¢ 10.10 020 |030 040 |050 |0.60 |0.70 |0.80 |0.90 1.00

0.00 |0.8965 | 0.8090 | 0.7346 | 0.6708 | 0.6157 | 0.5678 | 0.5259 | 0.4891 | 0.4565 | 0.4276
0.10 | 0.8885 | 0.8026 | 0.7293 | 0.6665 | 0.6121 | 0.5648 | 0.5234 | 0.4870 | 0.4547 | 0.4260
0.20 | 0.8650 | 0.7835 | 0.7138 | 0.6537 | 0.6015 | 0.5560 | 0.5160 | 0.4807 | 0.4494 | 0.4215
0.30 | 0.8272|0.7529 | 0.6887 | 0.6330 | 0.5843 | 0.5416 | 0.5039 | 0.4705 | 0.4407 | 0.4140
0.40 |0.7773 | 0.7121 | 0.6552 | 0.6053 | 0.5613 | 0.5222 | 0.4876 | 0.4566 | 0.4288 | 0.4038
0.50 |0.7176 | 0.6632 | 0.6149 | 0.5717 | 0.5332 | 0.4986 | 0.4675 | 0.4395 | 0.4142 | 0.3912
0.60 | 0.6511 | 0.6083 | 0.5692 | 0.5336 | 0.5011 | 0.4715 | 0.4444 1 0.4198 | 0.3972 | 0.3766
0.70 | 0.5807 | 0.5497 | 0.5202 | 0.4923 | 0.4661 | 0.4417 | 0.4190 | 0.3979 | 0.3783 | 0.3602
0.80 |0.5093 | 0.4897 | 0.4695 | 0.4492 | 0.4294 | 0.4103 | 0.3919 | 0.3745 | 0.3580 | 0.3425
0.90 |0.4394 | 0.4303 | 0.4187 | 0.4058 | 0.3920 | 0.3780 | 0.3640 | 0.3502 | 0.3368 | 0.3239
1.00 |0.3732]0.3732 1 0.3694 | 0.3630 | 0.3549 | 0.3456 | 0.3357 | 0.3254 | 0.3151 | 0.3047
1.20 |0.2574 | 0.2709 | 0.2792 | 0.2834 | 0.2846 | 0.2835 | 0.2807 | 0.2767 | 0.2718 | 0.2662
1.40 1 0.1684 | 0.1892 | 0.2047 | 0.2157 | 0.2233 | 0.2280 | 0.2306 | 0.2314 | 0.2308 | 0.2292
1.60 | 0.1058 | 0.1289 | 0.1473 | 0.1617 | 0.1728 | 0.1812 | 0.1872 | 0.1914 | 0.1940 | 0.1954
1.80 | 0.0651 | 0.0871 | 0.1055 | 0.1208 | 0.1333 | 0.1434 | 0.1514 | 0.1576 | 0.1623 | 0.1657
2.00 |0.04020.0595 | 0.0764 | 0.0909 | 0.1034 | 0.1138 | 0.1226 | 0.1298 | 0.1356 | 0.1402
2.20 |0.0257 | 0.0419 | 0.0566  0.0697 | 0.0812 | 0.0912 | 0.0999 | 0.1074 | 0.1137 | 0.1189
2.40 10.01740.0308 | 0.0432 | 0.0546 | 0.0649 | 0.0741 | 0.0823 | 0.0896 | 0.0959 | 0.1013
2.60 0.01260.0237 | 0.0341 | 0.0438 | 0.0529 | 0.0612 | 0.0687 | 0.0755 | 0.0815 | 0.0869
2.80 |0.0098 | 0.0189 | 0.0277 | 0.0361 | 0.0439 | 0.0513 | 0.0580 | 0.0643 | 0.0699 | 0.0750
3.00 |0.0079 | 0.0156 | 0.0231 | 0.0303 | 0.0371 | 0.0436 | 0.0497 | 0.0553 | 0.0605 | 0.0653
3.20 |0.0067 | 0.01320.0196 | 0.0259 | 0.0318 | 0.0376 | 0.0430 | 0.0481 | 0.0529 | 0.0573
3.40 |0.0057 | 0.0114 | 0.0170 | 0.0224 | 0.0277 | 0.0327 | 0.0376 | 0.0422 | 0.0465 | 0.0506
3.60 |0.00500.0100 | 0.0148 | 0.0196 | 0.0243 | 0.0288 | 0.0332 | 0.0373 | 0.0413 | 0.0450
3.80 | 0.0044 | 0.0088 | 0.0131 | 0.0274 | 0.0215 | 0.0256 | 0.0295 | 0.0333 | 0.0369 | 0.0403
4.00 |0.0039 | 0.0078 | 0.0117 | 0.0155 | 0.0192 | 0.0229 | 0.0264  0.0298 | 0.0331 | 0.0363
420 |0.0035|0.0070 | 0.0105 | 0.0139 | 0.0173 | 0.0206 | 0.0238 | 0.0269 | 0.0299 | 0.0328
4.40 |0.0032|0.0063 | 0.0095 | 0.0126 | 0.0156 | 0.0186 | 0.0216 | 0.0244 | 0.0272 | 0.0299
4.60 |0.0029 | 0.0058 | 0.0086 | 0.0114 | 0.0242 | 0.0169 | 0.0196 | 0.0222 | 0.0248 | 0.0273
4.80 |0.0026 | 0.0052 | 0.0078 | 0.0104 | 0.0130 | 0.0155 | 0.0179 | 0.0204 | 0.0227 | 0.0250
5.00 |0.0024 | 0.0048 | 0.0072 | 0.0096 | 0.0119 | 0.0142 | 0.0165 | 0.0187 | 0.0209 | 0.0230
5.50 |0.0020 | 0.0039 | 0.0059 | 0.0078 | 0.0097 | 0.0116 | 0.0135 | 0.0154 | 0.0172 | 0.0190
6.00 |0.0016 | 0.0033 | 0.0049 | 0.0065 | 0.0081 | 0.0097 | 0.0113 | 0.0128 | 0.0144 | 0.0159
6.50 |0.0014 | 0.0028 | 0.0041 | 0.0055 | 0.0069 | 0.0082 | 0.0096 | 0.0109 | 0.0122 | 0.0135
7.00 |0.0012 | 0.0024 | 0.0036 | 0.0047 | 0.0059 | 0.0071 | 0.0082 | 0.0094 | 0.0105 | 0.0116
7.50 |0.0010 | 0.0021 | 0.0031 | 0.0041 | 0.0051 | 0.0061 | 0.0072 | 0.0081 | 0.0091 | 0.0101
8.00 |0.0009 | 0.0018 | 0.0027 | 0.0036 | 0.0045 | 0.0054 | 0.0063 | 0.0071 | 0.0080 | 0.0089
8.50 | 0.0008 | 0.0016 | 0.0024 | 0.0032 | 0.0040 | 0.0048 | 0.0055 | 0.0063 | 0.0071 | 0.0079
9.00 |0.0007 | 0.0014 | 0.0021 | 0.0028 | 0.0035 | 0.0042 | 0.0049 | 0.0056 | 0.0063 | 0.0070
9.50 |0.0006 | 0.0013 | 0.0019 | 0.0025 | 0.0032 | 0.0038 | 0.0044 | 0.0050 | 0.0057 | 0.0063
10.00 | 0.0006 | 0.0011 | 0.0017 | 6.0023 | 0.0029 | 0.0034 | 0.0040 | 0.0046 A 0.0051 | 0.0057
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w\®

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.20
1.40
1.60
1.80
2.00
2.20
2.40
2.60
2.80
3.00
3.20
3.40
3.60
3.80
4.00
4.20
4.40
4.60
4.80
5.00
5.50
6.00
6.50
7.00
7.50
8.00
8.50
9.00
9.50

1.10

0.4017
0.4004
0.3965
0.3900
0.3813
0.3704
0.3576
0.3434
0.3279
0.3115
0.2946
0.2602
0.2268
0.1957
0.1680
0.1438
0.1233
0.1060
0.0916
0.0796
0.0697
0.0614
0.0544
0.0486
0.0436
0.0393
0.0356
0.0324
0.0297
0.0272
0.0251
0.0207
0.0174
0.0148
0.0127
0.0111
0.0097
0.0086
0.0077
0.0069

10.00 | 0.0062

1.20
0.3785
0.3774
0.3740
0.3684
0.3608
0.3513
0.3402
0.3278
0.3142
0.2997
0.2847
0.2540
0.2237
0.1952
0.1694
0.1465
0.1268
0.1099
0.0957
0.0837
0.0736
0.0652
0.0580
0.0519
0.0467
0.0422
0.0383
0.0349
0.0320
0.0294
0.0271
0.0224
0.0188
0.0160
0.0138
0.0120
0.0106
0.0094
0.0084
060075
0.0068

1.30

0.3576
0.3566
0.3537
0.3488
0.3422
0.3339
0.3242
0.3133
0.3013
0.2885
0.2752
0.2476
0.2202
0.1941
0.1700
0.1485
0.1296
0.1132
0.0992
0.0873
0.0772
0.0686
0.0612
0.0550
0.0496
0.0449
0.0408
0.0373
0.0342
0.0314
0.0290
0.0240
0.0202
0.0173
0.0149
0.0130
0.0114
0.0101
0.0090
0.0081
0.0073

1.40

0.3387
0.3379
0.3353
0.3311
0.3252
0.3180
0.3095
0.2998
0.2892
0.2779
0.2660
0.2412
0.2163
0.1923
0.1700
0.1497
0.1317
0.1159
0.1023
0.0905
0.0804
0.0717
0.0643
0.0578
0.0523
0.0475
0.0432
0.0396
0.0363
0.0334
0.0309
0.0256
0.0216
0.0185
0.0160
0.0139
0.0122
0.0109
0.6097
0.0087
0.0079

1.50

0.3216
0.3208
0.3186
0.3148
0.3097
0.3034
0.2958
0.2873
0.2779
0.2678
0.2571
0.2349
0.2123
0.1902
0.1695
0.1504
0.1333
0.1181
0.1048
0.0932
0.0832
0.0745
0.0670
0.0605
0.0548
0.0499
0.0455
0.0417
0.0383
6.0354
0.0327
0.0272
0.0230
0.0196
0.0170
0.0148
0.0131
0.0116
0.0103
0.0093
0.0084

1.60

0.3060
0.3053
0.3033
0.3000
0.2955
0.2899
0.2832
0.2756
0.2672
0.2582
0.2487
0.2286
0.2080
0.1878
0.1685
0.1506
0.1344
0.1198
0.1069
0.0956
0.0857
0.0771
0.0695
0.0629
0.0572
0.0521
0.0477
0.0438
0.0403
0.0372
0.0344
0.0287
0.0243
0.0208
0.0180
0.0157
0.0139
0.0123
0.0110
0,0099
0.0089

1.70

0.2917
0.2911
0.2893
0.2864
0.2824
0.2774
0.2715
0.2647
0.2572
0.2492
0.2406
0.2224
0.2037
0.1851
0.1672
0.1504
0.1350
0.1211
0.1086
0.0976
0.0879
0.0793
0.0718
0.0652
0.0594
0.0542
0.0497
0.0457
0.0421
0.0389
0.0361
0.0302
0.0256
0.0219
0.0190
0.0166
0.0147
0.0130
0.0116
0.0105
0.0095

1.80

0.2786
0.2780
0.2765
0.2739
0.2703
0.2659
0.2606
0.2546
0.2479
0.2406
0.2329
0.2164
0.1993
0.1822
0.1656
0.1499
0.1353
0.1220
0.1100
0.0993
0.0897
0.0813
0.0738
0.0672
0.0614
0.0562
0.0516
0.0475
0.0439
0.0406
0.0377
0.0316
0.0268
0.0230
0.0200
0.0175
0.0154
0.0137
0.0123
0.0110
0.0100

1.90

0.2665
0.2660
0.2646
0.2624
0.2592
0.2552
0.2505
0.2451
0.2390
0.2325
0.2255
0.2106
0.1949
0.1792
0.1637
0.1490
0.1353
0.1226
0.1111
0.1007
0.0914
0.0830
0.0756
0.0691
0.0632
0.0580
0.0534
0.0492
0.0455
0.0422
0.0392
0.0329
0.0280
0.0241
0.0209
0.0183
0.0162
0.0144
0.0129
0.0116
0.0105
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2.00

0.2554
0.2550
0.2537
0.2517
0.2488
0.2453
0.2410
0.2362
0.2307
0.2248
0.2185
0.2049
0.1906
0.1761
0.1617
0.1480
0.1350
0.1229
0.1118
0.1018
0.0927
0.0846
0.0773
0.0709
0.0649
0.0597
0.0550
0.0508
0.0471
0.0437
0.0406
0.0342
0.0292
0.0252
0.0219
0.0192
0.0169
0.0151
0.0135
0.0122
0.0110
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w\¢ 1220 |240 (2,60 280 [3.00 320 [3.40 [3.60 |3.80 4.00

0.00 |0.2356 | 0.2185|0.2036 | 0.1905 | 0.1790 | 0.1687 | 0.1595 | 0.1513 | 0.1438 | 0.1370
0.10 |0.2353 1 0.2182 | 0.2034 | 0.1904 | 0.1788 | 0.1686 | 0.1594 | 0.1512 | 0.1437 | 0.1369
0.20 10.2343 |1 0.2174 | 0.2027 | 0.1898 | 0.1784 | 0.1682 | 0.1591 | 0.1509 | 0.1434 | 0.1367
0.30 |0.2326 | 0.2160 | 0.2016 | 0.1889 | 0.1776 | 0.1675 | 0.1585 | 0.1504 | 0.1430 | 0.1363
0.40 |0.2303 | 0.2142 | 0.2000 | 0.1876 | 0.1765 | 0.1666 | 0.1577 | 0.1497 | 0.1424 | 0.1358
0.50 |0.22740.2118 | 0.1981 | 0.1859 | 0.1751 | 0.1654 | 0.1567 | 0.1488 | 0.1417 | 0.1352
0.60 |0.2240 | 0.2090 | 0.1957 | 0.1839 | 0.1734 | 0.1640 | 0.1555 | 0.1478 | 0.1408 | 0.1344
0.70 |0.2200 | 0.2057 | 0.1930 | 0.1817 | 0.1715 | 0.1623 | 0.1541 | 0.1466 | 0.,1397 | 0.1334
0.80 |0.21550.2020 | 0.1899 | 0.1791 | 0.1693 | 0.1605 | 0.1525 | 0.1452 | 0.1385 | 0.1324
0.90 |0.2107 | 0.1980 | 0.1866 | 0.1762 | 0.1669 | 0.1584 | 0.1507 | 0.1436 | 0.1371 | 0.1312
1.00 |0.2055 | 0.1936 | 0.1829 | 0.1731 | 0.1643 | 0.1561 | 0.1487 | 0.1419 | 0.1357 | 0.1299
1.20 0.1942 | 0.1842 | 0.1749 | 0.1663 | 0.1584 | 0.1511 | 0.1444 | 0.1381 | 0.1323 | 0.1270
1.40 0.18210.1740 | 0.1662 | 0.1589 | 0.1520 | 0.1456 | 0.1395 | 0.1339 | 0.1286 | 0.1237
1.60 1 0.1697 1 0.1633 | 0.1571 | 0.1510 | 0.1451 | 0.1396 | 0.1343 | 0.1293 | 0.1245 | 0.1201
1.80 1 0.1573 1 0.1526 | 0.1477 | 0.1428 | 0.1380 | 0.1333 | 0.1288 | 0.1244 | 0.1202 | 0.1162
2.00 |0.1452|0.1420 | 0.1384 | 0.1346 | 0.1308 | 0.1269 | 0.1231 | 0.1193 | 0.1157 |0.1121
220 |0.1337 10.1317 | 0.1293 | 0.1265 | 0.1235 | 0.1204 | 0.1173 | 0.1141 | 0.1110 | 0.1080
240 10.1228 |1 0.1219 | 0.1204 | 0.1185 | 0.1164 | 0.1140 | 0.1115 | 0.1089 | 0.1063 | 0.1037
2.60 |0.1126 | 0.1126 | 0.1120 | 0.1109 | 0.1094 | 0.1077 | 0.1058 | 0.1037 | 0.1016 | 0.0994
2.80 |0.1033 | 0.1040 | 0.1041 | 0.1036 | 0.1028 | 0.1016 | 0.1002 | 0.0986 | 0.0969 | 0.0951
3.00 |0.0947 | 0.0960 | 0.0966 | 0.0967 | 0.0964 | 0.0957 | 0.0948 | 0.0937 | 0.0924 | 0.0909
3.20 |0.0870 | 0.0887 | 0.0897 | 0.0903 | 0.0904 | 0.0901 | 0.0896 | 0.0888 | 0.0879 | 0.0868
3.40 |0.0799 | 0.0819 | 0.0833 | 0.0842 | 0.0847 | 0.0848 | 0.0846 | 0.0842 | 0.0836 | 0.0828
3.60 | 0.07360.0758 | 0.0774 | 0.0786 | 0.0794 | 0.0798 | 0.0799 | 0.0798 | 0.0794 | 0.0789
3.80 |0.06780.0702 | 0.0720 | 0.0734 | 0.0744 | 0.0751 | 0.0754 | 0.0756 | 0.0754 | 0.0752
4.00 |0.0626 | 0.0651 | 0.0670 | 0.0686 | 0.0698 | 0.0707 | 0.0712 | 0.0715 | 0.0717 | 0.0716
4.20 |0.0580 | 0.0604 | 0.0625 | 0.0642 | 0.0655 | 0.0665 | 0.0673 | 0.0678 | 0.0680 | 0.0681
4.40 |0.0537 | 0.0562 | 0.0583 | 0.0601 | 0.0615 | 0.0627 | 0.0635 | 0.0642 | 0.0646 | 0.0649
4.60 |0.0499 | 0.0524 | 0.0545 | 0.0563 | 0.0578 | 0.0591 | 0.0600 | 0.0608 | 0.0614 | 0.0618
4.80 |0.0464 | 0.0489 | 0.0510 | 0.0528 | 0.0544 | 0.0557 | 0.0568 | 0.0576 | 0.0583 | 0.0588
5.00 |0.0433|0.0457 | 0.0478 | 0.0496 | 0.0512 | 0.0526 | 0.0537 | 0.0547 | 0.0554 | 0.0560
5.50 |0.0367 | 0.0389 | 0.0409 | 0.0427 | 0.0443 | 0.0457 | 0.0469 | 0.0480 | 0.0489 | 0.0496
6.00 |0.0314 | 0.0334 | 0.0353 | 0.0370 | 0.0386 | 0.0400 | 0.0412 | 0.0423 | 0.0433 | 0.0441
6.50 |0.0271 | 0.0290 | 0.0307 | 0.0323 | 0.0338 | 0.0351 | 0.0364 | 0.0375 | 0.0385 | 0.0394
7.00 |0.0236 | 0.0253 | 0.0269 | 0.0284 | 0.0298 | 0.0311 | 0.0323 | 0.0334 | 0.0344 | 0.0353
7.50 |0.0208 | 0.0223 | 0.0238 | 0.0251 | 0.0264 | 0.0277 | 0.0288 | 0.0298 | 0.0308 | 0.0317
8.00 |0.0184 | 0.0198 | 0.0211 | 0.0224 | 0.0236 | 0.0247 | 0.0258 | 0.0268 | 0.0277 | 0.0286
8.50 0.0164 | 0.0177 | 0.0189 | 0.0201 | 0.0212 | 0.0222 | 0.0232 | 0.0242 | 0.0251 | 0.0259
9.00 |0.0147 | 0.0159 | 0.0170 | 0.0181 | 0.0191 | 0.0201 | 0.0210 | 0.0219 | 0.0227 | 0.0236
9.50 |0.0132/0.0143 | 0.0153 | 0.0163 | 0.0173 | 0.0182 | 0.0191 | 0.0199 | 0.0207 | 0.0215
10.00 1 0.0120 | 0.0130 | 0.0139 | 0.0148 | 0.0157 | 0.0166 | 0.0174 | 0.0182 | 0.0189 | 0.0197
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w\?

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.20
1.40
1.60
1.80
2.00
2.20
2.40
2.60
2.80
3.00
3.20
3.40
3.60
3.80
4.00
4.20
4.40
4.60
4.80
5.00
5.50
6.00
6.50
7.00
7.50
8.00
8.50
9.00
9.50

4.50

0.1225
0.1224
0.1223
0.1220
0.1216
0.1211
0.1206
0.1199
0.1191
0.1182
0.1173
0.1151
0.1127
0.1099
0.1070
0.1039
0.1007
0.0973
0.0939
0.0905
0.0871
0.0837
0.0803
0.0770
0.0738
0.0707
0.0677
0.0648
0.0621
0.0594
0.0568
0.0510
0.0458
0.0412
0.0371
0.0336
0.0305
0.0278
0.0254
0.0232

10.00 | 0.0213

5.00

0.1107
0.1107
0.1105
0.1103
0.1101
0.1097
0.1093
0.1088
0.1082
0.1075
0.1068
0.1052
0.1033
0.1012
0.0989
0.0965
0.0939
0.0913
0.0886
0.0858
0.0830
0.0802
0.0774
0.0746
0.0719
0.0692
0.0666
0.0641
0.0616
0.0593
0.0570
0.0516
0.0468
0.0424
0.0385
0.0351
0.0320
0.0293
0.0269
0.0247
0.0228

5.50

0.1010
0.1009
0.1008
0.1007
0.1005
0.1002
0.0999
0.0995
0.0990
0.0985
0.0980
0.0967
0.0952
0.0936
0.0918
0.0899
0.0879
0.0857
0.0835
0.0812
0.0789
0.0766
0.0743
0.0719
0.0696
0.0673
0.0651
0.0629
0.0607
0.0586
0.0566
0.0517
0.0472
0.0432
0.0395
0.0362
0.0332
0.0305
0.0281
0.0260
0.0240

6.00

0.0928
0.0928
0.0927
0.0926
0.0924
0.0922
0.0919
0.0916
0.0913
0.0909
0.0904
0.0894
0.0883
0.0870
0.0855
0.0840
0.0823
0.0806
0.0788
0.0769
0.0750
0.0731
0.0711
0.0692
0.0672
0.0652
0.0633
0.0613
0.0595
0.0576
0.0558
0.0514
0.0473
0.0436
0.0401
0.0370
0.0341
0.0315
0.0292
0.0270
0.0251

6.50

0.0858
0.0858
0.0857
0.0856
0.0855
0.0853
0.0851
0.0849
0.0846
0.0843
0.0839
0.0831
0.0822
0.0811
0.0800
0.0787
0.0774
0.0760
0.0745
0.0729
0.0713
0.0697
0.0680
0.0664
0.0647
0.0630
0.0613
0.0596
0.0580
0.0563
0.0547
0.0508
0.0471
0.0437
0.0404
0.0375
0.0347
0.0322
0.0300
0.0279
0.0259

7.00

0.0798
0.0798
0.0797
0.0797
0.0796
0.0794
0.0792
0.0790
0.0788
0.0786
0.0783
0.0776
0.0769
0.0760
0.0751
0.0740
0.0729
0.0717
0.0705
0.0692
0.0679
0.0665
0.0651
0.0636
0.0622
0.0607
0.0593
0.0578
0.0564
0.0549
0.0535
0.0500
0.0466
0.0435
0.0405
0.0377
0.0351
0.0328
0.0306
0.0235
0.0267

7.50

0.0746
0.0746
0.0745
0.0745
0.0744
0.0743
0.0741
0.0740
0.0738
0.0736
0.0733
0.0728
0.0722
0.0715
0.0707
0.0698
0.0689
0.0679
0.0668
0.0658
0.0646
0.0635
0.0622
0.0610
0.0598
0.0585
0.0572
0.0560
0.0547
0.0534
0.0521
0.0490
0.0460
0.0431
0.0404
0.0378
0.0354
0.0331
0.0310
0.0290
0.0272

8.00

0.0700
0.0700
0.0699
0.0699
0.0698
0.0697
0.0696
0.0695
0.0693
0.0691
0.0689
0.0685
0.0680
0.0674
0.0667
0.0660
0.0652
0.0644
0.0635
0.0626
0.0616
0.0606
0.0596
0.0585
0.0574
0.0563
0.0552
0.0541
0.0530
0.0519
0.0507
0.0480
0.0452
0.0426
0.0401
0.0377
0.0354
0.0333
0.0313
0.0294
0.0276

9.00

0.0623
0.0623
0.0623
0.0622
0.0622
0.0621
0.0620
0.0619
0.0618
0.0617
0.0616
0.0613
0.0609
0.0605
0.0600
0.0595
0.0589
0.0583
0.0576
0.0569
0.0562
0.0555
0.0547
0.0539
0.0531
0.0523
0.0514
0.0505
0.0497
0.0488
0.0479
0.0457
0.0434
0.0413
0.0391
0.0371
0.0351
0.0332
0.0314
0.0297
0.0281
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10.00

0.0561
0.0561
0.0561
0.0561
0.0561
0.0560
0.0559
0.0559
0.0558
0.0557
0.0556
0.0554
0.0551
0.0548
0.0544
0.0540
0.0536
0.0532
0.0527
0.0521
0.0516
0.0510
0.0504
0.0498
0.0492
0.0485
0.0479
0.0472
0.0465
0.0458
0.0451
0.0433
0.0415
0.0397
0.0379
0.0362
0.0345
0.0328
0.0312
0.0297
0.0283



Matlab Voigt Fitting Program

The following algorithm was first published by Humlicek (J. Quant. Spectrosc.
Radiat. Transfer, Vol. 27, No. 4, pp. 437-444, 1982).

function [W] = Voigt (X,Y)
$VOIGT Normalized Voigt profile

o

o°

[W] =Voigt (X, Y)

o

o°

Uses Humlicek’s algorithm for calculating the
Voigt profile

o

o°

X = position/frequency

Y= Voigt ‘'‘a" parameter (ratio of Lorentz to
Doppler widths)

W = Voigt value

area = sgrt (pi)

width (FWHM) = (Y+sgrt (Y*Y+4%1n(2))) (approximation)
linecenter is at X=0

amplitude = Voigt (0,Y)

o°

o o o o o o

oe

To use with curve-fitting or for simulating
absorption spectra,
use this function the following way:

o° o

o°

Lineshape = amp* Voigt ((2xsgrt(log(2)) /WG)
* (x-x0) ,a)

amp = 2x (sqgrt(1ln(2))*S*P*xxj/ (sqrt (pi) *WQG)
log(2) = 1n(2)

WG = Doppler FWHM

o° o

o
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266 C Voigt Fitting Program

% x = frequency position at which to calculate the
Voigt function
x0 = linecenter

a = Voigt ‘'‘a" parameter

o° o o o

For calculating the amplitude, S is the
integrated linestrength
[cm” (-2) /atm], P is the pressure [atm],
and xj 1is the
molefraction of species of interest

o

o\

T = complex(Y,-X); S = abs(X)+Y;

if S »= 15 $Region I
W= T%x0.5641896/(0.5+T*T) ;
else
if S »>= 5.5 $Region II
U= T+T;
W= T%(1.410474+Ux0.5641896)/(0.75+Ux (3+0U)) ;
else

if Y >= (0.195%abs(X)-0.176) %Region III
Wnum= (16.4955+T* (20.20933+T*(11.96482+T*. ..
(3.778987+Tx0.5642236)))) ;
Wden= (16.4955+T* (38.82363+T*(39.27121+4T*. ..

(21.69274+T* (6.699398+T))))) ;
W=Wnum/Wden;
else $Region IV
U= T*T;

Wnum=Tx (36183.31-Ux(3321.9905-Ux*
(1540.787-U%...( 219.0313-Ux%(35.76683-Ux*
(1.320522-Ux0.56419))))));

Wden =(32066.6-Ux (24322.84-U%(9022.228-Ux
(2186.181...-U%x(364.2191-Ux*
(61.57037-Ux%(1.841439-U)))))));

W=Wnum/Wden;

W= complex (exp (real (U)) *cos (imag(U)),0) -W;

end
end
end W = real (W) ;



The HITRAN database (updated & every 4 years) is a popular compilation of
spectroscopic data. This database provides line positions and strengths, collisional-
broadening coefficients, and other spectroscopic parameters based on molecular
models and experimental data. Using a database such as HITRAN gives useful
predictive information about the spectral features for many different molecules. The
molecules for which the current edition of HITRAN (HITRAN2012) has line-by-
line parameters are the following:

H,O0 |CO, |Os N,O CO CHy 0O,
NO |SO, ' NO, |NH; HNO; | OH HF
HCl |HBr HI CIO OCS |H,CO |HOCI
N, HCN | CH3Cl | H,O, C,H, |C,Hs |PH;

COF, | SF¢ H,S HCOOH HO, |O CIONO;,
NO* |HOBr | C,H, | CH;OH |CH;Br| CH;CN | CF,
C4H, HC3N | H, CS SO;

HITRAN is organized by Rothman et al. [1] and can be visualized using free
online simulation tools such as HITRAN on the Web (hitran.iao.ru) or SpectraPlot
(SpectraPlot.com).

Though HITRAN is not entirely comprehensive, it does have information for
many rovibrational bands. For molecules that have been well investigated, such as
CO, CO, and H,0, the database is quite thorough. For high-temperature studies, one
can also use the HITEMP database [2] which uses the same format as HITRAN, but
includes more high-energy transitions for CO, CO,, H,O, NO, and OH. A small
portion of the HITRAN2012 database is shown in Tables D.1 and D.2.

Most databases list pertinent spectroscopic information with respect to a
reference temperature. For the HITRAN and HITEMP databases, the reference
temperature is 79 = 296 K. The linestrengths can be scaled for different
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Table D.2 Key to symbols in Table D.1

Molec: | Molecule number in the database (i.e., 1 for H,O, 2 for CO,, etc.)
Isotope: | Isotope number (1 = most abundant, 2 = second most abundant, etc.)

Vo: Frequency of line center [cm™!]

S: Linestrength [cm™! /(molecule cm™2)] at the specified temperature
A: Einstein-A coefficient [s~!] for the transition

Vair: Air-broadening coefficient [cm~'atm™'] (HWHM) at T, = 296 K

[Note: This is the halfwidth, not the fullwidth — 2y, is the fullwidth]
Vself: Self-broadening coefficient [cm™! atm™!] (HWHM) at T, = 296 K
[Note: This is the halfwidth, not the fullwidth —2y is the fullwidth]

E”: Lower-state energy [cm™!] relative to the zero vibrational level

n Exponent of temperature dependence of air-broadened halfwidth

S: Air-pressure-shift coefficient [cm™! atm™!] of the transition at T, = 296 K
v/,v”: | Upper, lower global quanta index (vibrational level)—

use this index to look up the vibrational states for v’ and v/

Q',0”: | Upper, lower local quanta index (rotational energy level)
[Note: for carbon dioxide, Q' is not specified, and Q" denotes the branch
and lower-state rotational quantum number]

temperatures using the reference temperature, lower-state energy, fundamental

vibrational energies, and the reference linestrength [see Eq. (7.75)]; for nonlinear

polyatomic molecules, when units of linestrength are cm™!/molec cm™2,

T 3/2 1 —ex hcvg
S(T) = S(To) (?0) L}m)
1 —exp (— kTOO)

1/ n _ hev;
exp (—}ﬁ (l -~ i)) [ 1-ew(=7) (D.1)
i=1

kK \T T, l—exp( hcvl) ;

where v; are the different fundamental vibrational energies and n is the total number
of vibrational modes. The (T/T)*? term results from the fact that Q,, o T%/2.
Thus, for H,O, the scaling formula is given as follows:

3/2 _ __hevg -
s = st () 1oee () ew (-5 (7-7))

1 —exp ( h“"’) k
1 —exp ( heyy ) 1 —exp ( h“’z) 1 —exp (—M)

l—exp( h‘”‘) l—exp( h‘”) 1—exp<—’;€”T"03) ’
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where v; = 3657.05cm™!, v, = 1594.75cm™!, and v3 = 3755.93cm™!. Often
times it is useful to scale the linestrengths from the [cm™'/molecule-cm™2] units to
[cm~? atm™!], for which the conversion is

_ 7.34%10%

S[em™2atm™!] = T x S[em™! /molecule cm™?]. (D.3)
0

For cases where T = 296 K, the conversion reduces to
Sem™? atm™'] = 2.4797 x 10'°S[cm™! /molecule cm™2]. (D.4)
Note that

S(T)[cm™! /molecule cm™2] _ T S(T) [cm™2 atm™]
S(To)[cm~! /moleculecm™2] Ty S(Tp)[cm—2 atm—!]

(D.5)

D.1 Example Calculation of H,O Absorbance Spectra using
the HITRAN Database

To illustrate many of the concepts put forth in this book, this section will present an
example calculation of absorbance spectra. The transitions (i.e., lines) of interest
here belong to a H,O doublet near 1392.67 nm that has been used extensively
to measure water vapor using TDLAS. Here, we will calculate the absorbance
spectrum of this doublet at: T = 1000 K, P = 1 atm, and with 10% H,O by mole
in air over a 10 cm path length. The spectroscopic parameters needed to calculate
its absorbance spectrum, taken from HITRAN2012, are given in Table D.3.

D.1.1 Calculation of Linestrength at T

The HITRAN database tabulates linestrengths at 296 K. To calculate the linestrength
of these transitions at 1000 K we can use Eq. D.2 or:

_ o(T,) heE" (11
S(T) - S(To) Q(T) exp [— X (T — F0):|

hev, hev, -1
X [1 —exp (— T )i| |:1 — exp (— T )] (D.6)

for improved accuracy. Eq. D.6 requires an independent evaluation of the partition
function Q at T and T, (available online as supplementary material for the HITRAN
database) whereas Eq. D.2 evaluates Q(T)/Q(T,) assuming a rigid-rotor harmonic
oscillator (RRHO). Fig. D.1 compares these two methods, indicating that Eq. D.2
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Table D.3 Sample HITRAN2012 output for the H,O doublet of
interest

Line Vo S(Tu) Yair Vself E// Nair

1 7185.596571 2.00E-22 0.0342 0.371 1045.0583 0.62
2 7185596909 5.98E-22 0.0421 0.195 1045.0577 0.62

35 2( 10—21
' — Q(T) from HITRAN and Eq. D.6

== Q(T) Assuming RRHO Eq. D.2

-
[¢)]
T

S(T), cm~'/molecule—cm™2

o
&)
‘

0 ! ! ! ! ! J
0 500 1000 1500 2000 2500 3000
Temperature, K

Fig. D.1 Comparison of linestrength as a function of temperature calculated using Eq. D.6 and
Eq. D.2 for Lines 1 and 2

is accurate to within 2% of that calculated using Eq. D.6 at 296 to 1500 K, but its
accuracy decreases near linearly to within only 5% of that calculated using Eq. D.6
from 1500 to 3000 K.

Using Eq. D.6, the linestrength of Lines 1 and 2 at 1000 K are 1.02 x 1072! and
3.05 x 102! cm™!/molecule-cm™2, respectively.

D.1.2 Calculation of Lineshape Function

Next we will calculate the lineshape function of these transitions using a Voigt
profile (to be consistent with HITRAN) and the numerical approximation given in
Appendix C. To do so, we must first calculate the collisional FWHM (Av,) using
Eq. 8.19 (with y(1000K) calculated using Eq. 8.21) and the Doppler FWHM (Avp)
using Eq. 8.25. To evaluate the self-broadening coefficients (yu,o—m,0) at 1000 K
we will assume a self-broadening temperature exponent of 0.75.

Due to their similar v,, Avp(1000K) = 0.0384 cm™! for both transitions. For
the pressure and mixture of interest, Av.(1000K) = 0.0587 and 0.0513 cm™!, for
Lines 1 and 2 respectively. Fig. D.2 shows the corresponding Voigt lineshapes of
these transitions.
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Fig. D.2 Voigt lineshapes of Line 1 and 2 at 1000 K, 1 atm, with 10% H,O in air
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Fig. D.3 Total absorbance spectrum and individual contributions of each line at the conditions of
interest

D.1.3 Calculation of Absorbance
With the linestrength and lineshapes of the transitions of interest known, we can now

calculate the absorbance spectrum resulting from these transitions. For convenience,
we will convert the calculated linestrengths from units of cm™!/molecule-cm™2 to
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cm™%/atm using Eq. D.3 which yields linestrengths of 7.487 x 1073 and 2.237 x
1073 cm™?/atm. Now the resulting absorbance spectrum can be calculated using
a(v) = Zj Si(T)P xm,09;(v)L, where j indicates a given transition and S(7') is in
units of cm™2/atm. Note that the absorbance at a given wavelength is given by the
sum of that corresponding to each line/transition. Fig. D.3 shows the absorbance of
each transition and the sum for this example.



The following discussion on the definition of the center of symmetry is taken from
Herzberg, “Molecular Spectra and Molecular Structure, Vol. 2, Infrared and Raman
Spectra of Polyatomic Molecules.”

A center of symmetry is usually designated by i. By carrying out the correspond-
ing symmetry operation, reflection at the center (inversion), a molecule having such
a center is transformed into itself. In other words, if a line is drawn from one atom
through the center and continued it will meet an equal atom at the same distance
from the center but on the opposite side (if x, y, and z are the coordinates of one
atom with respect to the origin, —x, —y, and —z are the coordinates of the other equal
atom). Examples are molecules X,Ys, X>Y»Z,, XY»Z, if they have the structures
indicated in Figs. a—c. A molecule can have only one center of symmetry. There
may or may not be an atom at the center of symmetry (see examples X,Y»Z, and
XY,7,). All other atoms occur in pairs.
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Summary: The purpose of this section is twofold:

1. to show that a proper definition of the fluorescence yield requires specification of
the spectral response of the light collection system.

2. to show that the simple two-level model also applies (with reasonable or good
accuracy) to molecules with multiple coupled energy levels, if the light collection
is “broadband” and the relevant A and Q parameters are independent of quantum
number.

2v,J c > Qe T v, 2y
Al A A e
1B, P Q R Q
—Y
v
_

Consider the following:

1. Ap, Ap, and Ay are the A-coefficients (in s for P, O, and R branch emission
from v’, J/ of an atom or molecule,

Q. is the electronic quench rate [s71]
Oyt is the rotational transfer rate [s~!]

2. We assume that these rates (probabilities) are the same for all J’. Let’s examine
two interesting limiting cases:
(a) “Narrowband collection”—where the collection optics (usually a monochro-
mator) are set to transmit emission from only one line, say the P line.
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Then the fluorescence yield (FY), which is normally thought of as the
fraction of absorbed photons converted into emitted photons, should be
more narrowly defined as the fraction of absorbed photons emitted into the
collection bandwidth i.e.,

FY — probability or rate of desired process

sum rate of all processes

Ap Ap

I

FY =
(AP + AQ + AR) + Qrol + Qel Qrot

(usually)

where Oy is usually > Q¢ > Ap, Ag, Ag.

(b) “Broadband collection”—usually just a long pass filter so that fluorescence
of all lines is collected. This is the most common case, since it yields a larger
number of measured photons. Here we must include the fluorescence from
all values of J'. We can view this as a multi-step process, with each J-change
constituting a new step (fresh start) subject to the same probabilities.

A A A

/Qr:‘= QnL’A;t

lQel l Qel l Qel

stepl step2 step3

Following absorption, the molecule has three options (A, Qc, Orot)
i. the fluorescence yield for step 1 is

_ A
A+ Qel + Qrol

FY] o

ii. the probability of going to a new J, and hence having a second chance to
fluoresce is

QTO[

IB:A"‘Qel‘}‘Qrol

iii. the fluorescence yield for this second step (i.e., its probability) is

FY2 = ,30[
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iv. similarly the fluorescence yield for step 3 is
FY; = fpa = pa
v. and the total fluorescence yield

FY =Sy, oy g O oA
-2 i_“;ﬁ_l—ﬂ_A+Qel

Thus, we have that important result that the fluorescence yield always
involves (in the denominator) the rate (Q) of the primary process which
transfers the molecules out of the collection bandwidth!

(c) Note that in the above examples we have not included stimulated emission
(with its rate Wy = Bj;1,), which implies that we are limiting ourselves to
the “weak excitation”or linear LIF regime.
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