ABSTRACT
Ultra-Sensitive Instrumentation in the UV-Vis-NIR
Spectral Region with Application on Overtone Spectroscopy
David Camejo, Ph.D.
Mentor: Carlos E. Manzanares, Ph.D.
Fourier transform infrared spectroscopy (FT-IR) is a technique widely used in
molecular spectroscopy. Technology advancements are such that FT-IR spectrometers
can measure vibrational transitions occurring well within the visible (Vis) region of the
electromagnetic spectrum. High overtone transitions of C-H, N-H, and O-H can be
measured in the near-infrared (NIR) and the Vis regions using long path cells. Despite the
large sensitivity of the FT-IR spectrometers and the use of long path cells, the absorption
intensities of these transitions are so low that commercial FT-IR spectrometers would not
register the absorption bands. Phase shift cavity ring down (PS-CRD) and thermal lens
spectroscopy (TLS) are ultra-sensitive instrumental absorption techniques very
commonly used in our laboratory. These are very powerful techniques for the detection of
weak absorptions in the NIR-Vis region. In the case of high overtone spectra, CRD is
ideal for gas samples whereas TLS is great for liquid samples. In our laboratory we use
FT-IR and UV-Vis spectrometers as complementary techniques to CRDS and TLS.

In order to simulate conditions in the atmospheres of other planets, we couple our
instruments to a low temperature cryostat. In this way, these ultra-sensitive techniques
can be applied to the study of gases in the atmosphere and liquid cryo-solutions to
simulate the lakes of Saturn’s largest moon, Titan. This work shows the use of signal-tonoise ratios to determine the spectral quality of spectra obtained with the PS-CRD
technique, particularly in situations where human eye cannot perceive the small
differences. We evaluate the impact of some instrumental parameters involved in data
acquisition process of the PS-CRD technique, as well as evaluate the spectral quality as a
function of the On-Axis/Off-Axis position of the incoming beam. This work also
introduces the use of a second pumping laser for the analysis of multi-component
samples in thermal lens. The design facilitates the detection of solvent and solute exciting
two different vibrational overtones. Finally, the determination of band asymmetry using
spectral moment calculations is shown for fundamental bands and vibrational overtones.
The usefulness of this method as a complementary feature to TL spectroscopy is
discussed.
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CHAPTER ONE
Introduction
Achieving improvements in instrumental techniques and developing new
instrumental methods with better detection limits is always an ongoing task in areas for
the development of new technologies. Alternative techniques have been developed such
as Fourier transform infrared spectroscopy (FT-IR), laser induced fluorescence
spectroscopy (LIF), and photothermal techniques, are some of the spectroscopic
techniques most widely used for liquid samples. While the first two have their own
limitations including detection limit and the fluorescent nature of the sample,
respectively, the latter has been used for the quantification of trace components in liquid
samples. On the other hand, the study of gas samples is often related to fundamental
spectroscopic studies because of the broadening effect of the spectral band, caused by
molecules adjacent to the analyte, is usually diminished or nonexistent.1 Therefore, very
sensitive techniques have been developed, including photoacoustic spectroscopy (PAS),2
thermal lens spectroscopy (TLS),3 intracavity laser absorption spectroscopy (ICLAS)4
and cavity ring-down spectroscopy (CRDS).5 Among these, the CRD technique has
proven to be a valuable addition because of its high sensitivity and relatively simple
experimental set-up.5,6 The main advantage of CRD spectroscopy over traditional
absorption spectroscopy is that it does not depend on intensity nor the power of the light
source, and hence intensity fluctuations are not a source of error. The detection limits of
the CRD technique are directly related to the time a sample spends absorbing the

1

radiation of the excitation source. That time can be altered by the design of a long pass
cell. This means that as long as the detection is fast enough, lower and better detection
limits can always be achieved.
This work discusses the instrumental aspect of both TLS and CRDS techniques as
two powerful tools for the study of liquid and gaseous samples, respectively. In some
cases it also shows the different experimental variations, as well as some derived methods
to increase the sensitivity of detection.
Vibrational Overtone Spectroscopy
Molecular Vibrations
The analysis of motion of atoms in a molecule becomes complicated as the
number of atoms in the molecule increases. For diatomic molecules a simple diatomic
oscillator can easily describe their motion. Molecules with N atoms have 3N degrees of
freedom, three of them correspond with the translational motion of the molecule in space
and three more represent its rotational motion on the three x, y, and z axes. The
remaining 3N-6 degrees of freedom represent the number of vibrational modes in the
molecule. In the case of lineal molecules this expression turns into 3N-5 since it only has
two rotational and three translational degrees of freedom.7, 8
As an initial approximation towards understanding the inherent vibrational
behavior of the atoms in a molecule, it is useful to think of a normal mode of vibration.
Normal mode means that all atoms move in phase and with the same frequency. Then all
atoms reach their position of maximum displacement at the same time, and hence pass
through the equilibrium position at the same time as well.9 Under these conditions, the
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vibrational motion of the atoms can be approximated as harmonic displacements. The
potential energy (V) associated with a harmonic oscillator can be calculated by:
ଵ

ܸ ൌ ݇ሺᇒ െ ᇒ ሻଶ

(1)

ଶ

where k represents the force constant of the oscillator, xe is the equilibrium internuclear
separation, and x is the internuclear separation at any given time. The force constant is
related to the frequency (Ȧ) of the harmonic oscillator according to equation 2, where ȝ
represents the reduced mass.
ሺ݇ΤߤሻଵΤଶ
߱ൌ
ʹߨ

(2)

The vibrational energy (EX) is:
ଵ

ܧజ ൌ ݄ߥ ቀ߭  ቁ
ଶ



(3)

where h is Plank’s constant, Q is the fundamental frequency and X is the vibrational
quantum number. Vibrational frequency is often measured in units of cm-1.
This harmonic oscillator model is a fair approximation to predict vibrational
energies of the lower vibrational states of a diatomic molecule, but it fails to do so as we
move our attention towards higher vibrational states. As shown in Figure 1, the harmonic
oscillator approximation suggests that a bond between two atoms cannot be broken
regardless of the energy of the vibration.

3

Figure 1. Harmonic and Morse potential energy functions for a diatomic oscillator.11
The molecular vibrations behave anharmonically rather than harmonically. The
Morse function can describe that anharmonic motion of atoms in a molecule, and the
potential energy can be calculated as follows:
ܸሺᇒሻ ൌ ܦ ሺͳ െ ݁ ି ሻଶ

(4)

where De is the depth of the potential well, as shown in figure 1, a is an empirical
constant that relates to the curvature of the function beyond the equilibrium distance xe,
and is the difference in the position x with respect to xe (q = x - xe). The Morse function
successfully predicts the dissociation of the bond when the two atoms taking part in a
bond are forced apart, and it also shows the harmonic behavior when the atoms remain
closer to the equilibrium distance. These facts are in agreement with the experimental
observations.9 For an anharmonic oscillator the vibrational energy states are described by:
ଵ

ଵ ଶ

ଵ ଷ

ଶ

ଶ

ଶ

ܧజ ൌ ݄ܿ߱ ቀ߭  ቁ െ ݄ܿ߱ ࣲ ቀ߭  ቁ  ݄ܿ߱ ࣳ ቀ߭  ቁ Ǥ ǤǤ
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(5)

where Zeࣲe and Zeࣳe are the anharmonicity constants associated with the first and
second corrections to the potential energy curve. The Taylor series shown in equation 5
makes the vibrational levels move closer to each other as X increases, until the point of
dissociation.
When molecules are promoted from their vibrational ground state (X = 0) to X = 1
they undergo their fundamental transition. These transitions can be registered in the
infrared (IR) region of the electromagnetic spectrum. When the transitions occur towards
higher vibrational levels these are defined as overtone transitions; therefore, when
molecules move from X = 0 to X = 2 (ȟɓ ൌ ʹ) this is known as the first overtone, from X
= 0 to X = 3 (ȟɓ ൌ ͵) is the second overtone, and so on. As we move higher in overtones,
these bands start moving towards the near infrared (NIR), visible (Vis.), ultra-violet
(UV), and so on; they require larger energy changes to occur.
The vibrational transitions experienced by a given bond depend on the magnitude
of the dipole moment operator, P, and the interatomic distance. The dipole moment is
expressed in a Taylor series as shown in equation 6.10
డఓ

ߤሺ௫ሻ ൌ ߤ  ቀ ቁ

డ ୀ

డమ ఓ

Ǥ  ݍቀ

డ

ቁ
మ

ୀ

డయ ఓ

Ǥ ݍଶ   ቀ

ቁ

డ య ୀ

Ǥ ݍଷ   ǥ

(6)

The intensity of a transition is proportional to each term in the expansion. For
example, the fundamental ('X = 1) is proportional to the first derivative of the dipole
moment, the first overtone ('X = 2) is proportional to the second derivative which is
smaller in magnitude, and so on. Because of this, the intensities are in the order:
ܫజୀଵ  ܫజୀଶ  ܫజୀଷ ǥ

5

(7)

Figure 2 shows spectra of the ȟ߭ ൌ ʹǡ ȟ߭ ൌ ͵ǡ and ȟ߭ ൌ Ͷ overtone transitions
of methane, recorded at 87 K. Notice how the third overtone is barely showing in the
bottom trace, and how an enlargement of 100x was needed to see the details in the bands.
More sensitive techniques would be required in order to register 'X = 5, and 'X = 6.

Figure 2. Vibrational overtone spectra of a solution of methane in argon at 87K
acquired with a FT-IR spectrophotometer.
6

Defining the energy as G(X) = EX/hc in wavenumbers (cm-1), the energy of a
vibrational transition is usually calculated using only the first order anharmonicity term
and subtracting the energy of the ground state from that of the excited state of interest.
This results in equation 8, as follows:
൬

οܩజ
൰ ൌ ሺ߱ െ ߱ ࣲ ሻ െ ߱ ࣲ ή ߭
߭

(8)

where the energy ()ܩ, harmonic frequency (߱ ), and anharmonicity ሺ߱ ࣲ ሻ have units of
wavenumber (cm-1). The anharmonicity as ߱ ࣲ , can be obtained experimentally by
plotting ሺοܩజ Τ߭ሻ against ߭, this is also known as the Birge-Sponer plot. The
anharmonicity can be obtained from the slope of this linear plot, whereas the harmonic
frequency can be obtained from its intercept.
Detection Techniques
Given the weak intensity of overtone transitions, highly sensitive detection
techniques are required to measure them. Traditional absorption spectroscopy, mostly in
the IR region, has been used for this purpose. Although, as already mentioned on Figure
2, signal enhancement is often necessary in order to identify higher overtones. Developed
by O’Keefe and Deacon,13 cavity ring-down spectroscopy (CRDS) is a highly sensitive
absorption spectroscopy technique capable of measuring very weak absorptions.
Therefore, it is widely used in overtone spectroscopy. As will be further explained in
Chapter Two, one of the inherent limitations of CRDS is that liquid samples cannot be
studied with this method, as these may alter the high reflectivity features of the optics
involved, which affects the high sensitivity of this technique. Despite some efforts to
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study liquid and solid samples with CRDS,14, 15 typically gas samples are the most widely
studied with this technique.
Some photothermal methods are also capable of measuring very weak signals, and
this makes them suitable for the study of overtones.16,

17

Thermal Lens Spectroscopy

(TLS) is a photothermal technique that has been widely used in our laboratory18, and
elsewhere,19 as an important tool in overtone spectroscopy. This technique is based on the
photothermal effect, and can ideally be used to study samples in any physical state.
Nevertheless, the photoelectric effect depends on the density of the sample and because
of this, the use of TLS for gas samples would be extremely challenging. Hence, TLS is
most commonly used for liquid samples.
In our laboratory we have developed both CRDS20,

21

and TLS18,

22

for low

temperature measurements and cryogenic samples. These highly sensitive instrumental
techniques, complemented in some cases by FT-IR and UV-Vis, are used for overtone
studies of either liquid or gaseous samples. Hereafter, we will limit our discussion to the
instrumental details of these techniques, as well as some of their applications.
Dissertation Overview
Chapter Two presents the fundamentals of the Cavity Ring Down technique,
followed by the explanation of the experimental setup of the PS-CRD instrument.
Descriptions of the optical layout are provided as well as instrumental descriptions. Offaxis alignment is also covered in this chapter.
Chapter Three presents the results obtained with the PS-CRD technique described
in Chapter Two. Evaluation of some important experimental parameters including
sensitivity, acquisition pause, and pre-amplification gain, and their effect on the quality
8

of the spectra obtained with this instrument are discussed, as well as the evaluation of onaxis versus off-axis conditions has been explored. This was accomplished by measuring
the rotational-vibrational spectrum of the J atmospheric band of O2. An explanation of
the features of this band is provided at the beginning of the chapter, and conclusions
about the empirical calculations made here are offered at the end of it.
Chapter Four presents the fundamentals of the TL technique, and the experimental
setup of the TL instrument designed for measurements at cryogenic temperatures. A new
instrument design for this technique for the measurement of multicomponent cryogenic
solutions is introduced, and its usefulness in the study of selected areas of astrochemistry
is demonstrated. The (X = 0ĺ4) vibrational transitions of ethane, and (X = 0ĺ5)
vibrational transition of benzene are observed at cryogenic temperatures.
Chapter Five introduces the calculation of the first and second spectral moments
of the C-H overtone transitions of benzene and ethane calculated from the TL spectra
obtained in Chapter Four. These calculations are described as useful tools to complement
our TL experiment, and to study the asymmetry of spectral bands often obtained with the
thermal lens spectrometer.
Chapter Six contains general conclusions about the two main absorption
techniques presented in this work, as well as it offers a research outlook for future work.
The Appendices present a brief description of the UV-visible apparatus used as
complementary technique to the thermal lens experiments presented in this work, which
is focused on the study of cryogenic solution. General information for the CRD and TL
instruments is also found in these appendices. This includes procedures for the start-up
and alignment of the CRD systems for the exponential decay and phase shift methods, as
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well as procedures for cryostat operation, and the maintenance of the HR mirrors. Details
about the code built to acquire the data in each of the experiments mentioned in this
manuscript are also shown in this section.
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CHAPTER TWO
Cavity Ring Down Spectroscopy
This chapter presents the fundamentals of the Cavity Ring Down (CRD)
technique, and describes the instrumental setup utilized throughout the course of the
research. A complete description of each component, from the cell design to the PS-CRD
instrumental setup is provided. It also includes the experimental procedures carried out
with this sensor. The off-axis alignment of the cavity is also presented.
Cavity ring-down (CRD) spectroscopy is a direct absorption technique, which can
be performed with either pulsed (exponential decay CRD)13 or continuous (phase shift
CRD)23 light sources. Due to its extremely long effective pathlength (10 – 80 kilometers)
within a one meter cavity, this technique has a significantly higher sensitivity than
obtainable in conventional absorption spectroscopy.24
CRD spectroscopy consists of a laser source, an optical cavity, and a detector to
measure the exiting light from the optical cavity. Figure 3 depicts a characteristic pulsed
cavity ring down diagram.

Time (Ps)
Figure 3. Pulsed Cavity Ring Down Diagram
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In a typical ring down experiment the laser light is injected into a cavity sealed by
two highly reflective mirrors, each with a reflectivity greater than 99.99 %. When the
mirrors are aligned in fine parallel configuration the incoming laser pulse bounces back
and forth between the mirrors, leaking a small portion (less than 0.01%) of its intensity
on each bounce, and until the beam has left the cavity. The beam stays trapped in the
cavity for a certain amount of time, usually in the range of micro seconds, causing the
long optical path length.
Figure 3 shows the decay of the beam as it leaks out of the cavity, measured by a
photo-sensitive detector placed behind the output mirror. This is known as the ring-down
event. If short laser pulses are used, a very fast detector will see a train of pulses within
the exponential decay envelope, but the time response of detection electronics usually
means the pulses are smoothed into a single exponential curve. This is shown in Figure 4.

Figure 4. Exponential decay of laser light within the ring-down cavity 25
The intensity (I) of the light transmitted out of the cavity decreases as a function
of time (t) and can be characterized as:
12

ܫሺ௧ሻ ൌ ܫ ݁ ିሺ௧Τఛሻ

(9)

where I0 is the initial light intensity detected and Ĳ is the decay constant. This decay
constant (Ĳ) is commonly referred to as the ring-down time. This value can be from 1Ps to
100Ps or more depending upon mirror reflectivity.
Cavity ring down spectroscopy can be done using the two most common methods
which are the exponential method and the phase shift method. Both methods can be used
to obtain Ĳ. The exponential CRD detection method uses an exponential fitting of the
output signal from the cavity to measure the decay time. An exponential fitting program
is used to obtain Ĳ. Figure 5 shows a schematic of the system shown for the first time by
O’Keefe and Deacon13 where this detection method was used.

Figure 5. Schematic representation of the experimental layout presented by O’Keefe
and Deacon.13
The PS-CRD method was first developed by Herbelin et. al.25 This method
measures the phase-shift of a modulated beam from the output beam of the cavity with
respect to the modulated beam, or reference beam, before entering the cavity. The phase
shift angle is related to the ring down time by the equation
 ߠ ൌ ʹߨ݂߬
where T is the phase shift angle and f is the frequency of modulation.
13

(10)

In Figure 6, we can see how the radiation of a CW tunable laser source has been
modulated, and is incident upon the optical cavity. Typically, an acousto-optic or an
electro-optic modulator can be used to create a square modulation frequency shape.
Modulating the CW laser output produces an on/off pattern which translates into a
filling/emptying of the cavity.26

Figure 6. Phase shift cavity ring down diagram
The output signal form the cavity in Figure 6 resembles a shark fin when the
angle is approximately 45o, and so it will be referred to herein. A closer and more
detailed look of this signal is shown in Figure 7. This figure illustrates how the positive
slope of the shark fin signal relates to the radiation building up inside the cavity, as the
reference signal is entering it (bottom trace). Then the phase shift occurs while the beam
traverses the cavity (top).
Experimentally, the PS-CRD method results in an angle of -45o after the initial
alignment of the empty cavity. This condition is critical as it relates to the baseline of all
the spectra that will be obtained thereafter. In other words, the closer this condition is
met, the flatter the baseline will be.27 This -45o angle is given by the characteristic shape
of the tan(ș).
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Figure 7. PS-CRD signal (top), Reference signal (bottom)
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Figure 8. tan(ș) versus ș graph
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120.0

Figure 8 shows a plot of the tan(ș) versus angle ș, where the boxed area shows to
be fairly linear from -30 to -50 degrees. Angles greater than 45 are avoided because they
would induce measurements with a non-linear response of the PS-CRD system.
CRD and Absorption Spectroscopy
The absorption of light by a sample is described by the Beer-Lambert law. This
establishes a quantitative relationship between the intensity of a spectral feature and the
frequency-dependent absorption properties of the sample:
 ܫൌ ܫ ݁ ሺିఙሻ

(11)

where I is the transmitted intensity, I0 is the incident intensity, V is the absorption cross
section of the sample at the wavelength of the measurement, C is the concentration of the
absorber and l is the sample pathlength. The product of C and V is the absorption
coefficient, D, and the absorbance is defined as V C l . From equation 11, it can be
demonstrated that it is plausible to detect very small concentrations of a sample, or very
weak absorption cross sections, as long as the pathlength is long enough.6,
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CRD

provides that long pathlength to make direct absorption measurements of either trace
amounts or weak absorptions.
The ringdown time, Ĳ, of an empty cavity is related to the distance between the
mirrors and the reflectivity of the mirrors by the equation below:
߬ൌ

ܮ
ܿሺͳ െ ܴሻ

(12)

where L is the distance between the two mirrors, c is the speed of light, and R is the
reflectivity of the mirrors. Since c and L are known quantities, then Ĳ is a direct measure
of the mirror reflectivity (R).
16

When there are absorbing species present in the cavity, these will induce loss of
the radiation resonating inside of it due to sample absorption. This speeds up the decay of
the remaining trapped light. If the absorption follows Beer-Lambert law, the light
intensity will still decay exponentially, with time dependence given by:28
I (t )

 t
½
I 0 exp ®  Dct ¾
¯ W
¿

(13)

where Į is the molecular absorption coefficient at a given wavelength, with dimensions
of cm-1, and c is the speed of light. The product of c and Ĳ is the pathlength over which
the absorption is measured. The decay rate is now given by
1
Wc

1

W

 cD

(14)

Thus, the ring down time for a cavity filled by an absorbing medium, W c , where
the Beer-Lambert law is valid is described as:

Wc

L
c[(1  R)  D (Q ) L]

(15)

During a scan with a tunable laser in the absorption region of the sample, the ring
down time (Ĳ) is obtained from the exponential fitting, or the phase shift angle, of the
radiation leaking out of the cavity.
The decay time of a cavity filled with an absorbing medium is a combination of
the sample and the background (see equation 16). In order to obtain the absorption of the
sample, the inverse of the decay time of the empty cavity (1/Ĳ0) is subtracted from the
inverse of the decay time of the filled cavity (1/ Ĳ’)
D (Q )

1 §§ 1 · § 1 ··
¨¨
¸¨
¸¸
c ¨© ¨© W c(Q ) ¸¹ ¨© W (Q ) ¸¹ ¸¹
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(16)

The calculated absorption ( D (Q ) in cm-1 units) is plotted as a function of the
wavenumber (cm-1) to show the spectrum of the sample.
Stability of an Optical Cavity
Some conditions are required to observe CRD signal. A CRD experiment requires
achieving a stable optical and non-confocal cavity. An optical cavity with two mirrors is
stable geometrically when the light is refocused within the cavity after successive
reflections from the mirrors, this means that the optical energy is contained, or trapped,
within the cavity. Achieving a stable optical cavity depends upon the known as g
parameters of the mirrors and cavity itself.5 Specifically:
0 d g1 g 2 d 1

(17)

g1

§ L·
¨¨1  ¸¸
© r1 ¹

(18)

g2

§
L·
¨¨1  ¸¸
© r2 ¹

(19)

where g1 and g2 are defined as:

where r1 and r2 are the radiuses of curvatures of the mirror surfaces.
A non-confocal system offers a degree of mechanical flexibility in order to allow
the mirrors to move slightly without jeopardizing the alignment with respect to each
other. This is advantageous because should the mirrors be at each other’s focal length,
any mechanical disturbance would result in a loss of alignment. This approach is defined
by equations 20 and 21:
r  L  2r

or
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(20)

0 Lr

(21)

where r is equal to their radius of curvature, assuming r=r1=r2. Figure 9 shows two
configurations for a stable optical cavity system with mirrors placed outside of the radius
of curvature and with mirrors placed within radius of curvature, respectively. The
structure mode of such a cavity can be made very dense, especially when the L/r ratio is
chosen to be an irrational number.29

Figure 9. Stable optical cavities. (a) with mirror placed r < L <2r, and (b) with mirror
placed 0 < L < r
Cavity Modes
The modes in which a cavity is operating are important in CRD. When a laser
beam is incident upon an optical cavity, modes of light are formed. These can be
longitudinal or transverse modes (TEM). Transverse mode describes the cross sectional
profile of a beam. Longitudinal modes, also known as axial modes, determine the
resonant oscillation frequencies that satisfy the wavelength requirements of the cavity
along a given optical path.5 When the frequency spacing of the longitudinal modes of the
cavity (the cavity free spectral range, FSR) exceeds the width of the spectral bands being
studied, then the radiation with the appropriate frequency for excitation of certain spectral
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lines will not be present in the cavity, causing the resultant spectrum to be absent of
important absorption features.30
Comparing the mode spacing against line width of the continuous radiation
provides an idea of the response of an optical cavity to a scanning PS-CRD system. The
frequency spacing ('Q) of longitudinal cavity modes (FSR) is defined as:
'Q

c
2L

(22)

where c is the speed of the light.
Table 1 shows the laser resolutions and the calculated longitudinal mode spacing
for some common laser sources used in our laboratory. It must be noticed that the mode
spacing is much smaller than the laser resolution, giving us an overlapping multi-mode
configuration.31 This allows continuous scanning experiments to be carried out with the
PS-CRD method.
Table 1. Mode Spacing Calculations
Cell length (cm)

Dye Laser
Resolution (cm-1)

Ti:Sapphire
Resolution (cm-1)

Longitudinal Mode
Spacing (cm-1)

43.5

0.07

0.17

0.0115

Off-Axis Alignment
Cavity ring down requires of the accurate alignment of the laser beam along the
center axis of the cavity. For PS-CRD systems based on this on-axis alignment, the
coherent beam couples into the cavity on average only 5% - 10 %32 of the time. At times,
this coupling-time efficiency can be improved experimentally with additional laser
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frequency dithering32 and modulation of the cavity length. Cavities with irrational
number of cavity length to mirror curvature radius can be used.29
Another resource to increase the coupling efficiency consists of performing an
off-axis alignment of the cavity. This off-axis alignment involves injecting the laser beam
into the cavity at an angle to the optical axis. Under this condition the beam may couple
into the cavity continuously up to 100% of the time.33,

34

Also, the off-axis alignment

decreases the cavity FSR and excites a large number of transverse cavity modes. The offaxis configuration spatially separates the multiple reflections within the cavity until the
reentrant condition is fulfilled, that is the time at which the ray begins to retrace its
original path through the cavity. This condition is dictated by the specific curvature and
spacing of the mirrors forming the cavity. Any stable cavity that follows the condition
shown by equation 15 can achieve stable off-axis paths.35
In order to maximize the number of spots that can be accommodated on the mirror
surface without overlapping, the beam spot should be a circle near the edge of the
mirrors, as shown in Figure 10.36
The angle of a round trip rotation of the beam spot (2ș) is determined by the
geometry of the cavity and is given by 37

cos T

1 L / r

(23)

2mT

2nS

(24)

The reentrant condition is satisfied if 37

where m is the number of optical round-trip passes and n is an integer, and after every m
round trips the ray starts to retrace its path.
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Figure 10. Off-axis beam propagation31
It can be said that the longitudinal mode spacing, 'Q, becomes similar to one that
is m times longer. The longitudinal mode spacing of a cavity aligned off axis ('Qoff-axis) is
'Q

c
m2L

(25)

In equations (24) and (25), m was determined by considering the geometrical
parameters of the cavity. Experimentally, m and n can be determined depending on the
beam alignment. Table 2 shows m and n values obtained for two different radius of
curvatures, when L = 89.7 cm, and 'Q for cavity aligned on-axis and off-axis.31
Table 2. Comparison between 'Qoff-axis and 'Qon-axis
R (cm)

m

n

600

41

100

26

'Qoff-axis

'Qon-axis

cm-1 10-4

MHz

5

1.4

4.1

8

2.1

6.4

22

cm-1 10-4

MHz

55

167

Figure 11 shows predicted longitudinal mode spacing for an 89.7 cm cavity
aligned on axis, Figure 11 (a), and off-axis, Figure 11 (b), when the reentrant condition is
satisfied after 41 round trips.

Figure 11. Predicted 'Qfor a 43.5 cm cavity aligned (a) on axis and (b) off-axis when
the reentrant condition is satisfied after 41 round trips.31
CRDS Instrumentation and Procedures
CRD Cell Design
The sample cell is composed by a central cubic cell with two attaching arms. The
central cubic cell was made of yellow brass whereas the arms are made of aluminum
since these materials have good thermal conductivities and expansion coefficients at low
temperatures, which make possible the use of this set-up for studies at temperatures
different from room temperature.26, 27 The cubic core of this cell measures 40 x 40 x 40
23

mm3 and it serves as the main point of attachment of the cell with the rest of the CRD
instrument. The aluminum arms are 428.5 mm in length and 12.7 mm in internal
diameter. These arms are attached to the central cubic core with screw head bolts and Oring seals. The resulting cell is 897 mm in length and 12.7 mm in diameter. Stainless steel
tubing is used to connect the cell to the external gas sample preparation system. Figure 12
shows the sample cell separated in its several components, as well as the respective
dimensions.

Figure 12. Schematic side view (top) of the CRD cell design, (bottom) of the center
cubic core.
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Figure 13 (top) shows a view of the left-hand side of the arm. Each arm consists
of two attachment flanges constructed from an Aluminum solid piece. The opening in the
center of each flange is 12.7 mm wide, as well as the internal diameter of the cell.
Between the attachment flange and the high reflector (HR) mirror, an Aluminum mirror
protector is used to prevent the mirror from breakage during the alignment process. The
dimensions of this piece depend on the mirror dimensions, and it is precisely cut to
accommodate the mirror based upon its thickness and diameter. The HR coating on the
mirrors must also be protected from pressure and friction; hence, a rubber O-ring seals
the cell from the outside and also protects the mirror from mechanical damage. This
rubber O-ring must be precisely located concentric with the 12.7 mm opening in the cell
and it must be wide enough to ensure that no leaks will be present when the assembly is
complete. In cases when the experiment is intended for low temperature measurements,
the rubber O-ring must be replaced by Indium O-rings to ensure proper sealing.
At the bottom of Figure 13 it can be seen a recommended configuration for the
attachment and fine alignment screws. It is desirable to design the arms and flanges so
that the fine alignment screws result in North, South, East, and West positions. The
thread of the attachment screws is ¼”-32, whereas that of the alignment screws is ¼”- 80.
The system is rigid but there is a small margin of flexibility that allows aligning the
mirrors with respect to the laser beam by rotating the alignment screws.
Three different sets of CRD mirrors are used depending on the wavelength region
of interest. All of them have 20.32 mm in diameter. Table 3 summarizes bandwidth,
radios of curvatures and listed reflectivity for CRD mirrors.
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Figure 13. Expanded view of the left arm, showing the O-ring, HR mirror, as well as the
mirror protector, and flange attachment (top); screws positions needed to hold and finely
align the mirrors.
Table 3. Center wavelength, bandwidth and radios of curvatures for CRD mirrors
Mirror Set

Bandwidth
nm

Radius of Curvature
m

Listed Reflectivity
%

740 - 800

6

99.995

Los Gatos
722 nm

695 - 745

6

99.995

Newport
620 nm

583 - 663

1

> 99.9

Los Gatos
760 nm
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Instrumental Setup for PS-CRD Spectroscopy
The experimental setup is shown in Figure 14. The pump laser is a solid state,
Millenia V laser (Spectra Physics) providing single wavelength (532nm) at a power of
5W. This laser is used to pump a continuous wave Coherent CR-599 dye laser with a
solution of Rhodamine 6G as the fluorescent medium, resulting in a scanning range
between 599 to 690 nm or 14493-16695 cm-1. The wavelength tuning of this dye laser is
accomplished with a birefringent filter driven by a stepper motor. This stepper motor is
controlled remotely from the computer using LabVIEW®. The output beam of the dye
laser is modulated into a square wave with a Conoptics model 350-50 electro-optic
modulator (EOM). The EOM is driven by a Stanford Research Systems (SRS) function
generator, and the modulation frequency depends upon the final alignment conditions of
the cavity. The beam is injected on-axis into the optical cavity and aligned following the
steps explained in Appendix B. The leaked radiation out the back of the cavity is focused
by a lens and detected by a Newport 70680 photomultiplier tube (PMT), which is
powered by a high voltage power supply operated between 700 V – 1000 V.
A combination of movable mirrors and beam splitters is used before and after the
cavity to bypass the beam around the cavity and into the PMT. The PMT response is sent
to a Stanford Research Systems (SRS) Low-Noise Pre-Preamplifier model SR 560 for
signal amplification and conditioning. The signal is then sent to an SRS 830 Lock-In
amplifier, where the phase angle between the bypassed beam and the leaked beam is
determined. The data from the SRS 830 is sent to a computer via a GPIB interface where
it is also processed using a LabVIEW® code specifically written for this system. The
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whole system sits on top of a Newport 4’ by 10’ by 8’ optical table which has vibration
isolation legs to eliminate random mechanical noises.

Figure 14. Experimental setup of the PS-CRD spectrometer. Key: EOM, electro optical
modulator; I, iris; L, plane-convex lens; PMT, photomultiplier tube.
PS-CRD Signal and Signal Conditioning
Obtaining a low noise phase-shift signal not only depends upon the accuracy of
the alignment of the cavity, but also on several instrumental devices. The resulting
sensitivity of the instrument is determined by the noise of the background signal and
hence, every effort must be done to decrease the noise within the PS signal.
In order to detect a PS-CRD signal after the optical cavity we must first modulate
the laser beam going into the cavity, this provides a square signal measurable by the SRS
830 lock-in amplifier. This is accomplished by modulating the beam into a square wave
using the EOM. In our experiments, the modulation frequencies varied between 21 - 25
KHz.
The signal resulting from the cavity is detected by the PMT. The response curve
of the PMT showed a maximum detection range at around 1000 volts. Therefore, most
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signals were detected using either a 900 V or 1000 V setting. The PMT uses a 50 ohm
load resistor mainly because of two reasons; first, the resistor protects the PMT from a
charge buildup which, upon connection to a measurement device, could be released
rapidly causing damage to the PMT. Second, the resistor behaves like an RC circuit that
responds like an exponential function with a time constant equal to:

W

RC

(26)

where R is the resistance in ohms and C is the capacitance in farads. This is useful to
determine the response of the system to changes in the signal.
The signal is sent from the PMT to a SRS SR560 pre-amplifier where any random
noise can be filtered out of the signal. The latter is also amplified at this stage. The
typical settings for the SR560 are a gain of 1, low noise filter mode with the high and low
pass filter set at 6 dB, and DC coupling. The cutoff filters are set from 300 Hz to 300
kHz, which makes possible to reduce the degree of noise in the measurement without
interfering with the signal of interest. To ensure that the cutoff filters are far enough away
from the modulation frequency of the laser beam, the cutoff filters are first set very wide.
The filters are then narrowed toward the modulation frequency until a noticeable change
in signal and angle are observed. The filters are then backed off two settings to avoid
signal aliasing.After the pre-amplifier the signal is also sent to an oscilloscope. The
oscilloscope is used to identify the signal for alignment purposes.
The lock-in amplifier is used to extract the phase angle from the signal. It requires
a reference frequency supplied by the frequency generator and a reference phase angle to
determine the phase angle of the CRD signal. The reference phase angle is obtained by
bypassing the optical cavity and sending the beam to the PMT. This results in a signal
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that should resemble a square wave with the modulation frequency value. It is advisable
to use optical density filters to dim the intensity of the bypass beam without lowering the
power of the pump laser. The intensity of this beam should be filtered to fall within the
same sensitivity range, in the lock-in amplifier, of the CRD signal. This reference signal
is called the zero phase-shift and can automatically be programmed into the SRS 830 by
hitting the reference button. Once the reference signal has been zeroed, the signal from
the optical cavity is allowed to reach the PMT. In the oscilloscope this signal (if is
delayed) may look like a shark fin instead of a square signal. This represents the delay,
both loading and unloading the cavity, with respect to the reference signal. In the lock-in
amplifier the phase shift can be read.
The lock-in uses low pass roll-off filters along with phase sensitive detectors to
remove all of the unwanted AC signals and noise components from the signal. The rolloff filters are 6 dB/octave, RC type filters which output become steadier by using a long
time constant. A single RC filter requires about 5 time constants to settle to its final value
so that a 1 second time constant will need a wait of least 5 seconds. This parameter acts
as a limiting factor when measuring very narrow rotational lines, therefore in chapter
three we discuss its influence on the spectral resolution.
The phase measurements from the lock-in are sent via GPIB to a LabVIEW® data
acquisition (DAQ) computer program. The program also controls the stepper motor that
drives the micrometer screw on the dye laser, making scanning possible. After each step
of the motor the DAQ acquires the phase in degrees from the lock-in and converts it to
radians. The decay time constant Ĳ is calculated as shown in equation 10. The absorption
is then determined by:
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where c is the speed of light in cm/s. The DAQ program is shown in appendix E.
Experimental Procedure
Calibration
The micrometer screw on the dye laser must be calibrated periodically to obtain
reliable PS-CRD results. The calibration is necessary whenever the adjustment knobs are
used to re-align the laser after cleaning the optics. This is usually necessary when a
decrease on the lasers performance is observed. Optics cleaning procedures can be found
in Appendix C.
The calibration of the laser is necessary in order to convert the micrometer
positions of the birefringent filter to wavenumbers (cm-1). This is accomplished by using
a monochromator and recording the resulting wavelength at every position of the
micrometer screw. This is usually repeated for intervals of 5 – 10 micrometers until the
desired range is covered. As Figure 15 shows, a plot of wavenumbers vs. micrometer
positions is obtained and a polynomial fit can be used as the calibration equation. The
latter can then be entered in the LabVIEW® software program so that the measured
spectra are correctly positioned.
Off-Axis Alignment Procedure
The first step for the off-axis alignment is to perform the on-axis alignment. The
detailed and improved procedure for the on-axis alignment can be found in Appendix B.
Using the mirror periscope assembly placed in front of the cell (Figure 16), the incoming
beam can be moved gradually off-axis from the center of the cavity. The laser beam can
31

be moved, to the left or right, up to 5 mm off the center axis. Selection of the direction of
this displacement depends only on the quality of the initial alignment.

Figure 15. Calibration curve of the stepper motor
In the completed process the CRD signal needs to be monitored with the
oscilloscope. The PS-CRD signal can be optimized with small adjustments of the
alignment screws in the front mirror. After that, a lens is placed between the cell and the
PMT to collect the output light from the cavity. Also, an iris is placed behind the lens to
decrease the beam power and scattered light.
One more step is necessary when the PS-CRD system is aligned. After the
maximum obtainable angle is found, the frequency of modulation must be adjusted up or
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down to obtain a -45ι angle. Some final adjustments may need to be made to tweak the
signal, but these come from experience and practice.

Figure 16. Mirror periscope located before the optical cavity
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CHAPTER THREE
Evaluation of the PS-CRD Spectrometer for the Acquisition of High Resolution Spectra
The absorption spectra of molecular oxygen recorded for the (2ĸ0) band of the
ܾଵ ȭା ሺ߭ԢԢ ൌ ʹሻ ՚ ܺ ଷ ȭି ሺ߭ ᇱ ൌ Ͳሻ transition using phase shift cavity ring down
spectroscopy are presented in this chapter. Measurements at room temperature of the
individual rotational line intensities were made for the oxygen Ȗ-band at 628 nm. A
comparison between experimental and simulated spectra validates the optimization
procedure achieved experimentally. The spectra are used to evaluate experimental
variables including gain, time constant, pause, sensitivity, and off-axis position.
Absorption Spectroscopy of the Oxygen Atmospheric Bands (ܾଵ ߑା ՚ ܺ ଷ ߑି )
Transitions between the lowest three electronic states of the oxygen molecule,
ܺ ଷ ȭି , ܽଵ ȟ and ܾଵ ȭା give rise to several absorption band systems in the near infrared
and visible regions. Figure 17 shows a potential energy diagram for the low-lying
electronic states of O2.38
The red atmospheric bands of molecular oxygen are due to the transition between
the electronic triplet ground state ܺ ଷ ȭି and the singlet electronic state ܾଵ ȭା . The (0ĸ0),
(1ĸ0) and (2ĸ0) bands are respectively denoted as the A, B, and Ȗ bands. The (0ĸ0)
transition is favored by Frank-Condon factors over the (1ĸ0) and (2ĸ0) bands. Thus,
the A- band is the strongest and the Ȗ-band the weakest.
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Figure 17. Potential energy diagram for the low-lying electronic states of O2.38
These red atmospheric bands are very weak since the electronic dipole transition
between the two states for the gerade - gerade, Ȉ+ ĸ Ȉ-, and singlet-triplet cases are all
forbidden. Therefore, the transition takes place via a magnetic dipole interaction.
Because the electronic ground state is the ܺ ଷ ȭି state, the average electronic orbital
angular momentum vanishes (ȁ = 0). Nevertheless there is an instantaneous non-zero
value of the orbital angular momentum which produces a recessing magnetic dipole
moment of orbital origin. The total electronic spin is S=1 and hence, molecular oxygen
has a permanent magnetic dipole moment of approximately two Bohr magnetons.
The first spectroscopic study of the red system of atmospheric oxygen bands was
made by Babcock et al39 using a long path cell in the laboratory and open path
measurements through the atmosphere with two different grating spectrometers. Since
then measurements of intensity have been made for individual rotational lines of the
atmospheric oxygen ܾଵ ȭା ሺ߭ԢԢ ൌ ʹሻ ՚ ܺ ଷ ȭି ሺ߭ ᇱ ൌ Ͳሻ A band and Ȗ band by using
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different techniques such intracavity laser-absorption spectroscopy (ICLAS) 40 and cavity
ring down spectroscopy. 31, 32, 41
The high sensitivity of CRDS

13, 42

, phase shift cavity ring down spectroscopy

29

and Fourier transform phase shift cavity ring down spectroscopy43 have been
demonstrated by using several bands in the very weak forbidden ܾଵ ߑା  ՚  ܺ ଷ ߑି
transitions on gaseous molecular oxygen.
Structure of the Bands
The rotational levels of the O2 states are designated by the quantum numbers J
and K, where K represents the rotational angular momentum, and J, the total angular
momentum, is the sum of the rotational and spin angular momenta, J=K+S. The ground
state is split into levels corresponding to J” = K”, K”+1, K”-1, with only odd values of
K” allowed (double primes and single primes denote lower and upper states,
respectively). The upper electronic level, which has zero spin, is composed of single
states with J’=K’, where only even values of K’ are allowed.
The red atmospheric oxygen bands are comprised of four branches, two R-form
branches forming a head and two P-form branches, separated from the former by a zero
gap. The observed four branches of the red atmospheric oxygen bands can be accounted
for only by the selection rules for magnetic dipole radiation,
ேை

ǻJ= 0, ( ܬൌ Ͳ ር
ሮ  ܬൌ Ͳ)

(28)
ேை

ǻJ= ±1 ( ՞ ǡ െ ՞ െǡ െ ር
ሮ )

(29)

The corresponding transitions are indicated in Figure 18 using full lines. There is
an RR branch (ǻJ = +1, ǻK = +1), a PP branch (ǻJ = -1, ǻK = -1), an RQ branch (ǻJ = 0,
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ǻK = +1), and a PQ branch (ǻJ = 0, ǻK = -1).39 These are expressed according to the
notation οkοJ.

Figure 18. Combinations associated with branches of the red system of atmospheric
oxygen
As shown in Figure 18, the three components of the ܺ ଷ ȭି ground state of oxygen
are designated by F1, F2, and F3, in accordance with  ܬൌ  ܭെ ͳ,  ܬൌ ܭ, and  ܬൌ  ܭ ͳ.
The PP and RR branches of the red atmospheric bands correspond to transitions from the
F2 component, the RQ and PQ branches to transitions from F1 and F3 components,
respectively. These PP, PQ, RR, and RQ transitions can also be conveniently represented
on a Fortrait diagram as the one shown at the top of Figure 19. The rotational terms Fi,
are given by Watson.44
For J” = K” + 1,
Fi

>

J cc( J cc  1) B cc  ( 2O  J )  ( B cc  O  1 / 2J )  ( B cc  O  1 / 2J ) 2  4 J cc( J cc  1)( B cc  1 / 2J ) 2

@

1/ 2

(30)

For J” = K”,
Fi

J cc( J cc  1) B cc  ( 2O  J )

(31)

For J” = K” - 1,
Fi

>

J cc( J cc  1) B cc  ( 2O  J )  ( B cc  O  1 / 2J )  ( B cc  O  1 / 2J ) 2  4 J cc( J cc  1)( B cc  1 / 2J ) 2
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@

1/ 2

(32)

where the inertial and coupling constants are B” = 1.43777 cm-1, Ȝ = 1.984 cm-1, and Ȗ = 0.084 cm-1. The parameter Ȝ indicates a coupling of the spin to the internuclear axis and
thus indicates a deviation from Hund’s case b which would normally be expected for an
unperturbed 3Ȉ state. The parameter Ȗ represents the magnetic coupling between the
electron spin and the axis of rotation.
Absorption Spectra for the (2,0) Ȗ-Band of O2 using CRD Spectroscopy
As mentioned in previous section, this Ȗ band corresponds to the (2,0) band of the
ܾଵ ȭା ՚ ܺ ଷ ȭି electronic system of the O2 molecule, and it is the weakest absorption of
the red atmospheric bands system, with a rather small Franck-Condon factor (0.00264).13
It is a highly forbidden transition, since it is gerade - gerade, Ȉ+ - Ȉ- and a singlet-triplet
transition.
Absorption spectra of oxygen Ȗ bands were measured in the range (15795-15945)
cm-1 using a dye laser with R6G as dye, pumped by a solid state Millennia V laser. Thus,
PS-CRD was used to acquire the spectra. The resolution of the dye laser was 0.013cm-1.
The path length achieved was 12.2 km. Figure 19 shows the simulated absorption
spectrum of the oxygen Ȗ band in the region between 15960 and 15750 cm-1. The PP and
P

Q branches are very well resolved. Their assignments are indicated by the Fortrait

diagram above. A congested region is also observed between 15930 to 15905 cm-1 where
the RR and RQ branches of the Ȗ band are seen. In this region the ǻȞ between RR
transitions start to decrease progressively, and these RR and RQ branches eventually start
folding as the J values increase. Ultra-high resolution is required in order to fully resolve
this area of the spectrum experimentally.
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Figure 20 shows the absorption spectrum of the oxygen Ȗ band in the region
between 15960 and 15750 cm-1. This is the spectrum obtained experimentally using the
PS-CRD technique. Likewise, the

P

P and

P

Q branches are very well resolved.

Nevertheless, due to inherent experimental limitations, the RR and RQ branches of the Ȗ
band are rather unresolved in the region between 15930 and 15905 cm-1. Their
assignments are indicated by the Fortrait diagram above. Still, some assignments could
be made for some of the RR and RQ transitions, despite the insufficient resolution
obtained in this region.
Perhaps these assignments can be observed better in Table 4. This table also
shows a comparison between the values obtained by Babcock and Hertzberg39 and those
obtained in this work with PS-CRD and PGOPHER.
It can be seen in Figure 21 how the PP and PQ spectral values obtained with PSCRD are closer to those obtained by Babcock et. al. whereas a larger gap exist between
these and the simulation. This validates the experimental conditions, and calibration,
achieved with the PS-CRD system described in Chapter Two.
Spectral Quality
A pressure series of 760, 300, 200, 100 and 50 Torr was measured and is
displayed in Figure 22. This series of spectra show how the absorption increases along
with the pressure of oxygen inside the cavity. This attest to the linear response expected
from and absorption spectroscopy technique.
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Figure 19. Bottom: Simulated rotational-vibrational spectrum of the Ȗ band of O2
obtained with the PGOPHER program.45 Top: Corresponding Fortrait diagram. All
rotational constants needed for this simulation were taken from reference 31.
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Figure 20. Bottom: Experimental result for the rotational-vibrational spectrum of the Ȗ
band of O2 acquired with PS-CRD. Top: Corresponding Fortrait diagram.
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Table 4. Line absorption frequencies
Babcock & Hertzberg

PGOPHER Simulation

This Work

J
P

P Branch

1

15,899.546

3

93.294

5

P

Q Branch

P Branch

P

Q Branch

P

P Branch

P

Q Branch

15,898.2

---------

15,897.9

15,895.379

91.9

15,894.1

91.9

94.0

86.381

88.394

85.1

87.1

84.8

87.8

7

78.806

80.780

77.6

79.5

76.9

79.2

9

70.576

72.515

69.3

71.3

68.6

71.1

11

61.668

63.591

60.5

62.4

59.8

62.3

13

52.104

54.006

50.8

52.8

51.0

52.3

15

41.883

43.766

40.7

42.6

40.7

42.4

17

30.993

32.854

29.7

31.7

29.9

31.3

19

19.434

21.282

18.2

20.1

18.4

20.1

21

07.208

09.030

06.0

08.0

05.7

07.7

J

R

R Branch

---------

P

R

Q Branch

R

R Branch

R

Q Branch

R

R Branch

---------

R

Q Branch

1

15,907.674

15,909.550

15,906.4

15,908.2

15,906.4

15,908.8

3

12.257

14.207

10.8

13.0

11.0

----------

5

16.718

18.168

14.8

16.9

14.2

16.8

7

19.472

21.443

18.2

19.9

18.5

----------

9

22.008

24.049

20.7

22.2

----------

----------

11

23.916

25.982

22.4

24.5

22.9

24.2

13

25.153

27.234

23.6

25.8

----------

----------

15

25.709

27.813

24.3

26.3

----------

----------

17

25.580

27.704

24.1

26.3

----------

----------

19

24.781

26.930

23.4

25.6

----------

----------

21

23.286

25.440

21.8

24.1

----------

----------
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Figure 21. Fortrait diagrams comparison the between the work of Babcock and Hertzberg
(Ÿ), PGOPHER Simulation (Ŷ), and this work (Ɣ). Filled items represent the PP and RR
branches while empty items represent the PQ and RQ branches.
Quantitative measurements of spectral parameters like signal to noise ratio (S/N)
and root mean square (RMS) noise can be measured for individual spectra, in order to
evaluate the impact of the experimental variables inherent to the PS-CRD technique on
the overall quality of a spectrum.
The complexity of a PS-CRD spectrometer, which uses several instruments
including pre-amplifiers, lock-in amplifiers, PMT detectors, etc., requires optimizing
many variables in order to obtain good quality spectra. Although the impact of some of
these variables on the overall spectral quality might be obvious, some others are not.
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Some of these are the pre-amplifier’s gain, the sensitivity of the lock-in amplifier, the
time constant set on the lock-in amplifier for the averaging of the signal, and the pause
taken by the data acquisition software between iterations. Because the PS-CRD technique
does not depend on the intensity of the radiation but rather on the time the radiation
spends inside the cavity, the use of variables like gain, sensitivity, and laser power must
be weighted out as their influence on the overall signal is not very straight forward.

4.8
3.6
2.4
1.2

Absorption x10-7 (a.u.)

6.0

0.0

Absorption x10-7 (a.u.)

760 Torr
300 Torr
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100 Torr
50 Torr

16,000

15,950

15,900

15,850

15,800

15,750

15,700

-1

Wavenumber (cm )

Figure 22. Oxygen Ȗ band. Absorption pressure series at 295K
Signal to Noise Ratio
This quantity was used as the primary indicator of the spectral quality of each
spectrum. The signal intensity was obtained from the spectral data by looking at the RR11
transition line (15,922.9 cm-1) of the full spectra, as well as the PP5 line (15,884.8 cm-1)
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for the spectra where only the P branch is shown. The root mean square (RMS) noise was
calculated using equation 33. Equation 34 shows the resulting expression for the S/N.
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where n is the is the number of data points used in the calculation, IRR11 can be substituted
by IPP5 and represents the intensity of the RR11 and PP5 lines, respectively, Sx is the
average line intensity, and Si is the line intensity of at a particular data point. On average
among all the analyzed spectra, the value of n was 4596 or higher.
Tables 5 and 6 show the S/N ratios calculated for the pressure series shown in
Figure 22. These were calculated using the intensities of both transitions, RR11 and PP5,
respectively. They show that all runs were obtained with similar noise values despite the
increases in pressure. Accordingly, the intensities of the IRR11 and IPP5 lines increased
with the pressure. The table also shows the number of resolved bands obtained on each of
the spectra. The criteria used for counting the resolved peaks was only limited to the P
branch of the spectra since neither of the R branch peaks were resolved satisfactorily.
This is due in part to the folding nature of the R branch manifold, which complicates this
region of the spectrum. On the other hand, the gap between adjacent transition lines tends
to increase for the P branch, facilitating the identification of resolved peaks. Calculations
of the frequency width at half maximum (FWHM) could be made for each peak but,
given the number of peaks, we considered it convenient not to do so in order to facilitate
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the description of the analysis presented in this work. Although the best S/N ratios were
obtained at the highest pressure of this series, it can be concluded from these results that
the best spectrum was obtained at 300 Torr. Therefore all succeeding runs where
evaluated at this pressure.
Table 5. S/N results with the RR11 line values
P (Torr)
50
100
200
300
760

RMS Noise
2.3E-09
2.2E-09
2.3E-09
2.0E-09
2.0E-09

I RR11
2.2E-08
8.1E-08
1.6E-07
2.1E-07
6.1E-07

S/N Ratio
9.3
37.1
70.0
108.5
295.3

# Resolved Bands*
1
5
7
7
1

* out of 23 possible (P branch)

Table 6. S/N results with the PP5 line values
P (Torr)
50
100
200
300
760

RMS Noise
2.3E-09
2.2E-09
2.3E-09
2.0E-09
2.0E-09

I PP5
2.3E-08
3.3E-08
4.7E-08
7.1E-08
1.8E-07

S/N Ratio
9.8
15.1
20.7
36.0
88.8

# Resolved Bands*
1
5
7
7
1

* out of 23 possible (P branch)

Acquisition Pause
Appendix E shows the LabVIEW code used to control, operate, and acquire data
with the PS-CRD spectrometer explained previously and shown in Figure 14. This
customized program can execute several duties, from moving the stepper motor attached
the dye laser, to acquiring the data readings from the lock-in amplifier, solving simple
algorithms, plotting the results in real time, and properly saving the data into common
electronic files. It performs the entire cycle in a timely manner and in as many iterations
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as required, depending on the desired range of wavelengths. Typically the number of
iterations is determined by the number of steps taken by the stepper motor plus one more.
At the end of each cycle the program must take a “Pause” before starting the next
iteration. The length of this pause, measured in seconds, must be designated by the
operator, and it depends on the configuration of the lock-in amplifier during a scan.
Parameters like time constant, dynamic range, and number of data points to be averaged
are important factor to be considered when determining the length of the pause. The
challenge is to find a pause value long enough to allow the system to acquire good quality
spectra, yet short enough to avoid scans taking long periods of acquisition time.
Therefore, the balance between a good quality, high resolution spectrum and short scan
duration must be achieved.
Several pause values were tested, from 0 s, 100 ms, 200 ms, and 300 ms, and we
found an increase in the spectral quality until it no longer improves after 300 ms. The
spectral quality was evaluated using both RR11 and PP5 transition lines of the oxygen’s Ȗband. Figure 23 and Tables 7 and 8 show the results for 0 and 300 ms.
Table 7. S/N results at different pause length using the RR11 line values
P (Torr)
300
300

Pause (ms)
300.0
0.0

RMS Noise
1.3E-09
9.4E-10

I RR11
1.9E-07
1.5E-07

S/N Ratio
144.9
163.9

# Resolved Bands*
10
1

* out of 23 possible (P branch)

Table 8. S/N results at different pause length using the PP5 line values
P (Torr)
300
300

Pause (ms)
300.0
0.0

RMS Noise
1.3E-09
9.4E-10

I PP5
6.9E-08
3.2E-08

* out of 23 possible (P branch)
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S/N Ratio
53.9
34.0

# Resolved Bands*
10
1

Figure 23 shows how the resolution of the spectrum gets diminished when the
software performs without taking any pause. This means that it is not allowing enough
time to let the signal stabilize before it acquires it from the lock-in amplifier, and it
basically reads the first number that the latter registers. The shape of the band and the
intensity of each transition are also affected as it can be seen on Figure 23. The shape of
the P-branch of the 0 ms spectrum is affected by the randomness of the quick reading
which affects the S/N values.
Pre-Amplification
As shown in Figure 14, the signal coming out of the PMT detector must pass
through a pre-amplifier before it reaches the lock-in amplifier. In conventional absorption
spectroscopy methods the sensitivity of the technique and the S/N ratio depend upon the
strength of the signal. In these cases, an amplification of the detector’s electronic
response will increase the intensity of the signal and also the noise. As explained in the
previous chapter, CRD does not depend on the intensity of the signal nor the laser power,
but rather on the time it takes the incident beam to exit the cavity. Nevertheless, after the
beam has undergone several round trips inside the cavity, and consequently absorbed by
the sample, the exiting beam is not intense enough to be read accurately by the lock-in
amplifier. Even with the amplification range obtained with the PMT, the magnitude of
the signal is low and therefore the use of a pre-amplifier is critical.
Several scans were obtained at different levels of gain of the pre-amplifier and the
quality of the resulting spectra was evaluated looking at the P branch of the Ȗ band of O2.
Table 9 shows the results obtained at three different values of gain and these spectra are
shown in Figure 24.
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Figure 23. Oxygen Ȗ band obtained at different acquisition pause. (Top) 300.0 ms,
(Bottom) 0.0 ms.
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Table 9. S/N results at different gain values
P (Torr)
300
300
300

Gain
100
50
20

RMS Noise
9.9E-10
9.4E-10
9.9E-10

I P5
5.4E-08
5.6E-08
5.5E-08
P

S/N Ratio
54.5
59.3
55.5

# Resolved Bands*
11
11
11

* out of 23 possible (P branch)

Figure 24. PQ5 and PP5 lines of the P-branch of the oxygen Ȗ band evaluated at different
pre-amplification gain. (Top) x100 times, (Middle) x50 times, (Bottom) x20 times.
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Contrary to what was expected the noise remains approximately the same for all
the gain values. Similarly, the intensity of the PP5 line maintained its value and no other
resolved bands were noticed. In general, judging only by the empirical results shown in
table 9, the spectral quality of these results remained independent of the gain value.
Nevertheless, it can be noticed that the baseline of the spectrum is slightly affected at the
highest gain value of x100. The slight frequency shift between the maximums of each of
the bands and their homologues is not a consequence of the gain and it should not be
understood as such. This shift is due to the small inaccuracy in the calibration of the
stepper motor shown in Figure 15.
Sensitivity
Once the pre-amplified signal is received by the lock-in amplifier, the need for
adjusting the sensitivity of this apparatus arises. Generally, there will be a range of
suitable sensitivity values going from the point of maximum sensitivity, where the lockin is near saturation, to the lowest sensitivity in which the lock-in amplifier hardly
registers any signal. Usually, when the lock-in amplifier is at its most sensitive level, its
dynamic range is at its highest, which introduces a large degree of volatility on the
measurements. Although this volatility of the signal can be controlled by changing some
of the lock-in amplifier’s parameters, like time constant or signal averaging, sometimes
these actions are not desired.
Another factor that influences the selection of the sensitivity levels of the lock-in
amplifier is inherent in the nature of the PS-CRD experiment itself. When the beam of
light is by passed around the cavity to be taken as a reference, it is only experiencing a
one way trip along the cavity and therefore its intensity is much larger than that of the
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beam traveling across the cavity. Therefore, the signal of the reference beam that gets
sent to the lock-in amplifier is much higher than the one belonging to the cavity beam.
Some efforts can be made to minimize this situation by locating optical density
filters along the reference beam, but the intensity of the beam exiting the cavity is so low
that the reference beam will still be much more intense. Occasionally, this will lead to
choosing a different sensitivity level for each of the two signals, which at first sight does
not seem ideal.

Figure 25. Section of the experimental setup of the PS-CRD spectrometer. Intensity of
the reference beam versus intensity of the cavity beam. Key: I, iris; PMT, photomultiplier
tube.
Several spectra were obtained at different levels of sensitivity of the lock-in
amplifier, and their spectral quality was evaluated looking at the P branch of the Ȗ band
of O2. Table 10 shows the results obtained at two values of sensitivity representing the
outermost values of the studied range. Even though at 50 mV the lock-in amplifier is a
hundred times less sensitive than at 0.5 mV, the latter produced results with slightly
lower spectral quality than those obtained at 50 mV. These spectra are shown in Figure
26.
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Table 10. S/N results at different sensitivities
P (Torr)
300
300

Sensitivity (mV)
50
0.5

RMS Noise
9.9E-10
1.1E-09

I PP5
5.5E-08
4.4E-08

S/N Ratio
55.5
42.1

# Resolved Bands*
13
8

* out of 23 possible (P branch)

Figure 26. PQ5 and PP5 lines of the P-branch of the oxygen Ȗ band evaluated at different
sensitivity values. (Top) 50 mV, (Bottom) 0.5 mV.
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Off-Axis vs On-Axis Alignment
In Chapter Two of this work the off-axis method was described as an alternative
to improve the results obtained with a PS-CRD spectrometer. Its major advantages are the
increased coupling of the laser beam into the cavity, and the decrease of the free spectral
range (FSR) when the beam is still in it. Experimentally, the off-axis alignment is risky
+and hard to achieve because, if it is not performed in a rather methodic way, there is a
high probability that the return to the exact same initial on-axis position will never be
achieved. This is due to the imperfect nature of all the optics involved in this already
complicated CRD setup. Under these conditions it is often questionable whether it is
worth taking such risk, especially considering that not all off-axis positions of the beam
will lead to the best result or to a better result than that already obtained via the on-axis
alignment. Furthermore, the optimal off-axis position could be at any distance from the
center axis and at any of the 360º of the plane delimited by the entry mirror.
Several spectra of the Ȗ-band of oxygen were recorded at different positions to the
left and to the right of the on-axis position, and the spectral quality was evaluated on each
case. Because of experimental challenges, the off-axis positions to the north, south, and
any diagonal directions were not evaluated. It was found that there was no symmetry
between the results to the left and those to the right of the center axis. We evaluated offaxis positions located at 0.8 mm, 1.6 mm, 2.4 mm, and 3.2 mm on both sides, and in
neither of these cases did the results at one of these positions matched those obtained at
the identical distance on the opposite side.
Table 11 shows the results obtained for the positions located to the right side of
the center axis. These results were obtained running the system with the best
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configuration of all the experimental parameters discussed thus far. A comparison with
the on-axis position of the beam is also shown. The selection of these discreet positions
was ruled by the spot size of the incoming beam (1.6 mm), and the experimental
limitations inherent to our system.
Table 11. S/N results at different Off-Axis positions
P
(Torr)
300
300
300
300
300

Off- Axis
(in)
0.125
0.094
0.063
0.031
0.000

Off- Axis
(mm)
3.2
2.4
1.6
0.8
0.0

RMS Noise

I PP5

S/N Ratio

2.5E-09
2.1E-09
8.7E-09
3.8E-09
1.5E-09

5.0E-08
9.8E-08
8.5E-08
8.4E-08
4.5E-08

19.7
46.2
9.7
22.3
29.0

# Resolved
Bands*
7
10
5
6
7

* out of 23 possible (P branch)

Conclusions
Table 4 and Figure 21 show that the spectra obtained in this work with our PSCRD setup correlate closely to the simulated spectrum and, more importantly, to those
values obtained by Babcock and Hertzberg on their work. This should validate the
experimental setup used in this work. The linear response of our system was also
demonstrated with the pressure series experiment shown in Figure 22. A simple analysis
of the spectral quality of this series showed that the response of the system at pressures of
50 Torr is governed by a large amount of noise on the signal. On the other end of the
range, results suggest that at high pressures the systems starts experiencing saturation
effects at 760 Torr. The optimal values of S/N ratio and resolved bands count were found
at 300 Torr of oxygen, and therefore that same pressure was used for the forthcoming
analysis of the experimental variables.
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Figure 27. Portion of the P-branch of the oxygen Ȗ band, from PP13 to PP1, obtained at
different Off-Axis positions. (Lowest) 0.0 mm, (Uppermost) 3.2 mm.
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Despite the complicated nature of the PS-CRD experiment, some of the most
common experimental variables were evaluated, and the results show that the spectral
quality is not greatly affected by changes in the gain of the pre-amplifier. Table 9 does
not show major differences on the S/N values nor a change in the resolved bands count
for any of the three evaluated gain values. On the other hand, the acquisition pause can
bevery influential on the overall spectral quality within a small range of values. For
values higher than 300 ms no major changes were found experimentally, and the more
contrasting difference was found between 0 and 300 ms as shown in Figure 23. All these
were tested with the lock-in amplifier set with the same time constant of 3 s during all the
scans.
The sensitivity of the lock-in amplifier has a small effect on the overall quality of
the spectra. The results were better when setting up the lock-in amplifier at relatively low
sensitivity, which may sound contradictory. Nevertheless, this re-enforces what we know
about CRD and its non-dependence on the strength of the signal. Our results suggest this
signal only needs to be strong enough for the lock-in amplifier to lock the corresponding
phase and to determine the phase shifts with respect to the reference signal.
Lastly, the off-axis/on-axis comparison shows some interesting findings. After
the main on-axis alignment has unequivocally been accomplished, one may be tempted to
conclude that any off-axis position parallel to the preceding on-axis position would
improve the method. The results show otherwise. Optimal off-axis positions seem to be
found at very discrete angles from the center axis. In every case the intensity of the CRD
signal increased, but in some cases this occurred to the detriment of the band resolution
and the S/N ratio. A result more difficult to demonstrate with scientific data is the
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increase in the continuous coupling of the beam inside the cavity. It has been reported
elsewhere33,

34

that this factor results in an “optical sensor that is more robust and

insensitive to mechanical vibrations”. Experimentally, this increase in the coupling of the
incoming beam translated into a major improvement of the stability of the experimental
setup. When working with on-axis CRD, it is normal to notice a frequent decline on the
experimental configuration of the PS-CRD sensor. This is usually caused by random
events like mechanical vibrations, small changes in the alignment of the dye laser cavity,
small displacements of the optics holders and mirrors, etc. All this makes critical the
adjustment of the cavity alignment every 24 hours. Nevertheless, when the sensor was
setup for the off-axis configuration, the system did become rather robust. Declines on the
quality of the alignment were not noticed for weeks, which translated into the acquisition
of large amounts of spectra under virtually the same experimental conditions.
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CHAPTER FOUR
Thermal Lens Spectroscopy
This chapter presents the fundamentals of the Thermal Lens (TL) technique. A description
of the instrumental setup follows, starting with a complete presentation of the Thermal Lens (TL)
system, from the cell design to the TL experimental setup, including cryostat design and
preparation of cryogenic samples. The application of the TL technique for the study of the
hydrocarbon lakes found in the moon Titan is discussed. An improved experimental setup for the
study of cryogenic multicomponent solutions is presented. This is done through acquisition of the
thermal lens spectra of the C - H ('X = 0ĺ4) vibrational transition of ethane at 91 K, and C - H
('X = 0ĺ5) vibrational transition of benzene at room Temperature. Finally, a TL spectrum of a
binary cryogenic solution of ethylene in ethane is also shown.
Thermal Lens Spectroscopy (TLS) was first discovered by Gordon et al.46 who
also suggested its use for the detection of very weak absorptions.3, 47 TLS was also the
first photothermal spectroscopic method applied for sensitive chemical analysis, and it is
a powerful technique in the analysis of chemical traces.48,

49

TLS can be used in the

thermal characterization of materials,50 as well as being a useful tool in areas of
fundamental studies, including the measurement of absolute fluorescence quantum
yields,51 measurement of thermal diffusivities,52 and the measurement of two-photon
absorption spectra.53 Table 12 summarizes some of the most common photothermal
techniques and their applicability.54
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Table 12. Common detection used in photothermal spectroscopy
Thermodynamic Parameter
Temperature

Measured Property
Temperature
Infrared emission

Pressure
Density

Acoustic wave
Refractive index

Surface deformation

Detection Technique
Calorimetry
Infrared emission
Photothermal radiometry
Photoacoustic spectroscopy
Photothermal lens
Photothermal interferometry
Photothermal deflection
Photothermal refraction
Photothermal diffraction
Surface deflection

Thermal Lens Spectroscopy (TLS) is based on the Photothermal Lens Effect.
When a molecule absorbs radiation, the excited specie releases energy to return to the
ground state. Heat is then produced in a non-radiative decay. This causes a temperature
increase of the molecules which decreases the refractive index, K, of that medium. As a
result of this, a radial K gradient is formed at the focal plane of the radiation, as shown on
Figure 28. The lens is created through the temperature dependence of the sample’s
refractive index.
The lens usually has a negative focal length since most materials expand upon
heating and the refractive index is proportional to the density. If the excitation light has a
non- uniform shape (e.g., Gaussian shape), a localized non-uniform distribution of the
refractive index is formed, acting like a concave, or negative, lens. This negative lens
causes the divergence of a second beam (probe beam) traversing the sample and the
signal is detected as a time dependent power decrease of the probe beam. Spectroscopy
can be readily achieved by scanning the wavelength of the excitation source. The lens
created in the medium is called the thermal lens (TL).55
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Figure 28. A probe beam irradiates an excited sample. Depending upon the change in the
refractive index,K, and the density of the sample, a convergent or divergent lens will
change the direction of the probe radiation. For most liquids, ߲ߟ Τ߲ܶ ൏ Ͳ, which results
in a divergent lens.
The original TL apparatus used by Gordon et. al.3 was studied and improved by
Grabiner, et al,56 to measure vibrational relaxation rate constants. This was further
developed by Hu and Whinnery achieving more sensitive absorbance measurements57.
These studies resulted in less complicated transient signals, as well as simplified the
theory behind these.
The typical components of the TL apparatus are: (i) the coherent laser excitation
source able to deliver high optical power throughout a small cross section area of the
sample, (ii) a low absorbance sample, (iii) an optical filter or pinhole (or both) placed in
the far field, and (iv) a photodetector to measure the power beyond the pinhole. A
simplistic view of the optical system for the thermal lens apparatus is shown in Figure 29.
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Figure 29. Optical system for thermal lens apparatus
Thermal lens instrumentation can be classified in two categories, single- and
double- beam.55 The advantage of the single-beam configuration is that it is less complex
than the double-beam, but the latter has more flexibility and suitability in the analysis of
wider spectral region.58 Single-beam TL spectrometers are unique among thermal lens
instruments because the same laser is used in both excitation and signal detection, this
adds simplicity and ease of operation. This configuration was commonly used in early
stages of the technique to evaluate signal dependence on laser power, optical pathlength,
beam divergence, sample concentration, and flow dynamics.58,
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This configuration

captures multiple points along the transient increase of the thermal lens signal and it can
provide faster and more accurate determinations than a double-beam setup.57, 59 In this
case, the probe laser is a cw beam whereas the excitation beam could be cw or pulsed
laser.
The double-beam TL spectrometer has separate use of lasers for the pump and
probe beams. Nowadays signal averaging devices allow precise monitoring of the
modulation imposed on a stable probe laser by a thermal lens. Double-beam TL
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spectrometers could be set- up in two configurations, collinear and transverse. In the
collinear configuration, both beams are precisely aligned collinearly for the whole optical
path. On the transverse configuration, the excitation beam, and the probe beam are
aligned perpendicular in the center of the sample.
Theoretical Description of the TL
The thermal lens effect has been previously described.60-63 Whether the laser
excitation is pulsed or continuous, the pump-probe geometry is collinear or transverse,
and the sample is stationary or flowing, theoretical models have been developed to
account for the experimental observations. Although these models are limited to specific
experimental conditions, they have led to a better understanding of the factors governing
the intensity of the thermal lens. Thanks to this it is possible to achieve its optimization
and use as an ultrasensitive spectroscopic technique.
The TLS signal can be described in terms of the focal length of the TL formed
within the sample. A simplified description calls for a thin lens, with the assumption that
Į.l << 1, and unit quantum efficiency for heat production, where Į is the absorption
coefficient, and l is the lens thickness. A sample excited by a laser beam with an
irradiance E of the form shown by equation 35, will produce a time dependent TL with
focal length, f(t), as described in equation 36.
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(36)

where Er is the radial dependent irradiance in watts per square meter (W/m2), ĭ0 is the
incident radiant power in watts, w is the 1/e2 radius of the pump beam, w2 is the spot size
of the laser beam, f represents the steady state focal length formed at infinite time (in
meters), and tc is the characteristic thermal time constant expressed in seconds. At
constant pressure, the steady state focal length of the TL depends on the refraction index,
temperature, and the beam’s spot size as shown in equation 27.
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where N (J.s. cm-1.K-1) is the thermal conductivity, K0 the refractive index of the medium
where detection takes place, K the refractive index of the sample, T the temperature in
Kelvin, U the density in kg/m3, and CP the specific heat capacity (J kg K-1).
Because of the temperature gradient formed in the neighborhoods of the
excitation point, the thermal diffusion process is a consequence of the tendency of a
system to return to its thermodynamic equilibrium. Thermal diffusion is defined by the
nature of the solvent.
The general equation of energy conservation for an irradiated sample can be
expressed as follows:
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where T(r,t) is the temperature as a function of radial position and time, Dth is the thermal
diffusivity (m2/s), Cp is the heat capacity of the medium with a uniform velocity vx in the
x direction, and Q(r,t) represents the heating source.59
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The first term on the right side of equation 39 is a portion corresponding to the
thermal diffusion, the second term denotes the heat flow due to convection, and the third
term refers to the energy gained by the sample due to laser absorption. The later depends
on the excitation mode and other experimental conditions. Under the thin lens
approximation, Q(r,t) for cw and pulsed sources are:
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where t0 is the duration of a laser pulse with energy Eo propagating in the z direction
perpendicular to the x and y coordinates, and PĮv is the average power of a cw beam,
which is modulated at a frequency F = Z/2S.
Lastly, solving equation 39 for a given temperature, the non-uniform radial
distribution of the refractive index could be calculated by63
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TL Cryostat and Vacuum Chamber
The TL apparatus has been designed in order to be able to carry out TLS experiments
at cryogenic temperatures. Therefore, the sample cell is connected to a cryostat (International
Cryogenics, Inc., model 31-4000). The cryogen used is liquid nitrogen (LN2), although liquid
helium (LHe) can also be used if the experiment requires it. This device features a 12 L Dewar
isolated by a 10 L shield to minimize cryogen boil-off that occurs as the system moves
towards restoring thermal equilibrium with the surroundings. Figure 30 shows a detailed
diagram of the cryostat and the vacuum system. A copper block is attached to the base of the
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Dewar, and capillary tubes drive the cryogen from the bottom of the dewar to the head of the
block, also referred to as the cold-head. The cryogen flows through the cold-head, and its flow
is regulated with a metering valve operated with a vernier handle. The base of the cryostat has
four ports for several purposes. One of them is used for vacuum measurement of the cryostat
chamber, using a MKS cold cathode ionization gauge for high vacuum, and a Varian E c0531
vacuum gauge for the initial mechanical vacuum. Another port is used as an electrical feed.
The other two ports are used for sample admission. Accurate control of the cold head
temperature is executed by a filament heater with a maximum power output of 50 W.
There are two Silicon diode thermometers attached to both, cold-head and cell, which
allow the reading and control of the temperature in the system. These diodes are operated with
a current of 10 PA. The diodes are connected to a Scientific Instruments Temperature
Controller (SI-9700) in order to accurately read and control the temperature up to the 0.001 K.
This unit offers a digital display, and can be operated directly from the device’s front panel or
remotely by the LabVIEW® graphical interface provided by the manufacturer.
The vacuum chamber (bottom of Figure 30) is an aluminum unit of 7.1" in depth and
8.7" in external diameter, attached at the bottom of the dewar. Its function is to isolate the
sample cell from the surroundings of the laboratory. It has four windows, of 2" in diameter
each, symmetrically placed in front of each other across the chamber diameter. One of the
window ports is connected to a cryogenic pump CTI-Cryogenics Helix Cryo Torr 8F, which
can achieve thermal isolation with high vacuum (10-7 Torr and below). A flexible aluminum
hose attaches the cryopump to the chamber which helps minimize transference of mechanical
vibrations.
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International
Cryogenics
31-4000

Figure 30. Description of the cryostat and vacuum chamber use in the TL experiment.
The other three window ports have sapphire windows of 3 mm thickness. These seal
the chamber with the use of rubber O-rings and are attached to the chamber’s body with flat
aluminum flanges. Initial operation of the cryopump requires pressures lower than 100 mTorr;
therefore, evacuation with a mechanical pump is necessary as first stage. This can be
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accomplished through a vacuum port located at the top of the cryostat. A complete set of
instructions for the cryostat operation can be found in Appendix D
TL Cell Design
Figure 31 shows the sample cryo-cell details and dimensions. The cell is made out of
copper (OFHC) and it has a cylindrical internal cavity of 0.5" (1.27 cm) in diameter and
3.937” (10 cm) in length. It has three sapphire windows of 0.75" (1.905 cm) in diameter and 2
mm thick located on each end of the cell and in one of the sides, at the symmetry center. The
sapphire windows caused no significant change in the power emerging from the cell, nor
polarization of the beam. The windows are sealed to the sample cell with indium O-rings, and
fastened with squared flanges as shown in Figure 31.
The introduction of the sample into the cell is achieved by two sets of Swagelok to
NPT adapters. A 1/8" brass connector is placed on the top of the cell to ensure complete
filling, and facilitate faster flow of the condensed gases into the cell. A 1/4" brass connector is
next to the vacuum line, and close to a pressure meter, to allow accurate measurements of
sample intake. This is further discussed later in this chapter, in the section titled sample
preparation. This inlet is also convenient when promoting turbulence in order to facilitate a
homogeneous mixing.
Connection of the sample cell to the cold-head of the cryostat is achieved through a
customized copper plate. The connection between them requires a temperature transmittable
copper paste. The same paste is used to affix two temperature sensors in different locations of
the cell. The cell is screwed below the cryostat tank and inside a vacuum chamber. The
vacuum chamber also has sapphire windows which are aligned with those of the copper cell.
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Figure 31. TLS 10 cm copper cell.
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TL Experimental Setup
The thermal lens collinear configuration used in this work is shown in Figure 32. The
excitation beam is a tunable continuous-wave (cw) dye laser (Coherent CR-599), which is
pumped with a wavelength of 514 nm by an argon ion laser (Spectra Physics, model Stabilite
2017). The dye laser is scanned in the range of the Rhodamine-6G dye, from 15800 to 17400
cm-1, with the use of a stepper motor (Miniangle Stepper Astrosyn, type 23pm-C002) of 1.8
degrees per step. The stepper motor is controlled remotely by a computer with LabVIEW®
software. A small fraction of the excitation beam is optically extracted, modulated at 250 Hz
(Stanford Research Systems (SRS) chopper model SR 540), detected with a photo-diode
(Newport, model 882), and sent to the reference port of a lock in amplifier (Ithaco 3962A) via
BNC connectors.
Alternatively, another excitation beam is aligned co-linearly with the output of the
dye laser. This radiation is provided via fiber optics by a continuous wave (Coherent 899)
Ti:Sapphire ring laser which provides an alternative scanning range between 700 to 800 nm
or 12500-14300 cm-1. Before the co-alignment of this beam with the dye laser output beam,
the Ti:Sapphire radiation coming out of the fiber optic is collimated with a combination of
planar-convex lenses. Wavelength tuning of the (0.17 cm-1 bandwidth) dye and Ti:Sapphire
lasers is accomplished with a birefringent filter driven by a stepper motor. Similarly to that of
the dye laser, the Ti:Sapphire stepper motor is also controlled using the same LabVIEW®
program. The Coherent 899 laser is pumped by a solid state, frequency doubled, Neodymium
Yttrium Vanadium Oxide (Nd: YVO4) laser (Coherent-Verdi) providing single wavelength
(532 nm) at a power of 5W.
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Figure 32. Extended range thermal lens spectrometer.
After coupling, the excitation beams are modulated by a low frequency optical shutter
(Electro-Optical CH-60) operated with a function generator (BK Precision, model 3011A)
usually having a modulation frequency between 5 and 1 Hz. The modulated excitation beam
is focused at the sample cell. The spot radius and confocal distance at that position are 0.20
and 51 cm for the dye laser, and 0.15 and 51 cm in the case of the Ti:Sapphire laser.
The cw probe beam is a single wavelength (488 nm) Spectra Physics argon ion laser,
model 161B-13. Before entering the vacuum chamber, the excitation and expanded probe
beams are overlapped with a blue dichroic filter and propagated collinearly through the
sample cell. Expansion of the probe is accomplished by a diverging lens to obtain a spot size
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larger than the excitation beam's. At the cell, its spot radius is 0.90 cm and its confocal
distance 87 cm.
Upon exiting the cryostat chamber, an iris is placed in the path of the beam to spatially
select the probe center. Then, an interference filter blocks the excitation beam while just
transmitting the probe beam. Any residual transmission of the excitation beam is eliminated
by placing a blue glass filter before the detector.
The probe beam intensity is recorded with a photomultiplier tube from GCA
McPherson, model EU-701-93. A 20 Pm diameter pinhole installed on a xyz stage allows
precise location of the signal and intensity maximization. The signal is pre-amplified with an
SRS low noise pre-amplifier, model SR 560; and finally sent to another Ithaco 3962A singlephase lock-in amplifier.
When using both excitation sources, constant changes to the sensitivity range of the
lock-in amplifier are needed when changing back and forth from one laser to the other. This is
due to the differences in output power between the two excitation sources. Therefore it is
convenient to add a third lock-in amplifier to register the signal provided by the second
excitation beam, in this case, that is the Ti:Sapphire laser.
The complete control of the system is done with LabVIEW and integration of all the
motors and equipment onto a computer card is required in order to provide a user friendly
interface between operator and TL apparatus. We use a National Instruments (NI) CB-50LP
block followed by an NI PCI-6025E DAQ (data acquisition) board. The data acquisition
process and real time plotting of the probe, excitation, and normalized signals are also
possible with these hardware and software.
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TL Signal and Signal Conditioning
The TL signal is obtained by normalization, which is done by dividing the probe
signal output by the excitation beam signal. This results in a normalized thermal lens signal as
a function of the wavenumber.
Before attempting any scan, the laser sources should be turned on for long enough to
allow them to reach a stable output. Moreover, verification of highly accurate concentric
alignment of the excitation and probe lasers should be verified. Fine alignment of all the
beams is critical for the success of this experiment; and hence, double checking on this aspect
is crucial. When the beams are misaligned a fraction of the signal’s intensity, or no signal at
all, is observed. The optics and mirrors directing the beams along the apparatus and across the
cell, as well as the dichroic lens, are mounted on translational stages. These make possible the
displacement in the x, y and z directions. Alignment is monitored by observing the beam spot
size after it passed through the sample cell, and at a distance of three meters away from it. In
our set-up, the probe beam is enlarged using a 10 cm focal-lens concave lens. It is
recommended to map the center of this probe beam with the PMT; this is a good
approximation to locate the thermal lens signal since the excitation beams must traverse the
sample concentrically with the probe beam.
A low-frequency shutter controlled by a function generator modulates the excitation
beams. The shutter receives 4 V square signal with frequencies between 0.5 to 10.0 Hz. The
oscillatory nature of the TLS is a direct consequence of this modulation. As a general rule of
thumb we could say that the lower the concentration of the sample, the slower the modulation
frequency. This is because highly diluted solutions may require longer times to develop a
detectable TL signal. The signal generator also provides the trigger of the TL event; hence, its
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reference signal is connected to the reference ports in those lock-in amplifiers where the
excitation beams’ signals are connected to.
The power of the excitation beams changes over the entire range of the dye during
one scan, which is why the TL signal should be normalized as described before. The lock-in
amplifier can be programed to perform this operation by using “Ratio” function built in it.
Figure 33 shows a diagram of the proper connection required between all three lock-in
amplifiers in order to be able to perform the ratio function when the two excitation sources
are used in consecutive scans. The outputs of the lock-in amplifiers, located in the back of
each unit, are used to transfer the measured voltages via GPIB from each of the “reference”
lock-in units to the “main” lock-in, where the ratio function is undergone. The latter then
sends all the information to the computer for data acquisition.

Figure 33. Lock-in amplifiers connection diagram.

74

Normal operation of the photomultiplier tube that monitors the probe beam intensity
requires 1000 V, and the use of a 20 μm pin hole cap before its photosensitive area. Like all
the optics, the PMT is mounted on a translational stage that permits movement in the x, y and
z directions. This allows for the accurate location of the signal maximum. Complete filtering
of the excitation beam before it reaches the PMT is critical to avoid interferences by spurious
light, which would obscure the TLS. This can be done by using a blue glass interference filter.
The output signal of the PMT is fed to a low-noise pre-amplifier. A 50 : cap is connected to
the feeding terminal to avoid high voltages that may leak from the detector as product of
random jittering. Cut-off filters on the amplifier reduce the signal noise. Typically, the
settings used on this pre-amplifier were as follows: 0.03 and 30 Hz for the lower and upper
limits; respectively, AC coupling, and a gain of 2x.
The output of the pre-amplifier feeds the main lock-in amplifier. The AUTOSET
function on the main panel of the main lock-in amplifier may be used to automatically
optimize the acquisition parameters. Nevertheless, the phase, sensitivity, dynamic range, and
time constant could also be manually modified; and at times this was indeed needed. The
previous must be done with the cell under vacuum conditions and after proper alignment of
the beams has been accomplished. Tune the excitation beam to the wavelength at which
maximum absorption is expected for a given sample. Then, find the center of the probe
signal by adjusting the position of the PMT. When a maximum intensity is found, the
AUTOSET function of the lock-in amplifier must be activated. These steps must be repeated
until the maximum intensity of the normalized TL signal is reached.
Very diluted solutions, with mole fractions of 10-3 or lower, require intensities above
the 300 μV. The value of the time constant, Ĳ, depends on the noise levels but its typical
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values are 1 and 3 seconds. A higher value of Ĳ is usually the consequence of noisy or weak
signals. In general, if the alignment is optimum, mapping times depend on the concentration
of the sample. High concentrations of the analyte produce high signal intensity, which is
easily mapped, while diluted solutions produce weak signals, requiring more time to
maximize. Another consequence of high concentrations is the saturation of the TL signal.
Similarly to the CRD experiments, the TL spectra are obtained using a LabVIEW
interface developed in our lab. A detailed description of this code is found in appendix D.
In this work, most of the spectra were taken with two and three laser set-up configurations.
TL Experimental Procedure
Calibration
The micrometer screws on both, the dye laser and the Ti:Sapphire laser, must be
calibrated periodically to obtain reliable TL results. The calibration is necessary whenever the
adjustment knobs are used to re-align the laser after cleaning the optics. This is usually
necessary when a decrease on the lasers performance is observed. Optics cleaning procedures
can be found in Appendix C.
The calibration of the laser is necessary in order to convert the micrometer positions of
the birefringent filter to wavenumbers (cm-1). This is accomplished by using a monochromator
and recording the resulting wavelength at every position of the micrometer screw. This is
usually repeated for intervals of 5 – 10 micrometers until the desired range is covered. A plot
of wavenumber vs. micrometer positions is obtained and a polynomial fit can be used as the
calibration equation. The latter can then be entered in the LabVIEW software program so that
the measured spectra are correctly positioned.
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Sample Condensation
Once the temperature set point is stabilized, the insertion of the sample components
into the sample cell is carried out. First, the components are allowed to pre-mix inside the
connection pipes (Figure 30). For a binary sample of benzene and ethane in which the latter
acts as cryogenic solvent, a desired pressure of benzene is first loaded into the pipes followed
by approximately 2.5 atm of the solvent. After pre-mixing of the gases, these are then
introduced into the sample cell by opening the Swagelok valve to the 1/8" cell port. When the
sample cell is almost full the 1/4" inlet port, located on top of the cell, must be opened to avoid
bubble formation inside the cell. This procedure promotes homogenization of the solution
during the solvation process. A rise of the temperature in about 2 or 4 K during the
condensation process is expected because of the phase change that each component
undergoes. The filling time of the sample cell is around 45 - 60 minutes. The longer this
process takes the shorter the time it takes for the temperature in the cell to stabilize to the set
point. Thus, after condensation of the sample a waiting time for accurate temperature control
is required. No bubbles should be observed inside the cell after this operation has been
completed. If this is not the case, then allow more gas inside the cell until it is full of the
cryogenic solution, followed by temperature stabilization waiting time. This last step is
repeated as needed.
Thermal Lens Spectroscopy and the Lakes of Titan
From the moment the Voyager 2 spacecraft first identified Saturn’s largest moon, Titan,
approximately 35 years ago, it has been object of increasing interest for the scientific community.
Initially there was a strong believe that Titan was mostly covered by oceans of methane in the
same way that earth is covered by oceans of water. In 2004, after the launching of the Cassini77

Huygens mission to the Saturn’s system and the landing of the Huygens probe on the surface of
this Saturn’s satellite, the hypothesis of these oceans of methane was proven wrong. Nevertheless,
Huygens’ experimental data and dozens of flybys around this moon over the course of the last ten
years, show confirming evidence of the existence of lakes. In July 2008 Brown et al.64,
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confirmed the presence of liquid on the surface where the lake-like shapes were numerous.
Not only were they able to prove the presence of liquid on the surface of the moon,
Brown also announced that the Ontario Lacus, one of the large lakes observed in the moon’s south
pole, contained liquid hydrocarbons, and positively identified the presence of ethane.66 Since then,
ethane and several other simple hydrocarbons have been identified in Titan’s atmosphere. It is also
known that a methane cycle exists in Titan’s thick atmosphere just like the earth has its water
cycle. Ethane and other hydrocarbons are the photochemical products of the breakdown of
methane by sunlight and, at Titan’s surface temperatures; these substances can exist as both liquid
and gas. Thus, Titan’s weather relies on methane-ethane rather than water.
The chemical composition of the lakes of Titan is not well determined yet. The
atmosphere is rich in methane, which makes the detection of other compounds in the lakes of
Titan difficult since in situ measurements are not possible yet. Therefore, the best way to get a
good estimate of the chemical composition of these lakes is to elaborate models and simulations
based on known data. Cordier et al.67 have estimated values for the mole fraction of several
chemical compounds in the atmosphere. The mole fractions are shown in Table 13.
In this chapter the C-H 'X = 6 vibrational overtone of benzene, the C-H 'X = 5 of ethane
at low temperatures, and 'X = 6 of ethylene in solution with ethane are presented. Spectra were
obtained using thermal lens spectroscopy (as described in Chapter Four). In the past our
laboratory has used TL to study samples of pure hydrocarbons at room temperatures,68 as well as
cryogenic solutions of hydrocarbons dissolved in rare gases.12, 68
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Table 13. Chemical Composition of Titan’s Lakes at the Poles and Equator Proposed by
Cordier et al.67
Compound
Equator (93.65 K)
Main composition (mole fraction)
N2
2.95 x 10-3
CH4
5.55 x 10-2
Ar
2.88 x 10-6
CO
2.05 x 10-7
C2H6
7.95 x 10-1
C3H8
7.71 x 10-2
C4H8
1.45 x 10-2
H2
5.09 x 10-11
Solutes (mole fraction)
HCN
2.89 x 10-2 (s)
1.26 x 10-2 (ns)
C4H10
C2H2
1.19 x 10-2 (ns)
C6H6
2.34 x 10-4 (ns)
1.03 x 10-3 (ns)
CH3CN
CO2
3.04 x 10-4 (ns)
(s): saturated
(ns): non-saturated

Poles (90 K)
4.90 x 10-3
9.69 x 10-2
5.01 x 10-6
4.21 x 10-7
7.64 x 10-1
7.42 x 10-2
1.39 x 10-2
3.99 x 10-11
2.09 x 10-2 (s)
1.21 x 10-2 (ns)
1.15 x 10-2 (ns)
2.25 x 10-4 (ns)
9.89 x 10-4 (ns)
2.92 x 10-4 (ns)

We have also studied binary cryogenic solutions of benzene in methane with a
customized UV–vis spectrophotometer.69 In this case, despite the fact that both components can
undergo vibrational transitions, it is possible to unequivocally show the transitions of both
components by looking at an electronic transition of benzene as well several overtone transitions
of the solvent methane. Figure 34 shows this spectrum which was obtained with the UV-vis
apparatus described in detail in appendix A.
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Figure 34. UV-vis spectrum of benzene in liquid methane at 97 K. This spectrum was
obtained with the experimental setup described in appendix A.
The next step on our approach to simulate the lakes of Titan is to study these simple
binary solutions utilizing the TL technique. This requires that both components can undergo
overtone transitions without the possibility for their bands to overlap with each other, hence
allowing an unequivocal identification of both compounds. In order to be able to study these types
of solutions it is critical to accommodate a TL setup in which this result can be achieved. The
spectra of benzene at room temperature and liquefied ethane were recorded with the extended
range thermal lens spectrometer showed in Figure 32. Measurements of diluted solutions of
ethylene in liquid ethane were attempted using the same experimental configuration without
much success thus far.
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Table 14 shows the different wavenumber ranges obtained with each of the pump lasers,
as well as the molecules studied with them. Perhaps, this table represents a summary of the
versatility of this extended design. In general lines, the experimental set up utilizes a dedicated
heating beam for the solvent transitions (Ti:Sapphire laser) and a different source (dye laser) for
the solute in the solution. In addition, the flexibility and generally wide range of the dye laser
allows for convenient adjustment based upon the selected solute. This can be made by preparing a
different dye solution. Whether the solute is an alkane, an alkene, or an alkyne; these can be
targeted with the selection of a different dye molecule.
Table 14. Excitation beam ranges and selected solutes and solvents of the binary cryo-solutions
studied with the extended range TL spectrometer.
Source

Range (cm-1)

Molecule

'X

Ti:Sapphire Laser

13,387 – 13,862

Ethane
Methane**

5
5

15,974 – 17,727

Ethylene
Benzene
Propylene**
Isobutylene**

6
6
6
6

Dye Laser – R6G*
(*): Rhodamine 6G
(**): Lopez-Calvo7

TL Spectrum of Benzene
The fifth C-H overtone of neat liquid benzene at room temperature was obtained
using a quartz cuvette of 2 mm pathlength. The power of the pump laser was 4 W, the
dye laser had an absorption of 80 – 85% which generates an excitation beam of 540 mW,
and the shutter frequency was 4 Hz. The maximum signal is localized at 16466 cm-1 with
a band width (FWHM) of 219.7 cm-1. Both parameters are in agreement with the
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literature values reported previously.70, 71 Figure 40 shows the TL spectrum of benzene at
room temperature.

Figure 35. TL spectrum of the C-H 'X= 6 of benzene at room temperature, obtained with
the extended range TL setup.
TL Spectrum of Ethane
The fourth C-H overtone of liquid ethane at 91 K was obtained using a cryo-cell
with quartz windows (as explained in Chapter Four) of 100 mm pathlength. The power of
the pump laser, excitation beam, and the shutter frequency were set identically to the
benzene experiment. The maximum signal is localized at 13415.4 cm-1 with a band width
(FWHM) of 136.0 cm-1. Both parameters have similar values to those found in the
literature.68 Figure 36 shows the TL spectrum of ethane at 91 K.
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Figure 36. TL spectrum of the C-H 'X= 5 of ethane at 91 K, obtained with the extended
range TL setup.
TL Spectrum of an Ethylene – Ethane cryo-solution
The fifth and fourth C-H overtones of liquid ethylene and ethane, respectively,
were obtained at 100 K using the same cryo-cell and experimental conditions as in the
cases of benzene and ethane. It must be mentioned that the ethylene band required of a
large amount of graphical treatment after the raw data for it was obtained. This was due
to the presence of noise and its baseline being very uneven, which is unusual for a TL
spectrum.
The maximum absorption of the solvent ethane is shown at 13415 cm-1 with a
band width (FWHM) of 147.4 cm-1, which is in close agreement with our previous result
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for ethane. On the other hand, the maximum absorption of the solute ethylene is shown at
17124 cm-1 with a band width (FWHM) of 328.6 cm-1. It must be pointed out that the
later values are far from those reported in the literature for the ethylene molecule,68 the
actual reported band maximum value for this molecule in a cryogenic solution fluctuates
around 16460 cm-1 depending on the solvent. Similarly, the width at half height for the
'X = 6 transition of C2H4 is reported to be 142 cm-1 for a 0.04% solution in a transparent
solvent. Although the FWHM increases with the concentration, the rather wide value
obtained in this experiment, along with the wrongful maximum frequency, confirms that
this was not a good result. Figure 37 shows the TL spectrum of the 10% C2H4–C2H6
solution at 100 K.
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Figure 37. TL spectrum of the 10% C2H4–C2H6 solution at 100 K obtained with the
extended range TL setup. Notice that the ethylene band is not showing in the expected
frequency range.
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CHAPTER FIVE
Spectral Moment Analysis
A spectrum usually contains a large amount of information in it. However,
interpretation of this information in terms of molecular dynamics is not always an easy
task. This is particularly true for molecules in which not all the bonds are equivalent like
in the case of methane or benzene (if we are interested on the C-H overtones only). And
even on simple molecules with this description, combination bands and electronic
transitions might still complicate a spectrum (i.e. acetylene).
Gordon72 found a way to reduce spectral analysis to a few simple features by
developing the concept of the spectral moments, or simply moments hereby. These
moments are simply a tool, or method, that are the result of a molecular statistics analysis
and should not be confused with any of the other quantum mechanical parameters like the
angular momentum, or moment of inertia. If P(Z) is the spectral transition probability at
an angular frequency Z, the nth moment of the spectrum is defined as:
ܯሺሻ ൌ නሺ߱ െ ߱ ሻ ܲሺఠሻ ݀߱

(43)

where Z(0) is some suitably chosen band maximum. It is usually convenient to normalize P(Z)
so that M(0) = 1. Equation 44 shows the expression for the probability, P(Z), as a function of
the cross section, ı(Ȧ), used by Gordon in his moment analysis of absorption spectra.
ܲሺఠሻ ൌ

ߪሺఠሻ
߱
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(44)

Therefore, the general expression for calculating the normalized spectral moment of
an absorption band results from the combination of equations 43 and 44, as follows:
ܯሺሻ  ؠනሺ߱ െ ߱ ሻ ߱െͳ ߪሺ߱ሻ ݀߱൘න ߱െͳ ߪሺ߱ሻ ݀߱

(45)

For lower values of n, these lower moments are shown to depend on simple molecular
distribution functions, whereas higher moments will represent more complex properties of the
system.
Gordon established that the intensity distribution of a spectrum can be represented as a
set of polynomials on Z. The infinite set of coefficients in the expansion, are a linear
combination of the moments. Therefore the moments characterize the spectrum uniquely and
any other property such as the frequency at the maximum intensity, the width at half height, or
intensity at any specific frequency, will depend on all of the moments. Hence, all of the low
order moments are the only simple properties of a spectrum.
From an experimental point of view, moment analysis assists in the interpretation of
spectra as follows:
1. The first moment can locate the true frequency of the internal molecular transition,
without making the usual assumption that it coincides with the maximum absorption.
This is particularly useful in the case of asymmetric bands, or when matrix effects start
showing in a liquid sample.
2. The second moment contains two types of terms: (a) the fluctuations of the difference
in potentials between the ground and the excited state, and (b) rotational kinetic energy
terms. Therefore if the fluctuations on “a” are small, and assuming and adiabatic
process, M(2) is essentially a measurement of the average rotational kinetic energy.
Nevertheless, in liquid and gaseous samples, M(2) does not take into consideration the
intermolecular hindering of the rotational motion.
3. The higher moments contain kinetic energy terms, angular properties, and higher
fluctuations of the shift.
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Before we start establishing the relationship between the moments and the quantum
mechanics quantities involved in the dynamics of molecules, some important approximations
must be made. Starting with the reasonable assumption that the bonds within a molecule are
stronger than the intermolecular interactions, this means that the internal degrees of freedom
move faster than the overall rotation and the translation of the molecule. Based on this
intermolecular adiabatic approximation, one must therefore neglect the collision induced
absorption as part of the initial absorption transition.
The second major approximation is to assume that the spectroscopically active
molecules are sufficiently far apart (i.e., in diluted solutions). Furthermore, even in the case of
pure phases, exciton type splittings often have a small effect on the moments of vibrationally
weak transitions. Finally, the ground state is assumed to be the only one populated thermally.
First Moment
A general expression found by Gordon73 for the first moment is shown in equation 46:
ܯሺଵሻ  ؠනሺ߱ െ ߱ ሻ ߱ିଵ ߪሺఠሻ ݀߱൘න ߱ିଵ ߪሺఠሻ ݀߱
ିଵ
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ܶ

ܶ

ܶ௭ ൩
௫
௬
ܤ ሺݔሻ
ܤ ሺݕሻ
ܤ ሺݖሻ

(46)

ఉ

݄ܿ ሾࢿ ࡿ ڄ ൈ  െ ࢿ ή ሺࡻ ࡿ ሻ ή  ሿ ή ઠ ή ሾࢿ ࡿ ڄ ൈ  െ ࢿ ή ሺࡻ ࡿ ሻ ή  ሿ
ͳ
ଶ
݄ܿ ൣࢿ ή ൫ࡻ ࡿ ൯ ή  ൧ ή ઠ ή ൣࢿ ή ൫ࡻ ࡿ ൯ ή  ൧  ଶ  ܯିଵ หࢿ ή ൫સ ࡿ ൯ ή  ห ቮ ݅ۧ
ʹ
ஷ



Here ࢿ is the electric field of the incident radiation averaged over the region of
molecules nearby molecule k. ࡿ is the shielding tensor for the kth molecule, defined by
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ࢿ (local)ൌ ࢿ ή ࡿ .  is the transition dipole moment for the Eth transition. ܸ  and ܸఉ are
the intermolecular potential energy functions for the ground and the Eth excited states,
ఉ

respectively. ܤ ሺݔሻ and ܤ ሺݔሻ are the rotation constants about the x principal axis of inertia
ఉ

of the kth molecule, in the ground and excited state, respectively. ઠ is the tensor, diagonal to
the principal axis of the moment of inertia, with the diagonal values ܤ ሺݔሻ, ܤ ሺݕሻ, and
ܤ ሺݖሻ. Tx is the rotational kinetic energy operator for rotations around the x principal axis of
inertia. ࡻ is the gradient operator with respect to rotations about the principal axes of inertia.
સ is the gradient operator with respect to the center of mass of the jth molecule. Mj is the mass
of the jth molecule. The matrix elements in the state ȁ݅ۧ represent averages over the external
coordinates only, in the initial state of the system. The sums over k extend over all identical
molecules which are active to the Eth transition. The sum on j includes all the molecules in the
system.
After further developing each of the terms of equation 46 separately, Gordon found
ఉ

the final expression for the first moment which is used to calculate the shift band origin, ߥ௦ , in
units of cm-1
ఉ

ߥ௦ ൌ න ߪሺఔሻ ݀ߥ൘න ߥ ିଵ ߪሺఔሻ ݀ߥ െ ൬
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ଶ
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(47)

Here ݉
ෝ௫ , ݉
ෝ ௬ , and ݉
ෝ ௭ are the direction cosines of the transition dipole moment
relative to the principal axes of inertia. U is the molecular density, M is the molecular weight,

D is the polarizability of the molecules, and N0 is the Avogadro’s number.
The last two terms of equation 47 are each generally smaller than 0.1 cm-1, and
therefore can usually be neglected. Taking this into consideration we can conclude that the
shift band origin can be expressed as follows:
ఉ
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ෝ ௫ଶ  ݉
ෝ ௫ଶ  ݉


(48)

The last term of equation 48 is referred to as the “orientation term”, whereas the term
ఉ

preceding the latter is known as the “shape term”. ߥ௦ represents the average energy
transferred to the internal degrees of freedom of an active molecule, per excitation of the Eth
internal level, when the sample is illuminated with radiation.
Second Moment
The discussion for the second moment starts by writing equation 45 in terms of n=2 as
follows
ܯሺଶሻ  ؠනሺ߱ െ ߱ ሻଶ ߱ିଵ ߪሺఠሻ ݀߱൘න ߱ିଵ ߪሺఠሻ ݀߱

(49)

The calculation begins with the quantum mechanical expression for the absorption
cross section (equation 50), using the dipole approximation and first order perturbation theory
for the interaction with the radiation:
ߪఠ ൌ ሺͶߨ ଶ Τ݊ܿ ሻ σிȁܨۦȁ σி ࢿ ή ࡿ ή ܝ ȁۧܫȁଶ ൈ ߱ߜሺ߱ െ ߱ி  ߱ூ ሻ
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(50)

where n is the refractive index, uk is the total dipole moment operator for the kth molecule, ࢿ
is the amplitude of the average electric field due to the incident radiation at a frequency Z, and
ࡿ is the shielding tensor that relates the average field to the local field. Following a similar
analysis to that of the first moment, Gordon concluded that the second moment, M(2), is given
by
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(51)

where  ܕis the transition dipole moment defined as
ఉ

ܕ ߚۦ ؠ ȁܝ ȁͲ ۧ

(52)

The first term to the right of the equality in equation 51 is known as the shiftfluctuation term, and depends on the difference between the intermolecular potential energies
of the excited and ground state. The other four terms represent dynamical contributions to
M(2), and depend on the molecular geometry, direction of the transition dipole moment, and
the temperature. Notice how these dynamical contributions are independent of the
intermolecular potential energy.
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The shift-fluctuation term is always positive and hence, an experimental measurement
of M(2) gives an upper limit to the average rotational kinetic energy. In the other hand, if the
shift-fluctuation term is negligible, the measurement of M(2) is essentially a measurement of
the average molecular rotational kinetic energy. This makes the second moment particularly
useful as a tool to evaluate intermolecular interactions like those involved in the formation of
dimmers, or any other in which the rotation of the molecule is hindered by those surrounding
it.74
Bulanin simplifies equation 51 within the classical limit and with allowance for
rotational-vibrational interactions in the molecules.74 The second moment is then expressed as
follows:
ܯఉ ሺʹሻ ൌ Ͷ ൬
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݇ܶ ఉ
݇ܶ οܤ
οܤ
ଶ
ଶ
൰  ܤ ͺ ൬ ൰ ൬  ൰ ܤఉ  ͳ ൬  ൰ ൫ܤఉ ൯  ൫ܤఉ ൯
͵
݄ܿ
݄ܿ ܤ
ܤ

(53)

Calculation of First and Second Moment from TL Spectral Data
We can now calculate the first and second moments for the spectra of benzene and
ethane obtained by means of thermal lens spectroscopy, shown earlier in this chapter. The
simplest method to do so involves the definition of a new abscissal scale that expresses the
symmetry of the spectral band in a more simplified way. We now define a “j-scale” based on
the inherent features of a spectrum like the frequency, ɘ, and the full width at half maximum,
FWHM. We most first define b as
ܾ ൌ ܯܪܹܨΤʹ

(54)

݆ ൌ ሺ߱ െ ߱ ሻΤܾ

(55)

݆݀ ൌ ݀߱Τܾ

(56)

thus
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The general expression for the nth moment with the j-scale method is defined as75
ାଵ

ܯሺሻ ൌ

ିଵ ݆  ݕ ݆݀
ାଵ

ିଵ ݕ ݆݀

(57)

where yj represents the signal obtained during the acquisition of the spectrum. Typically, the
integration limits are chosen to be within a range equal to ten times the FWHM to assure the
full coverage of the spectral band.
The calculation starts by calculating the area of the spectrum as shown in the
denominator of equation 57. Then we proceed to calculate the first and second order curves
depicted by the numerator of equation 57. Figures 38 and 39 show these resulting curves for
the overtone transition οv=6 of benzene, obtained with TLS, and previously shown in Figure
32. It is also convenient to generate a simulated curve of each of these in order to simplify the
calculation of their absolute areas. These are also shown in Figures 38 and 39. After obtaining
these areas the application of equation 57 results in a very straight forward step.
This identical calculation was done for the fourth overtone spectrum (οX=5) of ethane,
also obtained by TLS and shown in Figure 36. The overall result is shown in Figure 40. This
figure shows the progression of the graphical calculation from the original spectrum to the
graphical, non-normalized second moment. Similarly, after calculating each moment, a
simulated curve was also calculated.
This j-scale method for the calculation of spectral moments was also used to calculate
the M(2) of the ɋ4 transition of benzene (674 nm) with spectral data obtained with Fourier
transformed infrared spectrometer (FT-IR). The result was compared against the value
reported by Gordon. Table 15 summarizes the results of the calculation of the first and second
moment for the overtone transitions mentioned thus far.
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Figure 38. Graphical calculation of M(1) for the fifth overtone of benzene. Non-normalized
M(1). The red traces are the simulated curves obtained via deconvolution calculations.
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Figure 39. Graphical calculation of M(2) for the fifth overtone of benzene. Non-normalized
M(2). The red traces are the simulated curves obtained via deconvolution calculations.
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Figure 40. Graphical calculation of M(1) and M(2) for the fourth overtone of liquid ethane at
91 K.
Table 15. Calculation results of benzene and ethane spectral moments
Molecule
Benzene
Benzene
Benzene
Ethane

Band/Transition
ɋ4
ɋ4
Ͳ՚
Ͳ՚ͷ

M(1) (cm-1)
------1.11
0.79
0.82

M(2) (cm-2)
169.0
149.27
0.65
0.62

Reference
Gordon68
This work
This work
This work

Conclusions
As it can be seen in Table 15, the value M(2) obtained in this work for the bending
transition of benzene (v4) is only slightly deviated from the value reported by Gordon. Our
value is the result of averaging the M(2) obtained for each of five spectra, which were taken
with different spectrometers but under approximately the same conditions of pressure,
temperature, and density. Despite the discrepancy with the value reported in the literature, and
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the limited amount data on this particular field, we feel very confident on the value obtained in
this work using the j-method.
The M(1) values shown on the latter table validate the spectra of benzene and ethane
obtained with the extended range TL setup used in this work for the analysis of cryo-solutions
(Figure 32). In spite the slight asymmetry of the bands shown in both of these spectra, the
obtained M(1) values suggest a small deviation of the bands maximums with respect to the
actual frequency of the transition.
In regards to the high overtone transitions of benzene and ethane, the M(2) values
appear to be trustworthy. It is expected for the M(2) values to undergo a large decrease for
higher overtones.76, 77 In a liquid sample the free rotation of the molecules is hindered by the
intermolecular interactions with the neighboring molecules, which may also explain the low
values of M(2). In the case of the v4 band of benzene, it must be said that the sample was also
liquid, but in this case this is the strongest and therefore largest band of benzene in the IR. This
should explain the difference in the values with respect to the other liquid samples.
Unfortunately there is not much information of M(2) of high overtones in order to establish a
more accurate relationship between the experimental values and any reported ones, and
therefore we will rely on the demonstrated applicability of the J-method.
The calculation of these spectral moments is a rather new area in our laboratory and
therefore, the information shown in this work is inconclusive. Ideally, we should acquire
spectra and calculate the second moment for a complete series of transitions, from the
fundamental to the high overtones, in order to achieve better conclusions. In our work we
employ the calculation of these spectral moments for two main reasons. First, they represent a
more accurate way to calculate the true frequency of a transition from an asymmetric spectral
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band. These are common in overtone spectroscopy and especially when working with the
thermal lens spectroscopy technique. Second, these calculations help us attest to the proper
functionality of the proposed extended range TL spectrometer.
The calculation of spectral moments represents a great piece of information
especially in the case of cryo-solutions. The values of M(2) offer an insight on the nature
of the intermolecular interactions occurring in these solutions, which may offer valuable
information in simulations of the lakes of Titan. A comprehensive understanding of the
behavior of these low order moments at higher overtone transitions is required. This work
has provided the basis for this moment analysis and its application to the spectral data
obtained in the near IR region, and definitely has pointed out the importance of these
calculations. Finally, the calculation of the spectral moments may offer an excellent piece
of supplemental information to every spectrum produced in our laboratory.
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CHAPTER SIX
General Conclusions and Research Outlook
Phase Shift Cavity Ring Down Remarks
It has been shown how our PS-CRD setup is able. This depends on the step size of
the motor that controls the birefringent filter of the dye laser. This step size correlates
closely with the calibration between the wavelength of the output of the dye laser and the
position of the micrometric of the birefringent filter. The spectra shown show slight shifts
of the absorption frequency with respect to the simulated values. This small shift depend
on the accuracy of the calibration curve shown on Figure 15.
The quality of the results obtained with PS-CRD can be evaluated with simple
empirical observations in regards to the S/N ratio and amount of resolved peaks in a
spectrum. This empirical analysis can be used to shorten the optimization of the PS-CRD
spectrometer at the beginning of every experiment. Our results show that the acquisition
pause is the most influential experimental parameter when looking for the optimal
conditions of a PS-CRD experiment. Clearly this relates to the lock-in amplifier’s
response time, as well as the time it takes the system to complete one full iteration as
controlled by the customized software (move motor, acquire data, pause, end of cycle).
Lastly, the evaluation of the off-axis position leaves room for hesitation in
regards to the symmetry of the off-axis alignment around the cavity axis. So far, it
appears that the best off-axis angle can be found at discrete entry points to the cavity, but
considering the symmetry of the high reflectance mirrors, this results to be very
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unexpected. A plausible reason for this result could be that the optimal off-axis alignment
always depends on the initial on-axis alignment of the beam inside the cavity. A remark
must be made in this regards, since the best on-axis alignment does not necessarily means
that the beam is located in the geometric center of the HR mirrors. Instead, the best onaxis alignment is simply the one resulting on the longest RDT. Therefore, the HR mirrors
are not necessarily in a parallel configuration between them. This fact alone should limit
the symmetrical behavior of the off-axis configuration, since the smallest variation in the
reflection angle of the beam inside the cavity may have a large effect on the off-axis
alignment. This is perhaps a good experiment to carry out on future studies, as it would
complement the optimization step associated with every CRD experiment.
Thermal Lens Remarks
The benzene and ethane spectra obtained with the extended range TL spectrometer
shown in Figure 32 showed a close correlation to those found in the literature. Unfortunately
that is not the case for the cryogenic solution of ethylene and ethane. Despite obtaining a good
spectrum for the solvent ethane, the spectrum of the solute ethylene is not accurate. This
negative result might be the consequence of very strong matrix effects added to a very low
concentration of the solute. Future experiments may consider a slight variation to the
experimental approach in which the solvent can be studied through a higher overtone
transition than that of the solute. This change takes into consideration the fact that there are
less molecules of the solute present in the sample and therefore this situation will be favored
by a stronger transition, as it would be a lower overtone. Under this conditions, the solvent
should still be readily excited to a higher vibrational state and its this absorption should still be
noticeable without major problems. This alternative configuration can be easily achieved in
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our experimental setup by changing the dye solution of the dye laser, as well as tuning the
titanium sapphire output to any of the other ranges it can achieve as this one can lase in the
NIR region which should excite lower over tones of many hydrocarbon molecules. Both, the
dye solution and the output range of the Ti:sapphire should be selected as a function of the
molecules of interest.
The spectra obtained with the thermal lens technique were studied with the moment
analysis by means of the J-method. Although the method showed to be simple and effective
for the calculation of low order moments, there is still very little understanding about the
correlation of these moments with the high overtone transitions studied in our lab. This is in
part due to the lack of experimental data in this area. Understanding the trends of these
spectral moment of high overtone transitions could result very useful for all the experiments
that take place in our laboratory. These moments help identify the true frequency of a given
transition from an asymmetric spectrum (M(1)), and also help to understand the molecular
interactions occurring in a sample (M(2)). These appear to be very important when studying
cryogenic solutions since the motion of the molecules in the sample is expected to be strongly
hindered by the low temperatures. In the other hand, the spectral moment analysis should also
result very useful in the study of gas samples with CRDS, as it might offer insights about the
formation and chemical behavior of molecular dimmers, as this might be complementary
information for some areas of atmospheric chemistry.
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APPENDIX A
Ultraviolet-Visible Spectroscopy Instrumentation and Procedures
A brief description of the UV-Vis system for cryogenic samples utilized throughout the
course of research is offered in this appendix. This apparatus was used as a complementary
technique to the Thermal Lens Spectroscopy methods presented in Chapter Four.
UV-Vis Cryogenic Setup
In order to record the spectra of cryogenic solutions in the UV-Vis region a special
cell, located inside a vacuum chamber, is connected to a cryostat and is placed inside the
sample compartment of a Varian Cary 50 Bio spectrophotometer. Figure A1 shows a
diagram of this experimental set up. This system was used to record the secondary
absorption band (1B2u) of benzene, in order to measure its solubility in ethane.
The cryostat is an APD Cryogenic model LT-3-110 and was operated using LN2 as
the cryogen. Here, the LN2 is transferred from a pressurized supply Dewar (Messer
Griessheim Juno) to the head of the cryostat through a transfer line. The flow of the cryogen
is regulated by a valve at the top of the cryostat, as well as two flow meters, one connected to
the cryostat, and the other connected to the transfer line on the top of the refrigerant Dewar.
The cryostat, shown in Figure A2, has five ports: coolant exhaust, vacuum pumpout, electric feed through, BNC terminal, and a vacuum check point. Ultra-Torr fittings
connect both, the coolant exhaust and the vacuum pump-out, to hoses. Remaining ports are
sealed with flanges and rubber O-rings.
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Figure A.1. Experimental set up for the study of cryogenic samples in the UV-Vis region.

Figure A.2. Diagram of the cryostat head and vacuum chamber for the study of cryogenic
samples in the UV-Vis region.
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In order to achieve high vacuum conditions inside the vacuum chamber, an initial
rough vacuum is made with a mechanical pump. Then, high vacuum is obtained (lower than
10-4 Torr) with a diffusion pump. A vent gas heater within the cryostat head must be operated
when the cryogen is flowing to avoid freezing of the electrical component. Temperature
reading is done using silicon diode sensors in the cryostat head and on the cell. These sensors
are connected to a SI-9650 controller, which is also used to control the temperature in the cell.
Although, the complete control of the temperature results from a combination of the heater
power and the cryogen flow. The latter is accomplished manually.
The SI-9650 has an accuracy of ± 0.5 K, resolution of 0.01 K, and controllability of ±
0.02 K. The vacuum chamber is a custom made aluminum cylinder of 7 1/4" (18.415 cm) in
length and 4" of internal diameter. Four windows are symmetrically placed on every side. The
windows used are 1" (2.54 cm) in diameter and their material depended on the spectral region
of interest. In this work quartz windows were employed. The windows on the chamber were
sealed with rubber O-rings and fastened with flat circular flanges.
UV – Vis Sample Cell
The cell is a copper (OFHC) cylinder with dimensions of 1.7" (4.318 cm) in length
and 1/2" (1.27 cm) in internal diameter. The sample is admitted through a 1/8" (0.318 cm)
stainless steel connection placed on the top of the cell. Similarly to the TL apparatus, stainless
steel tubing connects the cell with a gas-handling system through a Swagelok valve. The
windows are placed on each end of the cell and fastened with interchangeable circular flanges
designed to fit the quartz window's dimensions. A detailed scheme of the cell is shown in
Figure A3.
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Figure A.3. Diagram of the cell used in the UV-Vis experiment.
UV – Vis Cryostat Operation
The temperature decrease process requires the SI-9650 controller to be turned on in
advance. A voltage of 25 V is set as the heater output voltage. The 50-L Dewar is filled with
LN2 using a special transfer hose. The transfer line bayonet is placed into the Dewar and
sealed with a rubber sleeve and a hose clamp. To push the refrigerant through the transfer
line, pressurization is needed. Therefore, a continuous flow of nitrogen gas is provided at a
pressure of 5 psi approximately. The needle valve on the cryostat head (knob) and both flow
meters should be open to allow the cryogen flow through the transfer line. This process takes
around 30 min before the cryogen starts flowing. When the refrigerant starts to flow, or when
the temperature on the cryostat head is 250 K, the vent gas heater has to be plugged to avoid
freezing and damage of the electronic components. Allowing the temperature to stabilize in
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the coldest value possible (77 K if LN2 is the cryogen) is recommended, before programming
the set point.
Upon the stabilization of the temperature, adjustment of the cryogen flow is done to
avoid excess heating when controlling the temperature at the set point. Control of the cryogen
is accomplished with the flow meter. Setting it at 20 mm is enough for efficient operation at
all the temperatures. The steps required to set the temperature on the SI-9650 are described in
the following table:
Table A.1. Steps for programing the SI-9650 to a particular temperature set point.
Step

Key/Button

1

TEMP/EDIT

2
3
4

ENTER
SET/EDIT + Numeric pad
ENTER

5

MANUAL

Action
to choose the sensor to be controlled.
(1 = cryostat head; 2 = cell)
to save the value
to set change the temperature set point
to save
to allow the instrument achieve the temperature
automatically

Once the temperature set point is reached, a wait of up to 2 hours to allow for
stabilization of the temperature is critical. Control of the temperature should be within ± 0.3
K.
UV-Vis Experimental Procedure
Before starting any measurement, the windows of the vacuum chamber and the cell
must be aligned with the beam coming from the Cary 50. The spectrophotometer is controlled
by the Cary WinUV software and optimized alignment is accomplished by using this user
interface. This software is a modular design that allows for the execution of several tasks
through a user friendly interface. It makes it possible to optimize and choose the acquisition
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parameters for every scan, such as the resolution, velocity, and spectral window of each
record. The maximum resolution used was 0.5 nm.
Background Acquisition
Background acquisition is not needed but rather a blank scan of the empty cell in the
cryostat chamber. This is done at the same parameter conditions at which the sample is run.
These blank scans of the empty cell and cryostat chamber are recorded before every
experiment. After the blank is recorded, the cryostat chamber must not be moved from its
place to avoid baseline distortion. Due to the inherent limitations of the sample preparation
procedure (described next), the blank spectra were acquired at room temperature before every
experiment. Not only backgrounds of the empty cell were recorded at room temperature, but
also with the pure solvent were obtained.
Sample Preparation
All the samples were prepared in-situ using the experimental set-up shown in Figure
A4. A known pressure of the gas sample was admitted into the pipes line and the cell at room
temperature. In the case of samples like benzene, that is liquid at room temperature, the
substance’s vapor pressure provided enough gas molecules to reach the pressure wanted. By
closing the Swagelok valve, a waiting time of around 5 minutes was needed to achieve
pressure equilibrium; thus an accurate reading of the actual pressure of the sample in the cell
was obtained. Next, the entry valve to the cell was closed and the injection line was evacuated.
A pressure of 1 atmosphere or higher of the solvent gas at room temperature was loaded into
the line and then quickly introduced into the cell by opening its entry valve. Then the cell was
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cooled until a temperature of about 10 K lower than the boiling point of the solvent.
Condensation and mixture of the sample starts occurring in the cell at this point.
Finally, more solvent gas was condensed into the cell using a backing pressure greater
than to the vapor pressure at the cryogenic temperature, usually greater than 1 atm. Since the
filling of the cell procedure caused turbulence in the solution, no additional mixing was
required and solution is assumed to be homogeneous. During the condensation process of the
solvent gas, the temperature of the cell increased. A suitable time was once more needed until
reaching thermal equilibrium.

Figure A.4. Experimental set-up for UV-Vis cryogenic sample preparation.
Technical specification of the chemical substances and gases used in the sample
preparation are provided in Table A2. To obtain optically transparent liquids and solutions,
high purity of the gases was critical. Although purities of 99 % are often acceptable to obtain
clear solutions, at times noisy signals were observed as result of impurities in the solvent. In
this case further purification procedures were necessary. Concentrations of each solution were
calculated as mole fraction,
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For very diluted solutions, ntotal § nsolvent. Also, matrix isolation effects minimize the
interactions of the analyte molecules making the ideal gas approximation a valid assumption.
Therefore, the mole fraction is calculated as:
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where, Pi is the pressure of the sample in atm, R is the ideal gas constant in L.atm.K-1.mol-1, Ti
is the temperature of the solute at which it entered the cell (room temperature), and Usol(T) is the
temperature dependent density of the solvent, in mol.L-1, at the temperature of the cryogenic
solution. Concentration of the solute in solution is expressed in part per million (ppm) by
multiplying the mole fraction, X, times 106 factor.
Table A.2. Technical specification of chemical substances
Substance
Methane
Ethane
Benzene

Chemical Formula
CH4
C2H6
C6H6

Molar mass (g/mol)
16.04
30.07
78.11

Manufacturer
Praxair
Aldrich
Aldrich

Purity (%)
99.999
99.99+
99.99

Sample Condensation
Once the temperature set point is reached, and remains stable, opening the
Swagelok valve lets the solvent enter into the cell until it is filled. There is a temperature
rise of around 3-5 K during condensation of the solvent gas, due to phase change
process. Because the vacuum chamber is inside the sample compartment of the Cary 50
its windows will not be exposed, this means that there is not an easy way to see when the
cell is full. Therefore, quick scans must be performed in order to determine when the cell
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is fully occupied. Likewise, when working at temperatures that are too close to the
freezing point of the solvent, quick scans can be used to identify when the sample is
liquid again. Once again, a suitable time of at least 30 min is allowed for the temperature
to stabilize once the sample is in the cell.
Spectra Acquisition
Spectra were acquired following the standard procedure use for conventional UVVis spectroscopy with the Cary 50 Bio spectrophotometer. The WinUV software interface
allows for the selection of the wavelength range of 200 – 1100 nm. Then the START button
engages the Cary 50 to begin scanning. Typical resolution was 0.15 nm, and the average
rates for the data were 12.5 and 25 ms per step. The signal/noise ratio largely depends on
these parameters. Hence, previous optimization was required at the beginning of each day of
experiment.
Shut-down Procedure
When all the spectra were recorded, the sample was slowly evaporated at the set
point temperature by partially opening the cell and vacuum line valves. As the solution
evaporates, these gases will suffer an expansion towards the vacuum line and beyond. If
this expansion occurs too suddenly, the temperature of these vapors will lower
dramatically causing them to freeze in the tubes. This may block the apparatus and induce
dangerously high pressures in the cell and tubes. To avoid this, it is critical that the cell
and system should be evacuated very slowly by barely opening the vacuum valve as
indicated earlier. Once the cell is empty, stopping the refrigerant flow is accomplished by
closing the knob at the cryostat head and flow meters, and the regulator of the nitrogen
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pushing gas. The temperature controller is then set at 250 K and the vacuum line is fully
opened upon reaching this set point. Finally, the SI-9650 is at room temperature (290 K).
Setting the controller at temperatures over 300 K may cause damaging of the sensors
attached to the cell.
The cryogen reservoir is large enough to be used for several runs of this experiment.
Therefore, the bayonet of the transfer line could remain inside the Dewar unless clear
evidence of line clogging is observed. This is noticeable when the cryogen flow meter
indicates an unusual flow rate at the beginning of the experiment or if, as a consequence
of this, the temperature in the system does not decrease at the usual rate. Complete
maintenance of this bayonet was required three times per month.
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APPENDIX B
Cavity Ring Down Alignment Procedure
The alignment procedure is not a complicated process, but it requires attention to
details, analytical thinking, and finesse in dealing with the optical system. Mastering the
alignment of a CRD system can be achieved with experience. The following procedure
explains the alignment process for the CRD cavities developed in our laboratory. It must
be noticed that this procedure is based on a typical PS-CRD system, with a continuous
source (cw-laser) externally modulated by an electro-optic modulator (EOM), but the
actual cavity alignment remains the same regardless of the method. It can also be applied
in the case of exponential decay CRD where a pulsed laser is required. Typically, in
exponential decay CRD the pulses frequencies are several orders of magnitude lower than
those of on PS-CRD, where modulating frequencies are in the order of KHz.
1.

Begin with the laser’s start-up process and peak the laser power. Also, set
the EOM to around 23 kHz for a starting modulator frequency.

2.

Adjust the birefringent filter using the micrometer screw on the titanium
sapphire laser (or dye laser) to match the maximum reflective wavelength of
the mirror set being used.

3.

Make sure the cavity is attached to its supporting bronze core block such as
the ends of the cavity end up as shown in Figure B1. The fine alignment bolts
must be in positions North (N), South (S), East (E), and West (W); whereas
the attachment bolts must be in positions NE, SE, SW, and NW.
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Figure B.1. Front (or back) end of the cavity shown in frontal and angled profile.
4.

As an initial approximation, use a ruler to make sure the laser beam remains
equidistant from the optic table along its whole extent, but particularly 30 cm
before and after the cavity. A height equal to the distance from the center of
the cavity to the surface of the optical table is strongly recommended.

5.

This is the most critical step and most be followed closely. Use the periscope
optics (Figure B2), and turning prism (if any), to adjust the beam so it is
going through the center of the sample cell. You may use a ruler as an initial
approximation to locate the beam exactly at the geometric center of the
cavity aperture. This condition must prevail for both horizontal and vertical
dimensions, and in both ends of the cavity. Now, for better accuracy, use a
pinhole to verify the beam is at the geometric center of the cavity in both
ends. Make adjustments as needed with the periscope optics. After the beam
passes through the pinhole in and out of the cavity, neither the periscope nor
the cavity should be moved until the alignment is complete.
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Figure B.2. Periscope used for PS-CRD beam alignment.
6.

Block the incoming beam and place a photomultiplier detector (PMT) at the
end of the cavity. Allow 2 - 3 inches between the end of the cavity and the
PMT. It is strongly advised to have the PMT attached to an X, Y, Z motion
stage so that its position can be adjusted in all three dimensions. Connect the
PMT to an oscilloscope.

7.

Before unblocking the entering beam, lower the laser power and use an
optical density filter (if needed), and use an appropriate power meter to
adjust the power of the incoming beam to 1 - 2 mW.

8.

Turn ON the PMT and set gain at 700 V and unblock the incoming beam. Set
the proper time scale on the oscilloscope until you can see a square signal.
Use the X, Y, Z micrometric mount knobs to adjust the position of the
detector until achieving the maximum amplitude of the square wave. You can
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adjust the gain on the PMT as needed although that shall not be set higher
than 1000 V. The PMT position should not be changed after this point.
9.

Placing a plano-convex lens between the cavity and the detector is often
encouraged in order to gather all the radiation coming out of the cavity and
focus it onto the PMT, especially after all the mirrors are in position.
Nevertheless it is better to place it at this point in the alignment procedure.
Attach the plano-convex lens onto another X, Y, Z stage, with the flat side
facing the PMT, and adjust its position so that the same amplitude found at
the end of step 8 (or better) is achieved. This lens should not be moved after
this point.

10. Clean both HR mirrors using spectrophotometric grade methanol and lens
tissue as recommended by manufacturer. Optical soap may be used in
extreme cases. If the optical soap is used, the spectrophotometric grade
methanol must always follow. Achieving the best CRD signal depends
greatly on the cleanliness of these HR mirrors.
11. Place the rear mirror on the cell and seal using the appropriate o-ring, rubber
for room temperature measurements and indium for low T, making sure the
reflective side is facing toward the sample cell. Tighten the mirror to the cell
to create a vacuum tight seal between the mirror, o-ring, and cell. Some
finesse must be used here to ensure too much pressure is not put on the
mirrors or they might be damaged. See Figure B3 for appropriate placement
of HR mirrors.
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Figure B.3. Attachment of HR mirrors onto the cavity ends.
12. Use a pinhole close to the periscope optics to show the back reflection of the
laser beam coming from the rear mirror, as shown on Figure B4.
13. Superimpose the back reflection onto the laser beam coming through the
pinhole using the adjustment allen screws on the rear mirror. Do not use the
fine alignment screws.

Figure B.4. Reflection of the laser beam onto the pinhole slide after it is reflected from
the rear HR mirror.
14. Check for vacuum leaks using a rubber stopper on the front end of the cavity.
If vacuum is not achieved, the adjustment screws on the rear mirror must be
tightened further until vacuum is maintained. A leak rate of 500 mTorr/min is
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acceptable at this point. Once this point was checked you must slowly open
the cavity to atmospheric pressure, retire rubber stopper from front end, and
repeat step 13.
15. Place the front mirror onto the cell just like the rear mirror.
16. Superimpose the back reflection from this mirror just like in step 13 for the
back mirror (Figure B5).

Figure B.5. Reflection of the laser beam onto the pinhole slide after it is reflected from
the front HR mirror.
17. Check for vacuum leaks. If vacuum is not achieved, the adjustment screws on
the front mirror must be tightened further until vacuum is maintained. A leak
rate of 1 Torr/h is acceptable at this point. Once this point was checked you
must repeat step 16.
18. Set laser power to its maximum value and use more optical density filters to
decrease the power of the incoming beam as close to 100 mW as possible.
19. The above steps should get the alignment close, but further steps are needed.
For PS-CRD omit step 20 and continue until the end of this procedure.
20. For Exponential Decay CRD, the operator must be able to see on the
oscilloscope a ring-down signal which decreases exponentially as shown in
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Figure B6. Adjustments of the front mirror with the fine adjustments mirrors
must be done until the longest decay time is achieved.

Figure B.6. Ring-down signal for the exponential decay CRD method.
21. Using the fine alignment allen screws on the front mirror, try to adjust them
until a signal is detected on the oscilloscope. This signal may look like a
slightly deformed square wave or a shark fin, depending on the modulation
frequency and length of the cavity. This step can take a little time depending
on the initial alignment. Start with one screw and work around to the others.
22. Once the PS-CRD signal is obtained by-pass the cell using turning mirrors to
place the beam onto the PMT.
23. Set the reference angle in the lock-in amplifier by pressing the reference
button located next to the phase angle display.
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24. The front mirror should now be adjusted with the fine alignment screws to
maximize this angle. It should get as close to -45º as plausible.
25. After the maximum angle obtainable is found, adjust the frequency of
modulation up or down to obtain a -450 angle.
This procedure, if followed closely, should provide a good PS-CRD signal within
approximately three hours. Some final adjustments might be needed to tweak the signal,
but these come from experience and practice. Once this procedure has been mastered, it
can be done in approximately half the time.
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APPENDIX C
High Reflectance Mirrors
Either exponential decay CRD or PS-CRD methods require high reflectivity
mirrors. The mirrors have a coated side (reflective surface) and a non-coated side that are
very delicate and must be handled with care. Considering that the mirrors are the
backbone of the Cavity Ring Down technique careful handling and care of these is
critical towards succeeding in these experiments.
The mirrors used in this system have been obtained from Los Gatos Inc. These
HR mirrors can be used in any CRD system both, at room temperature or in experiments
at low temperature. They can also be used at temperatures slightly higher than room
temperature, about 15 K to 20 K higher, without jeopardizing the mirrors performance.
Experiments requiring warmer temperatures are not recommended since these can
deteriorate the high reflectivity coatings on the mirrors. Temperature considerations must
be made particularly if measurements will be carried at low temperatures, as these
mirrors have to create a leak proof bond with the cell surface. This condition must persist
while the system is being cooled to as low as 77 K. To accomplish this indium, as
opposed to regular rubber, is used to create an O-ring that can still provide a leak proof
seal while being exposed to cryogenic temperatures. Close attention must be taken for
this method as the indium has to be applied to the outer sections of the mirror surfaces to
avoid possibly damage to the mirror.
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It must also be pointed out that the mirrors are under vacuum with an oil vacuum
pump as the vacuum source. Over time the mirror surface can become laced with a
minute amount of oil, which causes degradation of the CRD signal. Because of this
reason, the mirrors must be cleaned periodically. One possible way to clean the mirrors
with minimal effort is to use the cryo pump which supplies the vacuum to the cryo jacket.
The high vacuum and oil-less system can actually pull small particles off the surface of
the mirror over time. Nevertheless, this operation takes between two to three days, and it
is encouraged only if time is available. The sample cell can be pumped over the weekend
usually yielding good results. If the cell is disassembled, or if the quality of the CRD
signal is poor, it is best to use the cleaning procedures presented below.
Mirror Cleaning Procedure
It must be emphasized that if the CRD signal is not obtainable after exhausting all
alignment efforts it is almost always a result of the mirrors being dirty. The following
procedure should be followed to thoroughly clean the mirror surface.
1. Place a piece of lens tissue on a hard working surface.
2. Place the mirror reflective side up on the lens tissue.
3. Check the surface to make sure no indium or noticeable material is attached to
the surface. If it is, create a pad using lens tissue, hold it in a hemostat, place a
drop of spectroscopic grade methanol on the tissue, and wipe the mirror surface
from the center of the mirror out.
4. If the mirror surface is clear use the drag and drop method to clean it.
a. Place a piece of lens tissue on top of the mirror.
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b. Place a drop of spectroscopic grade methanol on the tissue with the
mirror underneath it.
c. Drag the tissue over the mirror surface making sure no residue is left on
the mirror surface. It is useful to use a pair of hemostats to hold the
mirror against so it does not slide with the lens tissue.
d. Optical soap and spectroscopic grade acetone can also be used if the
mirror is extremely dirty.
e. Aggressive cleaning can also be used. Make a pad with a piece of lens
tissue and place in a pair of hemostats. Place a drop of methanol on it
and wipe the surface of the mirror.
f. Repeat the drag and drop method.
5. Flip the mirror over and repeat the procedure.
6. Visually inspect each mirror for any particles, if present repeat above
procedures.
7. Place the mirror in its case until needed.
Following these procedures should provide a clean mirror surface to start with the
alignment process. Without clean mirrors the CRD signal will be difficult or
unobtainable; therefore, it is an important beginning step.
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APPENDIX D
Cryostat Operation
Both the CRD and TL sample cells are attached to the cryostat which allows the
cell to be cooled to cryogenic temperatures and obtain thermal equilibrium for low
temperature measurements. The cryostat is basically a large liquid cryogen container that
has a simple purpose. It supplies a continuous flow of the cryogen (liquid nitrogen or
helium) to a cold head that is attached to the sample cell. A heater is also attached to the
cold head which can be controlled remotely to allow equilibrium temperatures to be
reached. The cryogen flow going through the cold head can be adjusted by using an outlet
valve which is controlled by a micrometer screw. This controls the rate of cooling of the
cell which keeps the cell from being thermally shocked. This is especially important in
our system because the alignment can be lost completely if the cell moves too much due
to the contraction of the aluminum metal of the cell when it is cooled. It is also
recommended that the cell assembly be cooled at a slow rate to avoid rupture of either the
HR mirrors or windows, which is likely to happen if the assembly is subjected to a
sudden decrease in temperature. Below is the procedure for setting up the low
temperature system, and operating the cryostat.
1. To begin the filling of the cryostat, the cryo jacket around the cell, or the
chamber in the case of TL, must be in place and the vacuum applied. This is
achieved by reaching a 10-4 torr vacuum with the mechanical pump. Then, with
the cryo-pump, a pressure of 10-7 torr should be maintained within the system.
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2. Before moving on, best alignment conditions must be obtained and a good
signal, either TL or CRD, if not present already. This signal will need to be
monitored throughout the process.
3. Turn on the temperature controller unit and set the temperature to room
temperature. This maintains an equilibrium temperature and ensures the cell
does not cool by itself.
4. The cryostat is made up of two dewars. The middle one cools the cell and the
outer dewar insulates the center one. Take the cap off of the outer dewar and
manually add liquid nitrogen to the dewar until it is full. Be sure to keep the
cap on the center dewar so water is not allowed to condense inside of it.
5. Place the cap back on the outer dewar when finished. Do not close the cap too
tightly, allow about a fifth to a quarter spin of the screw open.
6. Take the center cap off and using a funnel pour liquid nitrogen into the center
dewar. A spacer is used between the funnel and the top of the cryostat to allow
for the excess and warmer gasses to escape.
7. Continue adding liquid nitrogen until it begins to spill out the side of the
spacer. Place the cap back on the dewar and allow some opening as indicated
in step 5.
8. The cryostat might shift while adding liquid nitrogen so adjusting the alignment
might be necessary at this point.
9. Set the temperature controller to a lower temperature. Usually it is
recommended to lower it in 20 K increments, repeatedly as necessary, to let the
cell cool slowly.
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10. Allow the cryostat to equilibrate for a couple of hours.
11. Open the micrometer screw on the top of the cryostat to around 20. This
allows for the liquid nitrogen to start flowing through the cryo head and
cooling of the cell to begin. The process is pressure controlled so if the
micrometer screw is opened too much the temperature can go down very
quickly if not watched. This is also the reason why the temperature controller
is set at 20 K increments. It can be thought of as a back-up just in case
something goes wrong.
12. The cryostat holds liquid nitrogen very well and only needs to be refilled
about every two days.
The above method provides a starting system for making the cryostat operational.
With experience the operation of the system becomes quite simple and is fairly
maintenance free. For instructions operating the temperature controller, refer to its
manual. The alignment must be monitored during the cooling cycle, but once thermal
equilibrium is achieved it becomes very stable and often needs no adjustments for several
days.
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APPENDIX E
LabVIEW Codes
LabView is a program that provides a user friendly method for developing computer
codes through the use of graphical single tasked modules. These modules are arranged in a logic
order completing a block diagram, which makes the process very intuitive. The final code results
in the buildup of a virtual instrument (VI). Like any other physical instrument, it can send and
receive electronic signals to/from the different apparatuses in use for a particular experiment
through any computer. These virtual instruments can then control other apparatuses of the
experimental setup, as well as, acquiring the data from them. This conveniently storages the data in
the computer ready for next step of the experiment. In general, one VI, named “Main”, coordinates
all subroutines. Finally, all VI’s should be saved into a library (*.llb) to facilitate execution.
Cavity Ring Down DAQ Code
The main block diagram for the CRD acquisition system is illustrated in Figure E1 which
connects all the components of the program together, and organizes them in sequences that the
computer can follow and execute. The sequence follow by the program is:
1) Move the step motor.
2) Wait specified time.
3) Acquire one data point from the lock-in amplifier.
4) Calculate the absorption.
5) Write the data to a file,
6) Repeat until the final micrometer position matches the calculated one.
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Figure E.1. Measurement Panel Wiring Diagram.
The DAQ vi is the essential vi in any program. This contains several frames operation
within it. It starts the data acquisition by moving the step motor or stepper motor. It then has a
sequence to allow the lock-in or oscilloscope to respond to the signal after the step by waiting a
predetermined amount of time set by the operator. The program then communicates with the lockin to acquire the data and starts the calculations involved, the ring down time (Ĳ), and then
absorption using the algorithms provided by the operator (see Chapter One). After the data point is
processed the computer sends a signal back to the lock-in or oscilloscope re-establishing
communication. The program then repeats the sequence until the desired final position is reached,
previously set by the user. Figures E2 – E6 show the codes that make possible the previous
sequence.
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Figure E.2. DAQ Movement of the motor.

Figure E.3. Delay time.

Figure E.4. Acquire Data Point and Calculated Absorption.
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The “Pscrd 830 snap.vi” communicates with the lock-in and takes the string of arranged,
appended data transmitted by the lock-in amplifier, and separates it into useable data.

Figure E.5. Pscrd 830 Snap.vi.

Figure E.6. Stop Data Collection
All the information collected is sent out of the DAQ vi and assembled in the measurement
diagram where it is processed and shown on the main panel shown in Figure E7.
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Figure E.7 . Front panel of the Main PS-CRD vi code. The charts with the white background show the signal variation in real time as the scan
progresses. The charts with dark background show the final result at the end of the scan. (Top) Absorbance. (Bottom) shift angle.

Thermal Lens DAQ Code
Before starting any scan, it must be confirmed that all the lasers are turned on and their
outputs are stable. The selection of the initial and wavelength to be scanned is made on the
software. Correspondence between micrometer position of the birefringent filter and wavelength is
founded by a calibration chart previously accomplished. The stepper motor should be turned on at
the initial micrometer position. If the step size of the stepper motor must be accurately determined
by running the Motorcontrol.vi through a series of randomized ranges. The ratio between the final
– initial positions in the micrometer and in the code should provide enough information to
determine the right step size. Then, the lock-in amplifier must be communicating with the code
which is accomplished by establishing the corresponding parameters on the LabView® interface.
This parameters are specific of the lock-in amplifier to be used, and can be found in its manual.
Once all these conditions are met the spectrometer is ready to scan. Figure D8 shows the main
front panel of the code.
Clicking on the start button of the software leads to the DAQ in real time on the computer
screen. If the calibration is optimum, the final micrometer position shown on the code must match
the one shown on the actual micrometer. The spectrum data can be saved in ASCII format for later
analysis. With the data saved, just stopping the program re-sets the system for a new acquisition.
At least three spectra of each sample under the same conditions are carried out for averaging.
The code sequence is very similar to that of the PS-CRD code explained on the previous
section, except that it calculates the ratio in between the voltage read by the PMD and the heating
laser output, as oppose to calculating absorbance. Figures E8 – E14 show this code sequence.
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Figure E.8. Voltage acquisition.

Figure E.9. Stepper motor control.
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Figure E.10. Saves the raw data.

Figure E.11. Addressing of the GPIB, and storage of data points.
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Figure E.12. DAQ, and addressing of the information out from the lock-in amplifier
through the GPIB

Figure E.13. Bock diagram of the Graph.vi that shows the final results
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Figure E.14. (Top) Front panel of the Main TLS vi code. EDC: dye laser output, TLS voltage: raw
voltage signal, TLS ratio: ratio of the raw signal and the dye laser output. (bottom) Graph result vi,
which pops up at the end of the scan.
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