
 
 
 
 
 

 

ABSTRACT 

Cavity Ring Down and Thermal Lens Techniques Applied to Vibrational Spectroscopy of 
Gases and Liquids 

 
Parashu Ram Nyaupane, Ph.D. 

Mentor: Carlos E. Manzanares, Ph.D. 

 
 Infrared (IR) and near-infrared (NIR) region gas temperature sensors have been 

used in the past because of its non-intrusive character and fast time response. In this 

dissertation cavity ring down (CRD) absorption of oxygen around the region 760 nm has 

been used to measure the temperature of flowing air in an open optical cavity. This sensor 

could be a convenient method for measuring the temperature at the input (cold air) and 

output (hot air) after cooling the blades of a gas turbine. The results could contribute to 

improvements in turbine blade cooling designs. Additionally, it could be helpful for high 

temperature measurement in harsh conditions like flames, boilers, and industrial pyrolysis 

ovens as well as remote sensing.  

We are interested in experiments that simulate the liquid methane and ethane lakes 

on Titan which is around the temperature of 94 K. Our specific goal is to quantify the 

solubility of unsaturated hydrocarbons in liquid ethane and methane. However, it is rather 

complicated to do so because of the low temperatures, low solubility and solvent effects. 

So, it is wise to do the experiments at higher temperature and test the suitability of the 



techniques. In these projects, we were trying to explore if our existing laboratory 

techniques were sensitive enough to obtain the solubility of unsaturated hydrocarbons in 

liquid ethane. First, we studied the thermal lens spectroscopy (TLS) of the ( = 6) C-H 

overtone of benzene and naphthalene in hexane and CCl4 at room temperature.  
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CHAPTER ONE

1.1   Phase Shift Cavity Ring Down Spectroscopy (PS-CRDS) 

 
Cavity ring down (CRD) spectroscopy is a highly sensitive laser absorption 

technique in which an optical path length can be achieved in the range of 1-100 km. It 

comprises of a laser source, an optical cavity, and a detector to measure the light from the 

optical cavity. There are two main ways of doing cavity ring down spectroscopy. It can be 

performed with pulsed or continuous light sources. The sensitivity of the technique does 

not depend on the intensity of the light. The pioneers of the CRD technique are Herbelin 

et al and Anderson et al. [1-3]. They measured the reflectivity of the surface of a mirror by 

measuring the time spent by the laser beam inside the optical cavity while it goes in the 

back and forth process. The ring down time was measured with a phase shift angle 

measurement [2]. In 1984, Anderson et al. [3] measured the reflectivity of a mirror by 

looking at the exponential decay of intensity of light. The CRD spectroscopy has been 

applied mostly to gas samples but can be applied to liquid samples [4-8]. It has been used 

in various environmental studies like plasma chemistry [9-14], supersonic expansion [15-

18], kinetic study for transient species, radicals [19-24], molecular ions [25,26] and very 

weak vibrational overtone studies [27-29]. Additionally, it has been used in analytical 

applications such as trace gas detection [30-34], water pollution [35], aerosol pollutants 

[36,37].  

The two most common detection methods in CRD spectroscopy are exponential 

and phase shift (PS) method. In this project, we only discuss the principle behind the phase 

shift cavity ring down (PS-CRD) technique. This technique was used by Engeln et al. [38] 
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with continuous wave lasers in 1996 to measure the absorption of O2. In this technique, the 

lifetime of a photon from a continuous wave laser in a high-finesse optical cavity is 

determined by measuring the phase-shift angle between the modulated input and output 

light that passes through the optical cavity. The phase shift angle is related to the ring down 

time by the equation [39]. 

 2   (1)

Where,  is the phase shift angle, 	 is the modulated frequency, and  is the ring 

down time.  In Figure 1, a modulated beam from continuous wave (CW) tunable laser is 

injected in the optical cavity [40].  

 

 

 
Figure 1. PS-CRD diagram  

 
An electro-optic modulator is used to create a square modulation frequency shape. 

The laser emerging out of the cavity produces an “on/off” pattern that translates into a 

filling/emptying of the cavity [40]. This resembles a shark fin. In this phenomenon, the 

positive slope is interpreted as building up the light inside the cavity, and the negative slope 

indicates light leaking out of the cavity. The phase shift angle ( ) is monitored on the 

negative slope of the exiting wave. Figure 2 shows a diagram of the phase shift, with the 

square reference signal entering to the cavity (bottom) and phase shift signal detected after 

the beam traverses the cavity (top).  
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Figure 2. PS-CRD signal (top), Reference signal (bottom) 

 

  The cavity is aligned to get the PS-CRD signal with a phase shift angle of -45° when 

the cavity is empty. The tan  function is shown in Figure 3. In the graph, the boxed area 

shows fair linearity from -45° to 0 degrees. The angles greater than -45° are avoided because 

of the non-linear response of the function at other angles.  
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Figure 3. tan Ѳ  vs Ѳ graph 

 
The optical path length inside the cavity is determined from the product (τ c  of 

ring down time τ and speed of light	c. In our case, for most of the experiments, the optical 

path length was approximately 3.9 km, with a decay time constant being around 13 s. The 

decay time of an empty cavity (  that is a function of the wavenumber (σ) is related to 

the distance between the mirrors and their reflectivity by the equation:  

 1
τ σ

c 1 R
L

 
     (2) 
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where L is the distance between the two mirrors, c is the speed of light, and R is the 

reflectivity of the mirrors. Similarly, the decay time of a cavity filled with the sample is 

given by the equation:  

 
			

1 1
 

     (3) 

 where  is the absorption coefficient of the sample as a function of the wavenumber. 

The absorption of the sample is calculated by the subtraction of inverse of the decay time 

of empty cavity (1 τ  ) from the inverse of the decay time of the cavity filled with the 

sample (1 τ). Equation 4 represents the absorption signal of the sample in an optical cavity.  

 
α	 σ

1
c

–
1

τ σ
 

     (4) 

Similarly, the observed signal for an open cavity is [39]: 

 1 1
 

     (5) 

The absorption 	includes background cavity losses that, in this case, are represented 

by the reflectivity of the mirrors (R) and presence of air α . For an open cavity, the 

reflectivity of the mirrors and the scattering of the light only affect the absorption baseline. 

The measured absorption is plotted as a function of wavenumber (cm-1) to obtain the 

absorption spectrum of the sample.  

 
1.1.1   Conditions for CRD Signal 

  To obtain the CRD signal with high optical path length, some conditions are needed 

to be met. One of the necessary conditions is that the Beer–Lambert behavior should be 

followed for a single pass of light through the cavity. Also, the interference effects between 

the longitudinal and transverse modes of the cavity must be minimized.  
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1.1.2   Beer-Lambert Behavior 

In order to follow the Beer-Lambert behavior, the widths of the absorption spectral 

lines have to be greater than the linewidth of the laser within the cavity. In that case, when 

the laser is tuned to the central frequency of the absorption line, all the frequencies 

contained within the laser are attenuated only by absorption [41].  

 
1.1.3   Optical Cavity 

The second important condition required for CRD signal is stable and non-focal 

optical cavity. An optical cavity with two mirrors is considered geometrically stable when 

the light is refocused within the cavity after successive reflections from highly reflective 

mirrors. During reflection, optical energy is contained or trapped within the cavity. The 

stable optical cavity formation depends upon the g-parameters of the mirror and optical 

cavity. [42]. Specifically,  

 0 1       (6) 

where g1 and g2 are defined as: 

 1        (7) 

 

 1        (8) 

where L is the distance between the two mirrors and and  are the radii of curvatures of 

the mirrors. The non-confocal cavity system introduces some mechanical flexibility on the 

alignment of mirrors in the cavity. Because of this property, the mirrors can move slightly 

while retaining a proper alignment with respect to each other. However, if the mirrors are 

positioned at each other’s focal length, any mechanical disturbance can result in a loss of 

the alignment. This approach can be defined by using the following relationship:  
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2  

      (9) 

 
 

0 2  
    (10) 

where, d is the distance between the mirrors and r is equal to their radius of curvature, 

assuming r = = . Figures 4 and 5 show two different configurations for a stable optical 

cavity system with mirrors placed inside and outside the radius of curvatures respectively. 

The cavity mode can be made very dense, especially when the d/r ratio is chosen to be an 

irrational number [38].  

 

 

 
Figure 4. Stable optical cavity with mirror placed 2  

 

 

 
Figure 5. Stable optical cavity with mirror placed 0 2  
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1.1.4   Cavity Modes 

Another important condition that must be considered for CRD is the structure of 

optical cavity otherwise it might cause several problems. When laser light is injected into 

an optical cavity, different modes of light are formed. Longitudinal or axial modes 

determine the resonant oscillation frequencies that satisfy the wavelength requirements of 

the cavity along a given optical path [42]. The longitudinal mode frequencies within an 

optical system are important considerations for a continuous scanning system like a CRD 

instrument. If the frequency spacing of the longitudinal modes of the cavity (the cavity free 

spectral range, FSR) exceeds the width of the spectral features being studied, then the light 

of the appropriate frequency for excitation of certain spectral lines will not be injected into 

the cavity and thus the absorption features will be absent from the resultant spectrum. The 

comparison of the mode spacing with laser line width determines how an optical cavity 

will respond to a scanning CRD system [43,44]. The frequency spacing (∆) of 

longitudinal cavity modes (FSR) is defined as: 

 ∆
2

 (11) 

Where, c and L are the speed of the light and length of the cavity, respectively. 

Table 1 presents the laser resolutions versus longitudinal mode spacing. 

 
Table 1. Mode Spacing Calculations 

 
Cell length(cm) 

 
Ti: Sapphire 

Resolution (cm-1) 

 
Longitudinal 

Mode Spacing 
(MHz) 

 
Longitudinal Mode 

Spacing (cm-1) 

 
43.5 

 
0.17 

 
345 

 
0.0115 
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As shown in the table, the mode spacing is much smaller than our laser resolution, which 

provides an overlapping multi-mode configuration. This is the reason why we can make 

continuous scanning possible. 

 
1.1.5   Temperature Sensor for Flowing Gas 

The accurate measurement of the temperature of air or any flowing gas is 

challenging and complicated [45]. Its measurement in harsh environments like firing 

chambers of boilers, combustion chambers of various engines, and other industrial devices 

is of great practical importance for a variety of needs and applications [46]. In order to 

meet these needs, the industry has developed a large number of sensors and devices such 

as thermometers, thermocouples, chemical, thermodynamic and optical methods for 

various tasks based on the precision required and the error allowed [47, 48]. In recent years, 

high temperatures have been acquired by gas temperature sensors based on absorption 

spectroscopic techniques [49]. Such techniques offer significant opportunities and 

advantages for the evaluation of various flow field parameters such as temperature, 

pressure, velocity and density because of their high sensitivity, high spectral resolution, 

fast time response, robustness and non-intrusive character [50]. There are various literature 

reports on temperature measurements of the exhaust gases from combustion and other 

industrial processes [49]. Literature review indicated that most research was initially 

limited to the ultraviolet (UV) range. Some researchers have determined the gas 

temperature from the measurement of two wavelength UV absorptions [51-53]. A. Fateev 

and S. Clausen [54] evaluated the flowing gas temperature from the absorption band of the 

NO (A 2∑   X 2Π) in the 211-238 nm spectral range. J. B. Jeffries et al. used UV 

absorption of CO2 for the temperature diagnostics of hydrocarbon combustion [55]. 
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Due to revolutionary development of lasers and optics, gas temperature sensors 

now extend to the near and mid-IR regions. Fourier transform infrared spectroscopy (FTIR) 

[56-58], laser induced fluorescence (LIF) [59, 60], intra cavity laser Induced spectroscopy 

(ICLAS) [61], and cavity ring down spectroscopy (CRDS) [62] are commonly used 

techniques in the IR region. In order to evaluate the temperature, the spectroscopic data of 

simple gaseous molecules like CO [63], CO2 [64] H2O vapor [65, 66], O2 [67], N2 [68] and 

radicals such as OH [62], CH [69], NH2 [70] have been used. These molecules are desirable 

since they are possible products in the flame, combustion chambers, or exhaust gases of 

the various types of engines. Recently, T. Werblinski and his coworkers measured the 

temperature profile of a flame by using the time-domain-based super continuum absorption 

spectroscopic technique [71]. They measured the broadband H2O absorption in the spectral 

range 1340-1485 nm and compared it with the simulated spectrum to get the temperature 

of a flame. More recently, A. Fomin et al [72] reported a Fiber Laser Intracavity Absorption 

Spectroscopy (FLICAS) method for the simultaneous measurement of CO and CO2 

concentrations and temperature in the flow system.  

However, there is little information in the literature on the determination of 

temperatures involving flowing air near the blades of gas turbines; this consideration is of 

prime importance for blade cooling technology.  

 
1.1.6   Gas Turbine 

Gas turbines are a type of internal combustion engine that increase the efficiency 

in power generation using fossil fuels. Gas turbines have been the primary engines for 

aircraft propulsion for decades. They are also quickly becoming the engine of choice for 

electrical power generation, because of the increased thermal efficiency of the engine. They 
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have direct impact on industrialized societies around the world. The power production of 

these engines can increase directly by increasing the operating temperature. So far, the 

operating temperature of the turbine rises up to 2000 K; however, the turbine blades and 

vanes are not able to bear such a high temperature. In order to avoid melting of the blades 

and vanes under the extreme heat loads, different blade cooling technologies have been 

used such as film cooling. In this method, the thin film of cooling air flows through the 

blades and vanes of the turbine [73,74], which helps to keep the blades and vanes cool and 

prevent them from melting. When implementing advanced cooling technology into the 

turbine blades and vanes, it is necessary to have an accurate prediction of the coolant to 

mainstream flow interaction around the airfoils; if the predicted metal temperature is off 

by only 30 K the life of the component is reduced by half. Therefore, engine designers 

require accurate and highly resolved temperature measurements of both the airfoil wall and 

the air temperature surrounding the blades and vanes. This coolant to mainstream 

interaction is modeled in the laboratory to match non-dimensional blowing ratios and 

density ratios with the actual engines. By measuring the temperature of the cooling air 

before and after its interaction with the blades, an initial knowledge of the heat transfer and 

blade temperature will be developed. This will lead to a more fundamental understanding 

of how these flows mix in highly turbulent environments. These measurements are usually 

coupled with parallel experiments such as surface temperature measurements and velocity 

distributions within the flow to fully characterize mass, momentum, and energy transport 

in highly turbulent flows [75-78].  

With these considerations in mind, we decided to use the absorption of oxygen 

molecule to measure the temperature of flowing air passing through a glass tube inside an 
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optical cavity. The temperature is obtained from the NIR absorption of oxygen (the A-

band) using the phase shift cavity ring down (PS-CRD) technique. In the future, the same 

method (if successful) could be used to measure the temperature of the cooling air before 

and after its interaction with the blades in a small laboratory turbine. 

 
1.1.7   NIR Absorption of Oxygen (the A-band (0 ← 0) Transition) 

 
Molecular oxygen is a paramagnetic molecule with an even number of electrons 

[79]. According to Mulliken the ground electronic state is X 
3
∑


g
 . The lowest energy singlet 

excited sates 1g and 1∑  lie at 7882 cm-1 and 13121 cm-1 respectively above the ground 

state [80]. Figure 6 shows a potential energy diagram of two low-lying electronic states of 

O2 molecule. The transitions from the ground state to these excited states are electric dipole 

and spin forbidden transitions.  

However, very weak transitions occur due to a change in the magnetic dipole 

moment. The three different transitions from the ground sate to the second singlet state (b 

1∑


g
 ← X

3
∑


g
) are (0 ← 0), (1 ← 0) and (2 ← 0) transitions which are called A, B and -

bands of O2 respectively [81]. These transitions are responsible for the red atmospheric 

bands of oxygen. According to the Frank Condon principle the intensity of these transitions 

decrease in the order from A 	 -bands.  

The rotational quantum numbers for the ground state (X 
3
∑


g
) are designated as the 

rotational angular momentum (N) and the total angular momentum (J) that is the sum of 

the rotational (N) and spin (S) angular momentum. The ground sate is split into three levels 

corresponding to J’’=N’’, N’’ + 1, and N’’-1 with only odd values of N’’ are allowed.  
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Figure 6. Potential energy diagram of O2 
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The upper electronic state (b 1∑


g
) which has zero spin, is composed of single states with 

J’= K’, where only even values of N’ are allowed. The transition from ground state to 

excited state results in four different branches i.e.	PP	 ∆J	 	‐1,	∆N	 	‐1 ,	RR	 ∆J	 	1,	∆N	 	

1 ,	PQ	 ∆J	 	0,	∆N	 	‐1 	and	RQ	 ∆J	 	0,	∆N	 	 1 . 

There are several reasons why we decided to use the oxygen absorption to measure 

the temperature of flowing air: (1) oxygen is uniformly distributed in the atmosphere with 

a known mixing ratio, (2) the A- transition is very weak and as a result, there is no chance 

of saturation effect for a long path length, (3) the spectral window is largely free from the 

other molecular spectral interferences and (4) it is sensitive to the temperature changes.  

In our laboratory, the CRD technique at low and high temperatures has been 

developed to measure very weak absorptions of molecules relevant to planetary 

atmospheres [82, 83]. We are able to perform experiments at temperatures at 77 K to 2000 

K.  In this particular experiment we are mainly focused on temperatures in the range from 

298 K to 373 K because this is the range of temperatures covered by the small laboratory 

turbine. More recently, we have constructed an open-path cell inside a furnace to cover 

temperature up to 1873 K. 	

	
1.1.8   Molecular Constants of Oxygen for the A-band Transition 

There have been several literature studies on the A- band of oxygen [49,66,67] and 

its molecular constants have been reported. Table 2 presents some of the molecular 

constants like spin-orbit coupling (H), spin – spin coupling (λ) and spin-rotation constant 

(γ) for the ground sate (X 
3
∑


g, ( = 0). The vibrational and rotational constants for (X 

3
∑


g) and excited (b 1∑


g) electronic states of oxygen are also presented on Table 3.  
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Table 2. Molecular Constants of Oxygen (X 
3
∑


g, ’’ = 0) 

 
Constants cm-1 

H
o
 1.2675x10-12 

λ
D
 1.9661x10-6 

λ
H
 1.0441x10-11 

γ
D
 -8.1790x10-9 

γ
H
 -5.237x10-14 

 

For the transition (b 1∑
+

g ←	X
3
∑

-

g), the band origin can be calculated by using 

following equation: 

 E()=Te+ ωe (+1/2) – ωe Xe (+1/2)2+ ωe ye (+1/2)3+ωe ze (+1/2)4      (12) 

Where,  , is the electronic energy,  is harmonic frequency,  , ,  are the 

anharmonicities and  is vibrational quantum number.  

 

Table 3. Vibrational and Rotational Constants for (X 
3
∑


g) and (b 1∑


g) of Oxygen 

 
State Te ωe ωexe ωeye Be αe De Transit

 

X 
3
∑


g 

 

0 

 

1580.19 

 

11.98

 

0.047

 

1.4377 

 

0.0159 

 

4.839x10-6 

b 1∑


g 
13195.1 1432.77 10.00 ---- 1.40037 0.01820 5.351x10-6 b↔X 
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For (b 1∑
+

g) 
’= 0, E (0) = 13907.98 cm-1 and for (X 

3
∑

-

g) ’’= 0, E (0) = 787.11 

cm-1. The band origin for this transition b 1∑
+

g (’ = 0) – X 
3
∑

-

g, (’’= 0) is then 13907.98 

-787.11 = 13120.87 cm-1. A similar process is required for the rotational constant; Bv and 

the centrifugal distortion constant, Dv. The equations are similar:  

                                      B= Be  αe ( 1/2)  γe ( 1/2)2                         (13)     
 
                                 D= De βe ( 1/2) +⋯ 																																																																					 14  

 

Where αe, γe, βe are vibrational constants. For (b 1∑


g)’ = 0, B0 = 1.39127cm-1 

and D0 = De = 5.351x10-6 cm-1.   

 
1.1.9   Calculation of Temperature from A- band of Oxygen 

In this experiment, the temperature of the flowing air was calculated by measuring 

the rotational temperature of the O2 molecule. As with other diatomic molecules, molecular 

temperature for O2 can be determined by using the frequency at peak absorption and 

rotational line intensities of the A-band. The intensity of a rotational transition at a given 

temperature is given by an equation [79]:	

                     I  = 
∗

 (J’+J’’+1) e " J" " /
      (15) 

Where, I 	is the absorption intensity, σ is the frequency at peak absorption, Q  is 

the rotational partition function, C  is a constant depending on the change of the dipole 

moment and the total population of the molecules in the initial vibrational level, B’’ is the 

rotational constant of ground sate of the transition, k is the Boltzmann constant, and J’’ and 

J’ are the rotational quantum numbers in the lower and upper states respectively. The 

rearrangement of an equation 15 leads to an equation that reproduces the temperature is 

[79]:   
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ln
I

σ ∗ J J" 1
ln

C
Q

F "

kT
      (16)

             Where, the factor  
	
 is nearly constant. The rotational temperature is calculated 

from the slope of the natural logarithm of the absorption intensity for each PP branch versus 

the energy of lower state ( F ") which is given by the equation [79]: 

 " B”J” J” 1 2λ γ (17) 

where, rotational constant of ground state B” = 1.4377 cm-1,  = 1.984 cm-1 is the 

spin-spin coupling, 	= - 0.084 cm-1 is the spin-rotation interaction constant. 

To obtain the relative intensity of the rotational branches of the A-band of oxygen, 

a base line correction of the spectrum was made with OMNIC (Thermo Scientific software 

available in the FT-IR spectrophotometer as an interface) and followed by normalization 

of the signal. The normalization is carried out by dividing the absorption values for all the 

points with the maximum value of absorption which results in a spectrum with an 

absorbance value range from zero to one unit of magnitude.  

Once the signal is normalized, the relative intensity of the rotational branches of 

the spectrum is obtained. Here the focus is only on PP branches of the spectrum but not on 

R branches. The reason behind it is that the R branch is not resolved in our spectra. The 

Boltzmann plot of ln
∗ 	 " 	

 versus FJ’’ (Eq. 16) is linear with a slope -   and has 

a unit of cm. The temperature is calculated by taking the inverse of the slope and 

multiplying by 1.43879 K/cm-1.   
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1.2   Phase Shift Cavity Ring Down Spectroscopy (PS-CRDS) as a Temperatrue Sensor 

 
1.2.1   Experimental Setup 

The experimental setup for the optical temperature sensor is depicted in Figure 7. 

A Ti-Sapphire laser (Coherent 899 ring laser) is pumped by a solid state, frequency doubled 

Neodymium-Yttrium vanadium oxide (Nd-YVO4) laser (Coherent Verdi). The pump laser 

provides a single wavelength (532 nm) with a power of 5W. The spectral range of the Ti-

Sapphire laser is from (720 -825) nm. Wavelength tuning of the Ti-Sapphire laser (0.17cm-

1 band width) is obtained by using a birefringent filter controlled with micrometer and 

driven by a stepper motor.  

 

 

Figure 7. Experimental setup of the PS-CRD spectrometer [39] 

 
The stepper motor is controlled with the LabVIEW software (National Instruments, 

version 13.0.1). The micrometer position is calibrated with the output wavelength of the 

laser. The laser beam coming out of the Ti-Sapphire laser is modulated by an electro-optic 

PMT

Pre-amplifier 

 

CRD cavity 

Lock-in amplifier   

Ti- Sapphire Laser   

EOM  

Function Generator   

EOM 
Power supply  
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modulator (Conoptics, 350-50) which is driven by a Stanford Research System (SRS model 

DS335) frequency generator. The modulated beam is a square wave, usually within 10–23 

kHz frequency range. The beam is injected on-axis in to the optical cavity after passing 

through a lens. The beam is aligned inside a cavity in such a way that it gets reflected back 

and forth many times and increases the optical path length 3.9 km. The beam coming out 

of the optical cavity is detected with a Photomultiplier tube (PMT) which is powered by a 

high voltage power supply. The signal from the detector is now sent to a low-noise 

preamplifier (SRS model 560) for signal conditioning. After that, the signal is locked by a 

lock-in amplifier (SRS model 830) in reference with the signal coming from the function 

generator, and it measures the phase shift angle of the signal leaking out of the cavity.   

In order to measure the phase shift angle of the light leaking out of the cavity, at 

first the cavity bypass is locked by lock-in amplifier with reference signal from the function 

generation and obtain the phase shift angle zero by pressing the phase button presents on 

the front panel of the lock-in amplifier. After that, the signal from the cavity is locked in 

and the phase-shift angle is measured with respect to the zero phase angle of the bypass 

laser beam. At the end, the values of the phase shift angles and signal voltages are sent to 

the computer via GPIB interface where they are processed by a LabVIEW program which 

was written specifically for this system.  

 
1.2.2   Open Path Optical Cavity 

  An open path (no optical windows) optical cavity was constructed and used for 

temperature measurement of flowing air as shown in Figure 8. The open cavity is very 

useful at high temperatures and avoids the risk of damaging the highly reflective mirrors. 

The optical cavity consists of two highly reflective mirrors; M1 and M2 (Los Gatos 
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Research, 99.997%) which are mounted parallel to each other and separated by a distance 

of 93 cm. A hollow glass tube with 63 cm length and 3.2 cm inner diameter was placed in 

between the mirrors. The tube has a central valve for the air flow injection. N2 gas from 

the laboratory supply flows around the two mirrors as a buffer gas, which helps the mirrors 

keep clean, avoids the risk of damage from the hot air flow and removes the atmospheric 

oxygen outside the glass tube.  

 

 

Figure 8. Open-path (no windows) optical cavity 

 
1.2.3   Calibration of Thermocouple Sensor 

Water was heated at several temperatures and both a thermocouple and 

thermometer were inserted into heated water. The simultaneous measurement of voltage 

and temperature of heated water was obtained. In order to measure the voltage, the 

thermocouple was connected with MICRONTA AUTO RANGE DIGITAL 

MULTIMETER. Table 4 presents the voltage reading at several temperatures. Figure 9 

shows a plot of voltage versus temperature (0C) which acts as a calibration curve.  

N2 out  

N2 in  N2 in  

Mirror  Mirror  

O2 in   
N2 out  
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Table 4. Data for the Calibration of Thermocouple 
 

Multimeter (volts) Thermometer (0C) 

0 20.5 

0.1 30 

0.4 35 

0.6 40 

0.9 45 

1.1 50 

1.3 55 

1.5 60 

1.7 65 

2.0 70 

2.2 75 

2.3 80 

2.5 85 

2.7 90 

3.1 98 
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Figure 9. Calibration of thermocouple for the experimental temperature determination 
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1.2.4   Temperature Measurement of the Flow Air with Thermocouple Sensor 

The calibrated thermocouple sensor was inserted into the hollow glass tube which 

was located in between the two mirrors of an optical open cavity and wrapped with heating 

tape. To make the tube hot, the heating tape was plugged into a high voltage supply. A 

particular temperature was obtained by adjusting a power controller meter scale and 

waiting at least 30 minutes to get the stable voltage reading. An air tank valve was opened, 

and air flow was passed through a heated copper coil to produce the flow of preheated air. 

Now the preheated air is injected into a heating tube through its central valve.  

The constant flow of air was maintained with a flow meter. The voltage reading 

was obtained with the multimeter, and the calibration curve was used to measure the 

temperature of the air flow. The observed temperature is denoted as experimental 

temperature. To increase the temperature of the flow air, we increased the value of meter 

scale on the high voltage power supply. In this project, we performed experiments up to 

100°C. We were able to get the experimental temperatures of the hot air by using the 

calibration curve as shown in Figure 9. 

 
1.2.5   Cleaning of Optics 

The process of cleaning of the optics is considered as an initial step in the 

experimental procedure. This begins with blowing of the nitrogen gas to remove the dust 

particles on the surface of the optics. After that, spectroscopic grade acetone, methanol, or 

a combination with Berkshire Lensx® 90 cleanroom wipes are used to clean the optics. 

Sometimes, if the optics is really dirty, optical soap can be used.  
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1.2.6   Alignment of the Pump Laser Beam in to a Laser Cavity 

The process of cleaning of optics is followed by alignment of the laser beam inside 

the optical cavity. In order to align a beam into a cavity, first a solid state, frequency 

doubled neodymium-yttrium vanadium oxide (Nd-YVO4) laser (Coherent Verdi) 

providing a single wavelength (532 nm) which acts as a pump laser is turned on at a 

maximum power of 5W. The pump beam gets into a Ti-Sapphire laser (Coherent 899 ring 

laser, linewidth 0.17 cm-1) cavity. The micrometer connected to the birefringent filter was 

rotated and stayed at the place of maximum florescence of the Ti-Sapphire crystal. The 

pump beam was aligned inside the laser cavity by following the laser manual. The power 

meter was placed in the path of the output of the laser, and optimization of the power was 

obtained by using the various outer control knobs. 

  
1.2.7   Alignment of a Laser Beam in to an Open Path Optical Cavity 

The laser beam was injected into a CRD optical cavity through the center of the 

mounted front mirror holder. The light emerging out through the center of the rear mirror 

holder was aligned to the shutter of the photomultiplier detector which was mounted on the 

translational stage and operated at 1000 V power. After that, the rear mirror was put back 

into the holder and mounted. The back reflection from the rear mirror was overlapped with 

the injected laser beam by using the controls on the mount. An iris was placed at the center 

of the cavity which helps to overlap the reflected beam. The shutter of the photomultiplier 

tube detector (PMT) was then opened which allowed us to maximize the intensity of the 

square signal on the oscilloscope by moving the PMT in small increments on x, y and z 

directions. After that, the front mirror was placed similar to the rear mirror, and the CRD 

signal was optimized by using the controls on the front mirror mount. Finally, the hollow 
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glass tube was placed between the mirrors. The beam was passed exactly through the center 

of the tube, and the intensity of the signal on the oscilloscope was not affected.  

 
1.2.8   Phase Shift Angle Measurement 

For the measurement of the phase shift angle, the position of the micrometer which 

is connected with birefringent filter was fixed at the spectral region where oxygen in air 

has no absorption. Figure 10 depicts the phase shift angle measurement. The modulated 

laser beam is divided into two parts by using a beam splitter. One part of the beam is 

injected in to the cavity and the other part of the beam (bypass) is used as a reference beam.  

 

 

 
Figure 10.  Reference phase shift angle measurement 
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At first, the bypass of the cavity was aligned with the PMT detector by using the 

diverting mirror. The signal from the detector was connected to the lock-in amplifier 

through the preamplifier. In the lock-in amplifier, the bypass signal was locked-in with 

reference square signal coming from the function generator. A zero-phase shift angle of 

the bypass signal was obtained. After that, the diverting mirror was removed and the signal 

from the cavity was directed to the detector. Finally, the cavity output signal was locked-

in by the Lock-in amplifier. At this point, the lock-in amplifier measured the phase shift 

angle of the cavity output signal with respect to zero phase shift angle of the bypass.  

The phase shift angle was affected by the change in temperature. we always 

maintained the phase shift angle close to -45° by changing the frequency. For the strong 

and narrow laser beam, the phase shift angle was not affected by the flow rate of air. 

After that, the micrometer was moved and placed at the initial position of the 

spectral range of A-band of oxygen. The micrometer was then connected with the shaft of 

a stepper motor with a belt. Finally, the scans were made by using the LabVIEW program 

and spectral data were obtained. The spectral signals were optimized by applying the 

optimum values for various instrumental parameters which are listed in Table 5. 

 
Table 5. Parameters for the Optimization of CRD Signal 

 
 

Frequency 
(kHz) 

 
Sensitivity 

(mV) 

 
Time 

constant 
(s) 

 
Gain 

 
Slope 
(dB) 

 
Wait 
(s) 

 
Flow rate 
(Lit/min) 

 
 

10-22 

 
 

2-200 

 
 
3 

 
 

20-100 

 
 

12-18 

 
 

0-0.3 

 
 

0-15 
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1.3   Phase Shift Cavity Ring-Down Spectroscopy of Oxygen in Flowing Air 

For temperatures above 295 K, a hollow glass cylindrical tube without windows 

has been inserted inside an optical cavity to measure the temperature of air flowing through 

the tube. The cavity consists of two highly reflective mirrors which are mounted parallel 

to each other and separated by a distance of 93 cm. In this experiment, air is passed through 

a heated tube. The temperature of the air flowing through the tube is determined by 

measuring the intensity of the oxygen absorption as a function of the wavenumber.  

The A-band of oxygen is measured between 298 K and 373 K, with several air flow 

rates. To obtain the temperature, the energy of the lower rotational state for seven selected 

rotational transitions is linearly fitted to a logarithmic function that contains the relative 

intensity of the rotational transition, the initial and final rotational quantum numbers, and 

the energy of the transition (Eq. 16).  

Accuracy of the temperature measurement is determined by comparing the 

calculated temperature from the spectra with the temperature obtained from a calibrated 

thermocouple inserted at the center of the tube.  

This flowing air temperature sensor will be used to measure the temperatures of 

cooling air at the input (cold air) and output (hot air) after cooling the blades of a laboratory 

gas turbine. The results could contribute to improvements in turbine blade cooling design.  

Figure 11 shows the A-band of oxygen in the static air at 298 K. Because of the low 

resolution of the laser (0.17 cm-1), four branch (PP, RR, PQ, RQ) were not completely 

resolved. However, we do the assignment of the partially resolved PP and PQ branch of the 

spectrum of the A- band of oxygen. As shown in Figure 11 only the PP branch was assigned 

and its intensity measured for the temperature determination. 
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Figure 11. Normalization of the A-band of oxygen with designation of PP branch 
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Air Flow at 298 K  

We performed several experiments at specified temperatures with different flows 

of air. Figure 12 shows the flow series of the A-band of oxygen in air at temperature 298K.  

The spectra are obtained with zero (static) flow rates to a maximum of 15 L/min. Table 6 

presents the relative intensity and energy of the PP transitions of the A-band of oxygen in 

different flows of air at temperature 298 K. Here we noticed that because of the scattering 

effects, the overall intensities show a small decrease as the flow rate increases. However, 

the temperature measurement does not depend on the air flow rate. After baseline 

correction and normalization of the signal, the distribution of intensities is similar at a 

particular temperature.  

The normalization is carried out by dividing the absorption value of every point 

with the highest value of absorption. Once the corrections were made, the signals were 

treated as several measurements at a given temperature regardless of the flow rate and we 

obtained the average relative intensity of the PP transitions. The temperature of O2 was 

determined by using the position and rotational line intensities of the A-band. For high 

resolution spectra, there are equations (equation 15 and 16) to describe the intensity of 

individual lines as a function of the energy of the initial rotational transitions [79,84]. These 

equations (equation 15 and 16) take into account the spin-orbit interaction of the ground 

state of O2 and reproduce the intensities measured at high resolution. For our low-

resolution spectra, it is not important to reproduce the actual intensity of the individual 

lines, and only the relative intensities are important to calculate the temperature. For this 

reason, several spectra at the same temperature were normalized with respect to the highest 

peak of each spectrum.  
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Figure 12. Flow series of the A-band of oxygen in air at 298 K 
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Table 6. Relative Intensity of the PP Branch of the A-band of Oxygen 

at 298 K with Several Air Flow Values 
 

PP Intensity at different air flow (L/min) ln(int./σ(J''+J'+1)) B.J’’(J’’+1) 
+2 -  

 
J” 0 4 6 10 Avg.   

1 0.057 0.077 0.103 0.119 0.089 -24.3203 6.8518 

3 0.068 0.166 0.203 0.19 0.1565 -24.8541 21.2288 

5 0.147 0.178 0.225 0.216 0.1915 -25.1625 47.1074 

7 0.175 0.208 0.258 0.247 0.222 -25.3508 84.4876 

9 0.19 0.213 0.222 0.222 0.212 -25.6488 133.3694 

11 0.17 0.231 0.222 0.233 0.124 -25.8384 193.7528 

13 0.133 0.148 0.19 0.203 0.1685 -26.2439 265.6378 

15 0.099 0.181 0.155 0.15 0.1463 -26.528 349.0244 

17 0.075 0.133 0.097 0.113 0.1045 -26.9887 443.9126 

19 0.07 0.076 0.075 0.073 0.0735 -27.4511 550.3024 

21 0.054 0.045 0.022 0.042 0.0108 -28.1402 668.1938 
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The only transition considered are the PP transitions that correspond to absorptions 

from the ground state’s rotational quantum number J’’= N’’= 1, 3, 5, 7…; with final states 

J’= 0, 2, 4, 6… respectively. Figure 13 is the plot of ln (abs.int/σ (J''+J'+1)) versus B.J’’ 

(J” +1) + 2 -  for the A-band of oxygen in air flow at 298 K. We observed a straight line 

with a slope of -0.0048 cm. The calculated temperature is 299 K which is obtained from 

the product of the inverse of the slope with 1.43879 K/cm-1.  

 

 
 

Figure 13. Plot of ln [int. /σ* (J’+J” +1)] versus BJ” (J” +1) +2 -  of the A-band of 
oxygen in air flows at 298 K 
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Air Flow at 321 K 

We also performed several experiments with different flow rates of air at 321 K. 

Figure 14 shows the flow series of the A-band of oxygen in air at 321 K. The spectra are 

obtained with a minimum flow of 6 L/min to maximum of 15 L/min. Because of the 

scattering effect, the overall intensity of the spectrum decreases with increase in air flow 

rate. Table 7 shows the relative intensity and energy of the PP branch of the spectra. After 

the normalization, the spectra at different air flows were treated as several measurements 

for a particular temperature.   

At this temperature (321 K), the intensity of the molecules shifted towards the lower 

energy side in comparison to the spectra at room temperature. The shifting of the intensity 

distribution is explained with the Boltzmann distribution law.  

 Figure 15 shows the plot of  ln
∗ 	 " 	

 versus FJ’’ (from equation 16) of the 

A-band of oxygen in air flow at 321 K. The plot produces a straight line with a slope of -

0.0044 and reflects the temperature 326 K. The calculated temperature agreed ± 8 K with 

the experimental temperature. To obtain the plot, we included the PP transitions of the A- 

band of oxygen originating from J’’ = N’’=5, 7, 9, 11, 15,17 and 19. The transitions were 

selected because they are more intense, are more sensitive to the temperature change, and 

gave a linear plot. The points corresponding to J’’=1 and 3 deviates from the straight line. 

Inclusion of these points in the plot does not affect the calculated temperature but increase 

the uncertainty. Each experimental point in the plot is the average of the peak value 

obtained for several normalized spectra. 
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Figure 14. Flow series of the A-band of oxygen at 321 K 
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Table 7. Relative Intensity of the PP Branch of the A-band of Oxygen 
at 321 K with Several Air Flow Values 

 
PP Intensity at different air flow (L/min) ln(int./σ(J''+J'+1)) B.J’’(J’’+1) 

+2 -  
 

J” 6 7 8 10 Avg.   

1 0.052 0.05 0.041 0.03 0.04325 -25.1097 6.8518 

3 0.057 0.07 0.049 0.049 0.05625 -25.9451 21.2288 

5 0.123 0.156 0.099 0.107 0.12125 -25.6874 47.1074 

7 0.163 0.178 0.122 0.121 0.146 -25.8376 84.4876 

9 0.168 0.182 0.128 0.135 0.15325 -26.0398 133.3694 

11 0.153 0.166 0.128 0.128 0.14375 -26.3039 193.7528 

13 0.127 0.137 0.102 0.111 0.11925 -26.6572 265.6378 

15 0.106 0.107 0.08 0.078 0.09275 -27.051 349.0244 

17 0.077 0.103 0.066 0.056 0.0755 -27.3814 443.9126 

19 0.074 0.09 0.065 0.045 0.0685 -27.5892 550.3024 

21 0.053 0.08 0.044 0.05 0.05675 -27.8768 668.1938 
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Figure 15. Plot of ln [int. /σ* (J’+J” +1)] versus BJ” (J” +1) +2 -  of the A-band of 
oxygen in air flows at 321 K 
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Flow Series at 359 K  

We repeated the same experiments at a temperature of 359 K. Figure 16 depicts the 

flow series of the A-band of oxygen in air at temperature 359 K. The spectra are obtained 

with several flow rates from 6 L/min to 15 L/min. Table 8 presents the relative intensity 

and energy of the PP branch of the A-band of oxygen at different flow rates. The intensity 

of molecules in these spectra shifted more towards the lower energy side than in the spectra 

at 321 K (fig. 14).  

Figure 17, represents the plot of  ln
∗ 	 " 	

 versus FJ’’ (from equation 16) of 

the A-band of oxygen in air flow at 359 K. In this plot, we obtained a straight line with a 

slope of 0.004 cm and the calculated temperature was 359 K. The calculated temperature 

agreed ±11 K with the experimental temperature measured with a thermocouple sensor. At 

this temperature also, we included the PP transitions originating from J’’ = N’’ = 5, 7, 9, 

11, 15,17 and 19. The transitions were selected because they are more intense, are more 

sensitive to the temperature change, and gave a linear plot.  

The points corresponding to J’’ = 1 and 3 deviate from the straight line. Inclusion 

of these points in the plot does not affect the calculated temperature but increase the 

uncertainty in the measurement. Each experimental point in the plot is the average of the 

peak value obtained for four normalized spectra.  

Previously, Y. Perez Delgado in our laboratory obtained the spectral data of the A-

band of oxygen at cryogenic temperatures. She used a 45 cm long optical cavity attached 

to a low temperature cryostat for the measurements. The static cell and mirrors of the 

optical cavity are all inside a vacuum chamber at the same temperature of the cryostat.  
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Figure 16. Flow series of the A-band of oxygen at 359 K 
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Table 8. Relative Intensity of the PP Branch of the A- band of Oxygen 
at 359 K with Several Air Flow Values  

 
PP Intensity at different air flow (L/min) ln(int./σ(J''+J'+1)) B.J’’(J’’+1) 

+2 -  
 

J” 6 7 8 10 Avg.   

1 0.023 0.038 0.041 0.03 0.033 -25.215 6.8518 

3 0.051 0.072 0.064 0.05 0.05925 -25.728 21.2288 

5 0.095 0.11 0.105 0.1 0.1025 -25.6902 47.1074 

7 0.126 0.124 0.133 0.129 0.128 -25.804 84.4876 

9 0.128 0.136 0.142 0.134 0.135 -26.0014 133.3694 

11 0.121 0.136 0.151 0.133 0.13525 -26.1997 193.7528 

13 0.093 0.112 0.122 0.1 0.10675 -26.6029 265.6378 

15 0.088 0.097 0.086 0.088 0.08975 -26.9188 349.0244 

17 0.057 0.088 0.093 0.071 0.07725 -27.1934 443.9126 

19 0.064 0.071 0.067 0.073 0.06875 -27.4203 550.3024 

21 0.067 0.065 0.067 0.063 0.0655 -27.5681 668.1938 
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Figure 17. Plot of ln [int/σ*(J’+J”+1)] versus BJ” (J”+1) +2 -  of the A-band of oxygen 
in air flows at 359 K 
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The vacuum chamber insulates the optical cavity and the cold head of the cryostat 

from the environment. The cell temperature can be changed between 10 K and 295 K. For 

sample cooling an international Cryogenics controlled temperature cryostat model 31-4000 

system was used. The cell was connected to the external gas handling system through a 

small section of stainless steel tubing. The cell temperature was controlled with a scientific 

Instruments model 9650 temperature controller and indicator.  

In this dissertation, we have applied our method to analyze the spectral data of the 

A-band of oxygen at cryogenic temperatures. The cryogenic spectral data were obtained 

with pure oxygen. The calculated temperatures agreed with the experimental temperature 

measured by the sensor.  

Table 9 shows the number of spectra used to obtain an average intensity (# Peaks 

averaged), the slope of the line, and the intercept are presented with standard deviations 

and the R2 values. The calculated temperatures are shown with their respective standard 

deviations. The maximum error is 6% at 88 K and the minimum is 2% at 301 K. If the first 

two points corresponding to J’’ = 1 and 3 are included in the fit for temperatures higher 

than 301 K the slope produces the same calculated temperature but the error increases 

because the points deviate above and below the line, respectively. The first two points were 

not included in the fit for temperatures higher than 301 K. The most common spectroscopic 

method of temperature determination in the literature [85-87] is the ratio of measured 

absorbance of two rotationally resolved transitions. Usually the two transitions are selected 

based on absorption strength, spectral isolation, and temperature sensitivity to maximize 

the accuracy of temperature determinations. For the low-resolution spectra obtained in this 

investigation, the use of two absorptions bands did not give consistent results even after 
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computer deconvolution of the selected bands. As shown before, the selection of the same 

seven maximum values of the PP transitions gave consistent and accurate results for the 

range of temperatures measured. 

 
Table 9. Accuracy of the Temperature Sensor 

Average 
peaks 

(n) 

Slope/10-3 
cm 

Intercept R2 Calculated 
temperature 

(K) 

Measured 
temperature 

(K) 

6 -(16.4 ± 0.8) -(24.32 ± 0.09) 0.9896 88 ± 5 90 

4 -(9.62 ± 0.54) -(24.60 ± 0.12) 0.9779 150 ± 8 150 

7 -(4.78 ± 0.09) -(25.47 ± 0.02) 0.9980 301 ± 6 298 

6 -(4.40 ± 0.10) -(25.58 ± 0.03) 0.9973 327 ± 8 321 

2 -(4.12 ± 0.12) -(25.62 ± 0.03) 0.9957 348 ± 11 356 

1 -(3.76 ± 0.15) -(25.67 ± 0.04) 0.9914 386 ± 15 383 
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1.3.1   Validation of the Developed Method with Simulated Result 

The optical sensor that we established in our laboratory for the measurement of 

temperature in flows of air was also validated with the simulated result. We obtained the 

simulated spectrum of the A-band of oxygen at several different temperatures. The figure 

18 is one of the example of PHOPHER [88] simulated A-band of oxygen at 298K. Table 2 

and Table 3 present the constants that we applied for the simulation. Normally, the 

temperature of the sample is calculated by overlapping the experimental spectrum with the 

simulated spectrum. However, in this project we validated the temperature sensor with 

simulated results in a different way. We applied a same method that we employed for the 

experimental spectrum to extract the temperature. We obtained the relative intensity of PP 

branch after the base line correction and normalization of the signal. Similar to the 

experimental results, the temperature is calculated from the slope of the Boltzmann plot 

(equation 16). Figure 19 shows the calculation of temperature of oxygen from the simulated 

spectrum at 298 K. The calculated temperature, determined from the slope of a straight line 

of the plot is ~294 ± 4 K which is in agreement with the simulated temperature and helps 

to further validate our method. 

 
1.3.2   Comparison with Another Method 

 
Basically, the two-line thermometry (selection of two different transitions) has been 

used for the calculation of temperature from the high-resolution spectrum [ 86,87]. P. Maco 

and P. Veis [89] measured the gas temperature in an oxygen plasma from the intensity ratio 

of the maxima of R-branch and P-branch. It seems like this method is easier to calculate 

the temperature of the air. However, it has some difficulties, including the necessity of 

getting the actual instrumental function of a spectral device.  
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Figure 18. PGOPHER simulated spectrum of the A-band of oxygen at 298 K 
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Figure 19. Calculation of temperature from the simulated spectrum of the A-band of 
oxygen at 298 K 
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They considered only two rotational transitions which might not be sufficient 

information to acquire the overall distribution of the molecule for the calculation of the 

temperature. This technique would not be the good temperature sensor at very high 

temperature and high flow system. They only applied their method at very low gas pressure 

and did not provide any information at high flow. Their results at very high temperature 

did not agree with simulated results. However, in our method, we used at least seven 

rotational transitions which could provide more information about the overall distribution 

of the molecule for the determination of the temperature. In addition, we performed 

experiments at high temperature with several different air flows. The results show that this 

method would be a good method for the flow system. In our low-resolution spectrum, R 

branch transitions are not resolved, and therefore, we could not use the maximum of R 

branch. However, we have tried to use two-line thermometry for the measurement of the 

temperature of the flowing air. We measured the ratio of intensity/integrated area of the 

P17 and P2 transitions for different temperatures. Table 10 presents their ratio in 

normalized spectra of the A-band of oxygen at several temperatures.  

 
Table 10. The Ratio of Intensity/ Int. Area of the P17 and P2 transitions of 

 the A-band of Oxygen at Various Temperatures 
 

Intensity ratio 
(P17/P2) 

Ratio of int. area 
(P17/P2) 

Temperature (K) 

1.1781 2.2797 298 

1.4289 2.3197 321 

1.4531 - 333 

1.7244 2.3853 359 
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Similarly, figures 20 and 21 show the plots of temperature versus ratio. The plots 

show that the ratio increases linearly with increase in temperature. The curves agree with 

the nature of the curve obtained by P. Maco and P. Veis. We could use those curves as a 

calibration curve to obtain the temperature. 

 

 
 

Figure 20. Plot of the ratio of intensity of the P17 and P2 versus temperature 
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Figure 21. Plot of ratio of the integrated area of the P17 and P2 transitions versus 
temperature 
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1.4   Conclusions and Research Outlook 

Oxygen temperatures in the range of 90–297 K have been determined by obtaining 

the A-band of O2 and using this PS-CRD method with an optical cavity attached to a low 

temperature cryostat. We have also constructed an open-path (no windows) optical cavity 

using the PS-CRDtechnique as a temperature sensor. The A-band of oxygen was measured 

at several temperatures (298–373 K) with various flow rates of air, ranging from static no 

flow conditions to air flow up to 15 L/min. The temperature was obtained from a 

Boltzmann plot. For this plot, we consider the PP (lines with odd values of rotational 

quantum numbers (N) lines with value of N 5–17 because these lines are more intense, free 

from the interference of other absorption, and more sensitive to the temperature change. 

The same selected transitions were used to calculate all the temperatures above 297 K. The 

accuracy of the measurements was obtained by comparing the calculated temperatures with 

the temperatures measured with a sensor. The further validation of technique was done by 

comparing the result with simulated and two-line thermometry literature results.  

The study has shown that the oxygen absorption is a very good choice to determine 

the temperatures in a flow system. Although it will be ideal to have a diode laser to resolve 

the peaks, the study has shown that a low-resolution spectrum is capable of giving the 

correct temperature of the flowing air. In our laboratory, the main application of the open-

path PS-CRD absorption of oxygen is the possibility to measure the temperature of the 

output air flow cooling the blades of a laboratory turbine. This flowing air temperature 

sensor will be used to measure the local film temperature near the surface of a gas turbine 

airfoil under laboratory conditions. The protective film results on the surface from the 

mixing of the cooling air and the hot mainstream air flowing around the airfoil. By non-
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intrusively measuring this turbulent film temperature, the heat transfer to the airfoil surface 

could be determined. This would be an important contribution for the development of 

efficient blade cooling technology. A low temperature CRD optical cavity, like the one 

described here, could provide laboratory data simulating conditions of pressure and 

temperature for planets and satellites of our solar system. A typical case is the atmosphere 

of Titan, a satellite of Saturn. At 140, 40, and 10 km of altitude, the atmospheric pressures 

are approximately 3,152, and 760 torr and the temperatures are 140,70, and 80 K, 

respectively [90]. The visible spectra of CH4, C2H6, C2H2, C2H4, HCN, as well as C3H4, 

C3H8, C4H2, HC3N can be obtained. Another application is related to the detection of 

atmospheric trace gases and their chemical reactions. In the lower atmosphere 

(troposphere) of earth, the air temperature falls with increasing altitude to reach a minimum 

of around 210 K between 10 and 16 km above sea level. It is possible to study in the 

laboratory the smallest concentrations of molecules such as NO2, NO, NO3, N2O5, O3, 

HONO, and hydrocarbons simulating atmospheric conditions on Earth [91]. The 

observation of weakly bound complexes is possible with the low temperature CRD cell. 

The equilibrium distributions allow thermodynamic studies of the binding energies of the 

complexes [92]. 
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CHAPTER TWO 

2.1   Thermal Lens Spectroscopy(TLS) 

  
2.1.1   Thermal Lens Effect 

Thermal lens spectroscopy (TLS) is one of the most sensitive molecular absorption 

techniques among the photo-thermal methods. It depends upon the absorption and non-

radiative decay of the energy. In this technique, molecules absorb the energy of the 

excitation beam (pump laser) which passes through the sample. The excited molecule 

relaxes through various radiative as well as non-radiative processes [93]. The non-radiative 

energy (heat) produces a significant amount of heat along the optical path, which results in 

a hot spot [94]. This hot spot has a different refractive index in comparison to its 

surroundings and acts as a lens. Most of the liquids show a positive coefficient of thermal 

expansion and negative temperature coefficient of the refractive index, which results in the 

formation of a diverging thermal lens. The formation of the thermal lens begins from the 

absorption of the energy and continues until the system reaches to thermal equilibrium 

through heat transfer. This effect is defined as the thermal lens effect.  

Figure 22 shows the formation of the thermal lens and its effect on the intensity 

profile of a Gaussian beam. The formation of the thermal lens is observed by the dispersion 

of the probe beam, which is not absorbed by the samples. The divergence of the probe 

beam is observed beyond the sample cell as larger spot size or lower beam intensity [95,96]. 

The decrease of the intensity of the probe beam is proportional to the strength of the thermal 

lens formed. 
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2.1.2   Thermal Lens Signal (TLS) 

The thermal lens signal is defined as [97,98]: 

 
2 2 /

)(-(  (18) 

Where, the signal S is proportional to the sample absorbance (α2x2 ) with α2 the 

absorption coefficient, X2 the mole fraction of the solute,  (10cm) the optical path length 

and the second term in parenthesis 1/ 1 /2  .The beam radius at the center of the 

cell is  = 0.030cm. The characteristic time constant ( 	= 2 Cp /4k) depends on  , 

the density ( ), the thermal conductivity (k), and molar heat capacity  of the solvent. 

The time (t) is related to the modulation frequency of the pump laser, which in our case is 

in the range of 1-5 Hz. The signal magnitude is directly proportional to the negative 

temperature gradient of the index of refraction (	 /   and inversely proportional to 

the thermal conductivity (k).  

 

 

 

 

 

 

 

Figure 22. Formation of thermal lens 
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laser to the solution and its magnitude is still unknown for the fifth vibrational overtone of 

the C-H.   

 
2.1.3   Laser Beams Configuration on Thermal Lens Spectroscopy 

  The TLS technique was discovered by Gorden et al. in 1965 when they were 

attempting to enhance the intensity of the Raman scattering from benzene with a single 

beam He-Ne laser at Bell Laboratory [99]. Grabiner et al. [100] later decided to use mode-

matched dual beam configuration in which both beams have the same waist at the center 

of the cell. They used a Q-switched CO2 laser as an excitation source and a He-Ne laser as 

a probe to measure the vibrational relaxation rates in polyatomic molecules. Over the time, 

Hu and Whinnery [101,102] improved the sensitivity of the TLS technique by using mode-

mismatched dual-beam configuration, where the two beams have different waists. In our 

lab, we have been using mode–mismatched dual-beam configuration to study a high 

overtone transition of very weak absorptions. Figure 23 depicts the configuration of the 

pump and probe beams. The pump beam is focused at the center of the sample cell, and the 

probe beam is arranged to be at a distance Z1=1.73Z , where Z  is the confocal distance 

of the probe beam and Z1 is the distance between the probe beam waist and the pump waist. 

In literature, there are several configuration models of the TLS technique have been used. 

Some models of the thermal lens effect with pulse [103-105] and modulated excitation 

[107,108], transverse [105] and collinear configuration [ 109-112]and stationary [113] and 

flowing media [114,115] are reported. They are being used to study the various phases of 

the sample like, liquid, solid [105] and gas [104].  

The TLS signal depends upon the excitation power and the thermo-optical 

properties of the solvent (equation 18). 
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Figure 23.  Pump and probe beam configuration on mode-mismatched dual-beam  
TLS technique 
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model Stabilite 2017, with a wave length of 514 nm. The stepper motor was used to scan 

a dye laser in the range of the Rhodamine 6G dye from 15800 cm-1 to 17400 cm-1. The 

stepper motor is remotely controlled by a computer with LabVIEW 2013 software. A small 

fraction of the excitation beam which is modulated at 250 Hz with Stanford Research 

System (SRS) mechanical chopper (model SR 540), is detected with a photo-sensor 

(Newport, Model 882), and sent to a lock in amplifier (Ithaco 3962A). On the other hand, 

the main excitation beam is modulated by a low frequency optical shutter (Electro-Optic 

CH-60). The shutter is operated with a function generator (BK Precision, Model 3011A) 

with the frequency 1 to 5 Hz range. The modulated excitation beam is focused at the center 

of the 10 cm sample cell. The spot radius and confocal distance of the beam at that position 

are 0.030 and 51 cm respectively. The Spectra Physics laser model 177-G7205 with 

multiple wavelengths is used to get a continuous wave probe beam. A prism is used to 

separate a single wavelength (488 nm) which is used as a probe beam. The excitation and 

probe beam are overlapped with a blue dichroic filter and propagate collinearly through the 

cell. An interference filter is used to block the excitation beam and transmit the probe beam. 

Any residual transmission of the excitation beam is removed by placing a blue glass filter 

very close to the detector. At the end, the probe beam is passed through pinhole with 20 

m in diameter and its intensity is recorded with a photomultiplier tube (GCA McPherson, 

model EU-701-93). The detector is installed on x, y and z stage which allows the precise 

location of signal and intensity maximization. After the detector, a signal is pre-amplified 

with a SRS low noise pre-amplifier (model SR 560). Finally, the signal is sent to another 

single-phase lock-in amplifier (Ithaco 3962 A). The normalization of the signal is 

accomplished by dividing the probe signal output by the excitation beam signal. 
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Figure 24. Experimental setup of thermal lens spectrometer
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  The LabVIEW 2013 software is used as an interface for the several processes such as, 

data acquisition, processing and plotting. At the end, a normalized thermal lens signal as a 

function of the wavenumber is obtained.  

 
2.2.1   Concentric Alignment of the Excitation and Probe Beam 

 The measurement of the signal begins with turning on both the pump and the probe 

laser and allow them to warmup. The pump laser wavelength close to the place of 

maximum absorption of the sample is selected. The concentric alignment of the excitation 

and probe beam is obtained. If the alignment is not good, we could observe a fraction of 

the signal intensity or no signal at all. Therefore, accurate alignment is critical during the 

experiment. In order to make an alignment easy and convenient, the optics like mirror, 

lenses, and filters are mounted on translational stages which allow the displacement of the 

beams in x, y, and z directions. Far-field alignment is monitored by observing the beam 

spots three meters from the sample cell. In our experimental setup, the spot size of the 

probe beam is made larger than the excitations, but both beams have a common center.  

 
2.2.2   Complete Blocking of Excitation Laser 

  It is necessary to make complete blocking of the excitation beam before PMT. It 

avoids the problem of highly erratic signals which obscure the TLS signal. The complete 

blocking was obtained by using both interference and glass filters.   

 
2.2.3   Observations of TLS Signal on Oscilloscope 

  First, it is better to observe the TLS signal on oscilloscope. For that, the wavelength 

of excitation laser at the place of maximum absorption of sample was selected. The 

modulated excitation beam was focused at the center of the cell and nearly three times 
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larger size unmodulated probe beam was focused at the point where the TLS signal 

amplitude is maximum. The modulation of the excitation beam was obtained by a low 

frequency shutter (Electro-optical products CH-60).  It was operated by function generator 

(SRS DS345) with square wave 4 V amplitude and frequency 0.5 to 10 Hz range. We can 

observe the TLS signal on the oscilloscope in reference with the signal from the function 

generator. The TLS signal was optimized with the proper aligning of the center of the probe 

beam with a pin hole of the detector.   

 
2.2.4   Normalization of TLS Signal 

  The TLS signal depends upon the excitation power which gets changed throughout 

the scanning region. So, the signal must be normalized. A small fraction of the excitation 

beam modulated at 250 Hz with Stanford Research System (SRS) mechanical chopper 

model SR 540 was detected with a photo-sensor (Newport, Model 882) and sent to a lock 

in amplifier (Ithaco 3962A). The lock- in amplifier locks the voltage signal with respect to 

the reference signal from the chopper. On the other side, the probe beam modulated with 

the periodic formation of thermal lens was measured with a photomultiplier tube (PMT, 

GCA McPherson EU-701-93) which was operated at 1000 kV. The normalization of the 

signal is accomplished by dividing the probe signal by the excitation beam signal.  

 
2.2.5   Signal to Noise Ratio Improvement 

First, the signal from PMT was fed to a low-noise preamplifier (Stanford Research, 

SR-560). A 50 Ω cap was connected to the feeding terminal, which avoids the high voltages 

that might leak from the detector. The noise was reduced through the cut-off filter 0.03 to 

30 Hz on the preamplifier. The signal to noise ratio was improved by selecting AUTOSET 
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on the main panel of the lock-in amplifier which provides the optimum values for the 

various parameters like: time constant, sensitivity, dynamic range. If it is necessary, we can 

adjust the instrumental parameters at any time. Intense TLS signals require sensitivities up 

to 1V, while weak signals only require 300 V. The value of time constant depends on 

noise levels; a value of 1s is characteristic of low-noise samples, while a value of 3s reflects 

a noisy signal. Table 11 shows the various instrumental parameters used for optimization 

of the TLS signal. Those would be different for different conditions.  

Final maximization of the TLS signal, was achieved by small increment of the 

position of the detector in x, y, and z direction. The procedure requires alternative 

movement of the y and z direction to get the place of maximization. In general, mapping 

time based on the TLS signal intensity. For example, the concentrated samples generate 

intense signals and require less mapping time and vice versa. Once we found the maximum 

strength, it is recommended to do an AUTOSET or at least an AUTOPHASE one more 

time to update instrumental parameters to the current level of intensity.  

 
2.2.6   Acquisition of Spectra 

Once the TLS signal was optimized, the spectral data were acquired by using a 

LabVIEW interface. The details of the program are presented in appendix A. however, the 

general features are provided here. At first, the calibration chart was required to correlate 

the micrometer positions of the birefringent filter with the corresponding wavelengths. 

Second, the stepper motor was turned on, and initial wavelength was selected by moving 

the micrometer screw on the dye laser. A belt was used to connect the rotating wheel on 

the micrometer screw to the shaft of the stepper motor.  
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Table 11. Parameters for Optimization of the TLS Signal 
 

Parameters Values 

Time constant for pump laser signal 10 s 

Time constant for probe laser signal 30 s 

Sensitivity for pump laser signal 300 mv 

Sensitivity for probe laser signal 100 mv 

Cut off filter 0.1 to 10 Hz 

Gain on preamplifier 5x10
4
 

Step size 0.404 m 

Pause 2 s 

 
 

The LabVIEW file was opened, and the step-size, acquisition pause, as well as final 

and initial micrometer positions were specified. On the control panel, the MOTOR button 

was showing the stepping action. Right before running the program, linear averaging was 

activated by pressing the OFFSET key on the lock-in amplifier and appropriate values for 

time constant was selected.  

The run button started the data acquisition, which might be completed by 25 min 

for low frequency experiments. At the end, the program allows the observation of the TLS 
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spectrum, which is a plot of strength of TLS signal versus wavenumber. Now, the spectrum 

can be saved by pressing the SAVE button. At that time, a dialog box will appear where 

the file name must be specified. The stop sign marks the end of a scan and allows for new 

data acquisition. Generally, to acquire the quality spectra, the above procedure was carried 

out at least three times for each sample and the average spectrum was obtained.  

 
2.2.7   Experimental Shutdown 

Normally, the process of shutdown is reverse of the startup. At first, close the 

shutter of the PMT and turn off the electronics in the following order: voltage supply of 

the PMT, preamplifier, lock-in amplifier, shutter driver, function generator, chopper, and 

stepper motor. Turn off the lasers according to their shutdown procedures, making sure to 

allow cooling before switching off the power.  Next step is emptying the cell.  

 
2.3   Non-linear Thermal Lens Signal of the (	= 6) C-H Vibrational 

Overtone of C6H6 in Liquid Solutions of n- C6H14 and CCl4 
 

In this project, we basically focused on the study of ringed compounds. The 

molecules are not only the possible molecules present on the lakes of the Titan (a satellite 

of Saturn) but also biologically interesting compounds. Unsaturated ring compounds are 

present in the biological molecules like proteins, nucleic acids and amino acids.  

Our group is very interested in the laboratory experiments to simulate the 

composition of lakes of Titan where the major components, liquid methane and ethane act 

as solvents at temperature around 95 K [116-118]. The ultimate goal of our investigation 

is to determine the solubility of unsaturated hydrocarbons in liquid methane and ethane at 

the surface temperature of Titan. However, it’s very costly and challenging to perform the 

experiment at cryogenic temperature without having the basic information about the 
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solubility of the compounds, solvent interference and the suitability of the technique. 

Therefore, it is good to know such basic information before doing the experiment at 

cryogenic temperatures. So, in this experiment we test the suitability of our TLS technique 

for that purpose. To avoid the solvent interference on TLS spectrum of interested molecule, 

we want to study the high energy (	= 6, 7...) C-H or O-H vibration transitions overtone 

spectrum.  

The thermal lens signal of the fifth (= 6) C-H overtone of pure liquid benzene 

at room temperature was obtained by using a quartz cell of 10 cm path length. The power 

of the excitation beam and probe beam were 54 mW and 1 mW respectively. The beam 

was modulated at a frequency of 1 Hz. The maximum intensity of signal is localized at 

16480 cm-1 with a band width (FWHM) of 250 cm-1. Both of the parameters are in 

agreement with the literature values [119,120]. The peak absorption coefficient of pure 

benzene has been reported [119] as (2.2 ± 0.3) x10-3 cm-1. C-H fifth vibrational overtone 

spectrum of benzene is detected at room temperature for compositions per volume in the 

range 1 to 1 x 10-4 using CCl4 and n-C6H14 as solvents. By detecting the absorption band 

in a 100 ppm solution, the peak absorption of the signal is approximately (2.2 	0.3 x 10-

7cm-1). Figure 25 and figure 26 show the several spectra of the thermal lens signal of the 

fifth (	 = 6) C-H overtone transition of benzene in CCl4 and n-hexane solutions 

respectively. The concentrations of benzene vary from (0.1 to 1x10-4) composition by 

volume in CCl4 and (0.2 to 1x10-4) in n-hexane. In case of the solvent CCl4 the spectrum 

becomes narrower and symmetric with decrease in concentration of benzene. This is not 

the case for benzene in n-C6H14 as solvent.  
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Figure 25. Thermal lens spectra of the C-H vibrational overtone (	= 6) of benzene 
solutions in CCl4 with various compositions by volume at 295 K   
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Figure 26. Thermal lens spectra of the C-H vibrational overtone (	= 6) of benzene  
solutions in n-C6H14 with various compositions by volume at 295 K 
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2.3.1   Solvent Enhancement in C6H6-CCl4 and C6H6-n-C6H14 

In thermal lens experiments, the solvent enhancement has been defined as: 

 
∂n
∂T

1
k

P
λ

g x
P
λ

     (19) 

The pump power (P) at the maximum of absorption ( ) is fixed but can be altered to 

increase the sensitivity of the system. In thermal lens, magnitude of signal is directly 

proportional to the negative temperature gradient of the index of refraction ( ∂n/ ∂T    

and inversely proportional to the thermal conductivity (k). Some researchers have 

enhanced the thermal lens signal by preparing solutions with high negative temperature 

gradients of index of refraction  ∂n/ ∂T   using electrolytes and making low values of 

thermal conductivity (k) using surfactants [121]. However, the electrolytes provided only 

2-fold enhancement of the signal, while surfactants provided up to an 8-fold enhancement. 

The g(x2) factor is usually obtained for the solvent but in our case, it was calculated 

as a function of the solute composition. The C6H6-CCl4 and C6H6-n-C6H14 solutions are 

considered ideal solutions for the numerical calculation. Assuming that the index of 

refraction (n) of the solution can be obtained with the Lorentz-Lorenz equation [122,123]  
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     (20) 

The equation for the index of refraction derived by Heller [124] is: 

 
/

                (21) 

The density ( ), the coefficient of the thermal expansion (β), and thermal conductivity (k) 

of the ideal solution are given by:  

 
ϱ ϱ ϱ ϱ x  

    (22) 
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 β β β β     (23) 
 
 k k k k      (24) 

 
 C C , C , C , x      (25) 

 
The terms   ;	 ;		  and ,  refer to the solvent (CCl4 or n-C6H14) and	 ,  

	  and ,  refer to the solute. Table 12 presents numerical values of the index of 

refraction, temperature dependence of the index of refraction [125-127], thermal 

conductivity [128,129], coefficient of thermal expansion [130], and heat capacity at 

constant composition of solute 	x . The partial derivative of (equation 21) with respect 

to the temperature at constant pressure is:  

 			
3

2 2 / 1 /  (26) 
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In this equation, the variation of the density with temperature at constant pressure 

has been replaced by the product of the density ( ) and the coefficient of thermal expansion 

(β) of the solution, as well as the corresponding 	  of the solute and the solvent. The 

function g x  is defined multiplying above equation by (-1/k):  

 
1 3

2 2 1 1
     (30) 
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The function g x  is positive because ( ∂n/ ∂T) is negative. The product function: (p/ ) 

*	g x   is called the solvent enhancement factor.  

We calculated the solvent enhancement factor in both solvent CCl4 and n-C6H14. 

Table 12 shows the parameters that we applied to calculate the solvent enhancement factor 

and the actual pure solvent enhancement factor of the compounds. Figure 27 shows the 

numerically calculated values of the solvent enhancement factor g(x2) from Eq.30 as a 

function of the composition of benzene (x2) in carbon tetrachloride and n-hexane. The 

calculation shows that the solvent factor (enhancement) increases as the composition of 

solute decreases in CCl4 as solvent. For C6H6 in n-C6H14 shows that the solvent n-C6H14 

has no effect in enhancement, in fact the solvent enhancement factor decreases slightly 

when the composition of C6H6 decreases. As predicted from the solvent enhancement 

calculations for C6H6 in CCl4 and C6H6 in n-C6H14 (Table 12 and Figure 27), the 

comparison of the bands at the same composition give the larger signal to the CCl4 solution 

(Figure 25).  

 
 

Figure 27. Numerical calculation of the solvent enhancement factor (g) as function of the 
composition of benzene (x2) in n-C6H14 (bottom) and CCl4 at the top 
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Table 12. Thermophysical Properties of Liquid C6H6, CCl4, and n-C6H14 at 295 K 
 

Physical properties Symbols C6H6 CCl4 C6H14 

Index of refraction η 1.5005 1.4595 1.372 

Negative temperature 
gradient of the index 

of refraction 

-(η/) (K-1) 0.00066 0.00058 0.00056 

Molar density ρ (mol cm-3) 0.01122 0.01036 0.0076 

Thermal conductivity k (W m-1 K-1) 0.15813 0.10385 0.13753 

Coefficient of thermal 
expansion(vol.) 

β (K-1) 0.00125 0.00122 0.00138 

Heat capacity at 
constant pressure 

Cp (J mol
-1

 K
-1

) 136.1 131.75 192.63 

Solvent 
factor(enhancement) 

(- (η /δT)/k) 
(m/W) 

0.00417 0.00558 0.00407 

Thermal time constant tc (s) 0.22 0.30 0.24 

 

2.3.2   Comparison of Experimental Signal with Calculated Signal 

We calculated the integrated area of each spectral band of various composition of 

benzene in CCl4 and n-C6H14 and normalized with the integrated value of pure liquid 
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benzene. Tables 13 and 14 shows the actual and normalized integrated values of area for 

various compositions of benzene in n-C6H14 and CCl4, respectively. 

 
Table 13. Integrated Area of the TLS Spectrum of (∆ = 6) C-H  

Overtone of Benzene in n-C6H14 
 

Benzene composition 
(x2) 

Integrated area Normalized signal 

0.0001 12.717 0.027 

0.0005 17.87916 0.03796 

0.005 28.98063 0.06153 

0.01 38.151 0.081 

0.02 47.92425 0.10175 

0.1 82.425 0.175 

0.2 122.46 0.26 

0.4 205.0263 0.4353 

0.6 300.2154 0.6374 

1 471 1 
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Table 14 Integrated Area of the TLS Spectrum of (∆ = 6) C-H 
Overtone of Benzene in CCl4 

 
Benzene composition 

(x2) 
Integrated area S (normalized) 

0.0001 70.9 0.150531 

0.001 122.8 0.260722 

0.01 162.2 0.344374 

0.1 194.9 0.4138 

1 471 1 

 
 
The thermal lens signal x2×g(x2)×[1/ (1+tc/2t)] was calculated numerically for the 

C6H6-CCl4 solutions. In order to make a comparison of numerically calculated values of 

signal with the experimental values, the calculated signal (S) was normalized by using the 

integrated value of the experimental band of pure benzene as normalized for all the 

experimental bands of various compositions of benzene in CCl4. Figure 28 shows the result 

of the calculation as a function of x2 (red line). The experimental points are the full circles 

connected by broken blue lines. It is clear that the experimental results are not simulated 

by the product function that is linearly varies with concentrations. The figure also shows a 

non-linear behavior of the experimental results.  
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Figure 28. Comparison of predicted thermal lens signal (straight line) with the 
experimental thermal lens signal (non-linear) as function of the composition of benzene 
in CCl4 
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2.3.3   Two-color Excitation Model 

  In our laboratory’s previous investigation, the TLS signal was enhanced by using 

three different laser beam configurations in which two beams acts as excitation and one 

beam as a probe [131]. The signal enhancement was obtained by two color excitation model 

in which simultaneous absorption of two different kinds of photons occurs. One excitation 

beam was used for the vibrational excitation, and the other was used for the electronic 

transition of the vibrationally excited molecules.  

Recently, we started focusing on the two-color excitation model in which 

simultaneous absorption of excitation and the probe lasers occur. The two-color excitation 

process not only improved the sensitivity of the technique by the two orders of magnitude, 

but also generated the non-linearity of TLS signal of (∆ = 6) C-H overtone transition of 

benzene below the composition of 1% by volume. This signal enhancement and non-

linearity cannot be explained by the solvent enhancement factor. In order to explain the 

non-linearity, a two-color absorption model was developed which reflects the experimental 

signal. The principle behind this model is as follows:  

The change in the magnitude of the experimental TLS signal below 1% 

composition by volume represents the non-linear behavior. A possible explanation is based 

on the fact that the total thermal lens signal is the sum of the two terms: a linear plus a non-

linear contribution. For one color absorption, the power of the transmitted signal (P ) is 

given by:  

 P P e  (31) 



 

73 
 

where, P is the laser power, α2 is the absorption coefficient of the overtone transition (∆= 

6) of C-H, x2 is the composition by volume and l is the length of the cell. The power 

absorbed (P ) that contributes to the thermal lens signal is given by [98]: 

 P P P P 1 e  (32) 

If the molecule simultaneously absorbs photons from the pump and probe laser the power 

absorbed for the electronic transition is:  

 P P 1 e  (33) 

In this case, β2 is the absorption coefficient for an electronic transition and Pꞌ is a combined 

power absorption whose magnitude is not known. The total thermal lens signal S is: 

 S G P 1 e P 1 e  (34) 

In this equation 34, the parameter G represents all the other terms shown in equation of the 

thermal lens signal (equation 18) except for the power and the absorption term. Since 

e 1 α x l  for small α x l  (∆ = 6 overtone transition) and taking power as a 

common factor, eq.34; can be written as: 

 S GP α x l C 1 e  (35) 

The constant C is the ratio	P /P. It is assumed that electronic absorption coefficient 

(β2) is larger in magnitude than the absorption coefficient (α2) of the overtone transition. 

In this case, for compositions larger than 1%, the exponential term that contains (β2 ) in 

equation is very small compared to 1 and the second term can be considered part of the 

thermal background (C). For small composition (in our case below 1%), the first term α x l  

is negligible, but the entire second term becomes an important function of the concentration 

and non-linearity on TLS signal occurs. 
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Figure 29 depicts a plot of normalized thermal lens signal versus composition of 

benzene in n-hexane for the ranges of concentration (0.0-1.0). Figure 30 presents the detail 

at low ranges of concentration (0.0-0.2). In the solvent n-C6H14, we obtained the excellent 

fit of those ten experimental points over the entire range of composition of (0.0-1.0) in 

figure 29 and the points are represented by a function:  

 0.029 0.919 0.050 1  (36) 

S is the total normalized signal and x2 is the composition of benzene in n-hexane. Because 

of the fact that above function is a fit of ten experimental points over three orders of 

magnitude concentrations, it is reasonable to except that the function has a constant term 

(different from zero) as an intercept. The line in figure 29 shows the agreement between 

experimental points and function of equation 36. The general results are in agreement with 

this simple model.  

Here we observed that the TLS signal linearly varies with concentrations above 1% 

composition of benzene by volume. At higher values of x2, the function is predominantly 

a single photon absorption (the second part of the equation 36) and the contribution from 

the two color absorption (from the last part of the function) is negligible since it is only 

present in the form of a constant background thermal signal.  

At the concentration below 1 % of benzene, the last term of equation 36 becomes 

importantly prominent and is responsible for non-linearity and the enhanced thermal lens 

signal. The enhancement at composition below 1% comes from the fact that there is more 

thermal energy released by the electronic transition. 
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Figure 29. Normalized experimental thermal lens signal as a function of composition of 
benzene in n-C6H14 for the range (0.0-1.0) at 295 K 
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Figure 30. Normalized experimental thermal lens signal as a function of low composition  
of benzene in n-C6H14 for the range (0.0-0.2) at 295 K 
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Similarly, Figure 31 depicts a plot of normalized thermal lens signal versus 

composition of benzene in CCl4 for the concentration range (0.0-1.0) and Figure 32 

presents detail at low range of concentration (0.0-0.1). In this case, there are less 

experimental points and fitting function is represented by: 

 0.156 0.702 0.050 1  (37) 

 

 
 
Figure 31. Normalized experimental thermal lens signal as a function of composition of 
benzene in CCl4 for the range 0.0 - 1.0 at 295 K 
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Figure 32. Normalized experimental thermal lens signal as a function of low composition 
of benzene in CCl4 for the range 0.0 - 0.1 at 295 K 
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In both of the solvents the non-linear behavior can be reproduced. We obtained the 

exponents (  (Eq. 37) which are of the same order of magnitude for the two different 

solvents.  

 
2.3.4   Electronic Transition of Benzene in n-hexane 

In order to support a hypothetical model of two color absorption we obtained the 

ultra violet absorption spectrum of solution of benzene in n-hexane.  Figure 33 presents the 

electronic absorption spectrum of benzene in liquid hexane. A small band that begins at 

270 nm is responsible for the electronic transition in our system.  

 

 

Figure 33. Ultraviolet spectrum of the secondary band of benzene (210-290 nm) in n-
C6H14 
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Because of the high sensitivity of the technique we are able to see the effect of such 

small electronic transition on the TLS signal. The addition of the blue laser 488 nm (20492 

cm-1) plus the dye laser at 607 nm (16474 cm-1) is 271 nm but the transition is probably 

around 268 nm considering that at room temperature 1.5 KT is around 308 cm-1.   

However, the solvent CCl4 has an electronic absorption band in this region that 

overlaps with the absorption of benzene. It is possible to think that CCl4 is involved in the 

two-color absorption although it does not have an intermediate vibrational level as in 

benzene. The fact that benzene in n-hexane also shows non-linear behavior for the overtone 

absorption at very low compositions could be an indication that benzene is the main 

molecule involved in the two-color absorption transition.  

 
2.3.5   Experiment with 568 nm Probe Laser 

In order to support the two-color excitation model, another experiment with 

different wavelength of probe laser was performed. To perform an experiment, we just 

need to change the laser line of same probe laser as well as two filters. In this case, a laser 

line of wavelength 568 nm is provided by the same probe laser spectra physics model 177-

G laser. Excitation and probe beams are overlapped with a red dichroic filter and propagate 

collinearly through the sample cell. An interference filter (570 nm) was used to block the 

excitation beam while only transmitting the probe beam.  

Figure 34 shows the TLS signal of the fifth (∆= 6) C-H overtone of benzene in 

n-hexane with 568 nm probe laser and 607 nm excitation laser. Here we noticed that the 

same benzene composition signals with 568 nm are smaller than the signals with 488 nm 

as probe laser (figure 25). 
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Figure 34. Thermal lens spectra of the C-H vibrational overtone (	= 6) of benzene  
solutions in n-C6H14 with 568 nm probe laser at 295 K 
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We integrated the TLS spectral bands for all compositions to get integrated area 

and normalized all the values with the integrated values of pure benzene similar to the first 

experiment. Table 15 shows the integrated area and normalized TLS signal of benzene in 

hexane with the probe laser 568 nm.  The solutions of benzene in n-hexane were prepared 

for compositions by volume in the range 0.01 to 1. Figure 35 shows the comparison of 

results using two different probe beams. The blue points (non-linear) correspond to the 488 

nm probe beam and the red points (linear) correspond to the 568 nm probe beam. The 

addition of the photon energy at 568 nm (17606 cm-1) plus the dye laser photon at 607 nm 

(16474 cm-1) gives a 293 nm wavelength (34080 cm-1). This wavelength is outside the main 

absorption band of C6H6 (Figure 33). It is obvious from Figure 35 that decreasing the 

energy of the second photon ( 2) eliminates the non-linearity giving support to the 

hypothesis of two color absorption by using a 488 nm probe laser. 

 
Table 15. Integrated Area of the TLS Spectrum of (∆= 6) C-H  

Overtone of Benzene in n-C6H14 with 568 nm Probe Laser 
 

Benzene composition (x2) Integrated area Normalized signal 

0.01 11.77 0.04036 

0.05 21 0.07201 

0.1 36.269 0.12436 

0.2 56.589 0.194 

0.4 128.641 0.44112 

0.6 195.157 0.6692 

0.8 254.43 0.8724 

1 291.623 1 
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Figure 35. Comparison of non-linear (blue line, 488 nm probe) and linear (red line, 568 
nm probe) normalized thermal lens signal as a function of the composition by volume in 
C6H6-n-C6H14 solutions  
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2.4   Non-linear Thermal Lens Signal of the (∆ʋ = 6) C-H Vibrational Overtone of 
Naphthalene (C10H8) in Liquid Solutions of n-hexane 

 
   The fifth (∆ = 6) C-H overtone of naphthalene in n-hexane was measured by using 

the TLS technique. The purpose of this experiment is not only to support the two-color 

pump probe excitation model but also to show that our technique could be an appropriate 

choice to study poly-aromatic hydrocarbons at very low compositions. Similar to benzene 

studied above, we did the experiments with two different wavelengths of a probe laser (488 

nm and 568 nm). Figure 36 is TLS spectra of various concentration of naphthalene in 

hexane with a 488 nm probe laser. The concentrations vary from saturated solution 

(81963.0 ppm) to low concentration (19 ppm) of naphthalene in hexane at 295 K. The 

signals presented in the figure are the average of more than 3 measurements for each 

composition. The averaging of the signal helps to increase the signal to noise ratio of the 

spectrum.  

Similarly, Figure 37 shows the C-H fifth overtone spectra of naphthalene with 568 

nm probe laser. The concentrations vary from saturated solution (81963 ppm) to low 

concentration (19538 .0 ppm) of naphthalene in hexane at 295 K. The signals presented in 

the figure are the average of more than 3 measurements for each composition. The signal 

from the 568 nm is smaller than the signal from the 488 nm probe laser. We calculated the 

integrated area of the spectral bands for all the concentrations and normalized with the 

integrated values of spectral band of saturated solution of naphthalene in hexane. Table 16 

and Table 17 present the integrated area and normalized TLS signals of various 

concentration of naphthalene in hexane. We plotted the normalized signal versus mole 

fractions.  
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Figure 36. Thermal lens spectra of the C-H vibrational overtone (∆= 6) of naphthalene 
solutions in n-C6H14. The concentrations vary from (19-82360) ppm at 295 K with 488 
nm as probe laser.  
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Figure 37. Thermal lens spectra of the C-H vibrational overtone (	= 6) of naphthalene 
solutions in n-C6H14. The concentrations vary from (19-82360) ppm at 295 K with 568 
nm as probe laser. 
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Table 16. Integrated Area of the TLS Signal of (= 6) C-H Overtone Transition of 
Naphthalene Solutions in n-C6H14 with a 488 nm Probe Laser 

 
X2 (ppm) Molarity 

(mol/L)) 
Integrated area Normalized 

signal 

19 0.00015687 48 0.149 

47 0.00039218 57.52 0.178 

95 0.000784 36.56 0.113 

945 0.00784 72.74 0.226 

5123 0.0425 84.16 0.261 

10245 0.085 88.88 0.276 

20491 0.17 117.71 0.365 

40981 0.34 173.65 0.539 

81963 0.68 322.45 1 
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Table 17. Integrated Area of TLS Signal of (= 6) C-H Overtone Transition of 
Naphthalene Solutions in n-C6H14 with a 568 nm Probe Laser 

 
X2  

(ppm) 
Molarity 
(mol/L) 

Integrated area Normalized 
signal 

19538 0.16 19.37 0.06 

48624 0.40 61.34 0.19 

68509 0.57 103.47 0.32 

82204 0.68 132.16 0.41 

 

Figure 38 depicts the comparison of the results with two different probe lasers. The 

solution of naphthalene in hexane is prepared from saturated solution (81963 ppm) to 19.0 

ppm. The blue line corresponds to 488 nm probe beam and the red line corresponds to the 

568 nm probe beam. The addition of the photon energy at 488 nm (20492 cm-1) plus the 

dye laser photon at 607 nm (16474 cm-1) gives an energy equivalent of 271 nm (34080 cm-

1). The wavelength (271 nm) lies very close to the place of maximum absorption of 

naphthalene as shown in the Figure 39. As a result, the signal enhancement in naphthalene 

is even higher than in benzene. 

However, the addition of the energy of a photon at 568 nm (17606 cm-1) with the 

photon of dye laser 607 nm (16474 cm-1) results in 293 nm (34080 cm-1) which lies outside 

the main absorption band of naphthalene. It helps to support the two color two photon 

absorption with a 488 nm probe laser.  
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Figure 38. Comparison non-linear (blue dots, 488 nm probe) and linear (red dots, 568 nm 
probe) normalized thermal lens signal as a function of the concentration of in C10H8-n-
C6H14 solutions for the range (19.0-82360) ppm at 295 K. 
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Figure 39. Ultraviolet spectrum of the naphthalene (210-350 nm) in n-C6H14 
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2.5   Conclusions 

  The sensitivity of the thermal lens technique has been demonstrated by measuring 

a very weak overtone transition (∆ = 6) of benzene in solutions of CCl4 and n-C6H14 as 

the solvents and naphthalene in n-hexane. The complete absorption band of a 100 ppm 

solution of benzene has been obtained indicating that a peak absorption  = 2.2 x 10-7 

cm-1 is being detected. This absorption is 100 times smaller than the one measured 

previously using piezoelectric acoustic detection [132].  

The solvent enhancement effect has been calculated over the entire range of 

concentrations indicating a steady increase when the composition solute decreases for CCl4 

as a solvent. A similar calculation shows that with n-C6H14 as solvent there is no 

enhancement. It has been shown that solvent enhancement is not responsible for the non-

linear behavior at composition below 1%. A two color absorption mode that includes the 

simultaneous absorption of the pump and probe lasers could explain the non-linear 

behavior at low composition. A comparison of the normalized calculated and experimental 

signals shows very good agreement for both solvents over the entire range of benzene 

compositions.  

It has been demonstrated that the dual-beam thermal lens technique can detect high 

vibrational overtones in very low concentration (ppm) solutions at room temperature. In 

addition, by exciting very weak overtone absorption, a non-linear term is exposed at 

compositions below 1%. It is the combination of the very low absorption cross section and 

low concentrations that exposes the non-linear behavior. 

 These new room temperature experiments will allow us to continue investigating 

the enhancement and non-linear behavior in more detail for weaker transitions such as the 
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C-H (∆ = 7) overtone transition of benzene and other aromatic compounds to show the 

non-linear behavior at higher composition. In addition, the cryogenic experiments will be 

expanded to consider other unsaturated ring compound that could be present in the lakes 

of Titan.  

 
2.6   Optical Saturation in Thermal Lens Spectroscopy (TLS) 

Optical saturation is an omnipresent problematic issue for all the branches of 

spectroscopy [133] and is more common in photo-thermal (PT) spectroscopy. The thermal 

lens spectroscopy (TLS) is one type in which the strength of signal depends on the 

absorption of energy from the excitation laser. From the study of TLS signal as a function 

of excitation power, it is found that the signal is directly proportional to the excitation 

power at low intensities. This encourages researchers to use high excitation power and 

improve the detection limit [134] specifically with work involving weakly absorbing 

samples and imaging applications.  

However, an attempt to increase the PT signal by increasing the intensity of highly 

focused excitation source might bring non-linear optical phenomena, such as optical 

saturation or optical bleaching, which limit the sensitivity of the techniques. The 

unnecessarily high power can lead to a great reduction in the amplitude of the signal. This 

effect not only complicates the interpretation of the experimentally obtained data, but also 

distorts the spectral profiles of the measured samples [134].  

As far as we know, to date, the effect of optical saturation on TLS has been 

investigated through the various theoretical models like the Parabolic Model and aberrant 

model [134,135]. However, there is limited experimental data on the effect of optical 
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saturation on TL spectroscopy. The purpose of this project is to study the effects of optical 

saturation on TLS signal.  

 
2.7   Study of Optical Saturation on Thermal Lens Signal (TLS) of the Fifth ( = 6) C-H 

Overtone Transition of Benzene, Chlorobenzene and O-dichlorobenzene. 
 

Optical saturation on thermal lens spectroscopy (TLS) of the fifth ( = 6) C-H 

vibrational overtone transition of benzene and some of its derivatives has been studied with 

the analysis of dependence of the TLS signal on the intensity of the illumination source. 

The various degrees of the optical saturations were obtained by raising the power of the 

excitation laser up to 120 mW and keeping the rest of the parameters affecting the signal 

constant. When the excitation power exceeds the optimum limit, the amplitude of the TLS 

signal around the place of maximum absorption of the sample gets smaller than expected 

and forming a dip, which is because of the stimulated emission. As far as we know, this 

first time experimental report on the optical saturation of TLS signal of the fifth (∆= 6) 

C-H overtone transition of benzene and its derivatives could be a contribution to 

developing theoretical models for the thermal lens effect and provide more insight on the 

TLS technique.  

At first, we studied the strength of the TLS signal as a function of the excitation 

power. Spectra were obtained by increasing the power of the pump laser until the amplitude 

of the signal at the place of maximum absorption reached to the maximum value and 

indicating the saturation. Figure 40 and Figure 41 show the TLS signal of chlorobenzene 

and O-dichlorobenzene with various pump powers respectively. Here we noticed that the 

amplitude of the signal increases with power at a certain limit and then decreased at the 

region of the maximum absorption of the sample.  
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Figure 40. Thermal lens signal of the fifth (∆ = 6) C-H overtone spectrum of 
chlorobenzene with various pump powers at 295 K 
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Figure 41. Thermal lens signal of the fifth ( = 6) C-H overtone transition of O-
dichlorobenzene with various pump powers at 295 K 
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Table 18 and Table 19 present the amplitude of the TLS signal of chlorobenzene 

and o-dichlorobenzene liquid with various pump power respectively. The data shows that 

the amplitude of the TLS signal linearly increases with power up to 80 mW (for 

chlorobenzene) and 90 mW (for O-dichlorobenzene) and then started to decrease with 

power higher than that limit. Figure 42 and Figure 43 depict the plot of the TLS signal 

amplitude as a function of excitation power which only covers the linear portion of the plot. 

 
Table 18. TL Signal Amplitude at Region of Maximum Absorption of Chlorobenzene 

 
Amplitude of the signal  Pump power (mW) 

0.33 47 

0.559 57 

0.714 64 

1 80 

0.62 90 

 
 

Table 19. TL Signal Amplitude at the Region of Maximum  
Absorption of O-dichlorobenzene 

 
Amplitude of the signal Pump power (mW) 

0.15 40 

0.29 50 

0.55 63 

0.63 70 

0.93 90 

0.348 100 
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Figure 42. Pump power versus the TLS signal amplitude of chlorobenzene at 298 K 
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Figure 43. Pump power versus the TLS signal amplitude of O-dichlorobenzene at 298 K  
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Once we observed an optical saturation effect on TLS signal, our interests focused 

on the detailed exploration of the optical saturation on the thermal lens spectroscopy. 

Figure 44 and Figure 45 shows the various degrees of the optical saturation on the TLS 

signal of the fifth ( = 6) C-H overtone transition of benzene and chlorobenzene liquid. 

In this experiment pump power varies from 18 mW to 70 mW but Figure 44 and Figure 45 

only present the signals from the optimum (57 mW) and higher power of the excitation 

laser. The figures show that, at optimum power the signal is narrower and more symmetric 

with maximum intensity. However, if the excitation power exceeds the limit, the spectra 

show the optical saturation. The degree of the optical saturation increases with an increase 

in excitation power. At excessive power, the signal intensity localized around the place of 

maximum absorption (16474 cm-1 for benzene and 16580 cm-1 for chlorobenzene) are 

lower than expected, and formed a dip which is called the Lamb-dip. Table 20 and Table 

21 show the height and width of the Lamb dip for benzene and chlorobenzene at various 

powers.  

 
Table 20. Height and Width of Lamb Dip on Various  

Saturated TLS Signal of Pure Benzene 
 

Pump power (mW) Height of Lamb dip Width of lamb dip (cm-1) 

58 0.061 54.186 

60 0.1065 66.935 

62 0.244 85.261 

64 0.3275 79.685 

66 0.4995 94.824 

70 0.631 109.168 
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Figure 44. Various degrees of optical saturation on TLS spectrum of the fifth ( = 6) C-
H overtone transition of benzene with various excitation laser powers  
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Figure 45. Various degree of optical saturation on TLS spectrum of the fifth (∆= 6) C-H 
overtone transition of chlorobenzene with various excitation laser powers  
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Table 21. Height and Width of Lamb Dip on Various Degree  
of Saturated TLS Signal of Chlorobenzene 

 
Pump power 

(mW) 
Height of lamb dip Width of lamb dip 

(cm-1) 

61 0.108 109.4 

62 0.185 118.33 

64 0.3295 136.19 

66 0.4365 147.36 

 
 
Figure 46 and Figure 47 depict the plot of the height of the Lamb dip versus power 

of the pump laser for benzene and chlorobenzene. The plots show that the Lamb dip height 

increases with increase in power. This is because of the significant depopulation of the 

ground and excited states by stimulated emission and not by the radiation-less decay. This 

assumption is supported by obtaining the negative signal amplitude at very high saturation 

power as shown in the top spectra in Figure 40 or Figure 41. Furthermore, the absorption 

coefficient decreases with increasing intensity of the excitation beam which results in 

increase of height of the Lamb dip.  
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Figure 46. Plot of the height of the Lamb dip on saturated TLS spectrum of the fifth 
(= 6) C-H overtone transition of benzene versus excitation laser power  
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Figure 47. Plot of the height of the Lamb dip on saturated TLS spectrum of the fifth ( = 
6) C-H overtone transition of chlorobenzene versus excitation laser power  
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2.8   Conclusions and Research Outlook 

We studied the optical saturation on thermal lens spectroscopy of the fifth ( = 6) 

C-H overtone transition of liquid benzene, chlorobenzene and dichlorobenzene at room 

temperature. The various degree of saturation was observed by increasing the excitation 

power up to 120 mW. In our system, the optimum power for TLS spectrum ( = 6) C-H 

overtone of benzene and chlorobenzene was around 57 mW. If the excitation power 

exceeds the optimum power, then the amplitude of the signal at the place of maximum 

absorption (16474 cm-1 for benzene and 16580 cm-1 for chlorobenzene) was lower than 

expected and formed a dip. The dip becomes deeper with increasing excitation power; this 

is because of the significant depopulation of the ground and excited state by stimulated 

emission and not by radiation-less decay. In addition, the absorption coefficient decreases 

with increasing intensity of the excitation laser and formed a deeper lamb-dip. The optical 

saturation not only influenced the amplitude, but also distorted the temporal behavior of 

the TLS signal. This experimental study will be helpful to test and modify the theoretical 

TLS model which will address the issues of optical saturation.  

We have established our system as an ultra-sensitive technique by showing the 

successful utilization for the study of very low concentrated solutions of complex 

molecules like naphthalene, benzene and its derivatives. The enhancement on the TLS 

signal by two orders of magnitude really encourages us to use this technique for the study 

of complex biomolecules in the future. Additionally, we would like to apply this technique 

in the measurement of fluorescence signal which is generated by two color absorption.  
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CHAPTER THREE 

3.1   C-H Infrared Absorption and Solubility of Unsaturated 
Hydrocarbons at Cryogenic Temperatures 

 
 
The solubility of solid and liquid impurities in cryogenic solvents has received 

tremendous attention in the scientific community because of its direct implication on the 

designs of heat exchangers and transport systems for cryogenic liquids. The solubility of 

impurities plays a key role in various processes of the cryogenic solvents like, liquefaction 

and purification. If the impurities’ concentration exceeds their solubility limits, they might 

be suspended as microcrystals which are not discernible. Such solid precipitation causes 

the blockage in the heat exchangers and pipelines and eventually, it might result in shutting 

down the process [136-138]. 

Global searching of the outer planets and moons, like Jupiter, Mars, Titan etc., has 

made scientists curious about the existence of alien life. For that purpose, it is necessary to 

study the chemistry on their atmosphere and surfaces. Hydrocarbons are the basic 

compounds that can predict the evolution of life. So, identification and quantification of 

hydrocarbons is a highly concerning matter in scientific investigating. We were interested 

in Titan (largest moon of Saturn). There are many reports on the composition of the 

atmosphere of Titan [139-142], but its surface is still mysterious. The study of composition 

of lakes on the surface of the Titan was the focus in this project. Many researchers believe 

that Titan has lakes of hydrocarbons which are mainly composed of ethane and methane 

and simple diatomic molecules [143-145]. Surprisingly, there is very little information that 

focuses on spectroscopic and photochemical transformation of organic unsaturated linear 
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or ring compounds dissolved in liquid ethane and methane.  Some scientists have simulated 

the composition of the lakes [146,147]. It is necessary to know the solubility of compounds 

at low temperature to reflect the conditions of Titan. However, it’s complicated to obtain 

the solubility data of various saturated and unsaturated hydrocarbons at low temperatures. 

The solubility of hydrocarbons in the lakes is supposed to be very low; some powerful 

techniques are required to get such a low solubility data.  

In the past, some of the conventional techniques, like filtration and gravimetric 

analysis, were used to calculate the solubility of various compounds [148-153]. However, 

the results were highly inconsistent among the different techniques because the 

conventional methods have various sources of the error and low sensitivity.  

Determination of solubility of the solute from the filtration method introduces 

several sources of error. Prime sources are from the process of attaining the equilibrium 

between the solid and liquid phases. The process of filtration of the saturated solution, 

evaporation of large quantities of the very dilute sample solutions and the vapor pressure 

of the solute are major contributor for the erroneous result [154]. Some sources of error are 

also associated with super saturation, formation of metastable phase of solid solute 

(amorphous solids, or the amorphous portions of crystalline solids), clusters, purity of 

components of the solute, and accuracy of the measurement in the process of preparation 

of the sample [155,156]. In some cases, the cooling of the solute may not be sufficient to 

produce the crystals and a glass may occur. In addition, stable suspensions of the finely 

dispersed solid phase of solute are readily formed in cryogenic solutions [156]. These 

sources of error in filtration methods are very difficult to avoid and adding the adsorption 

onto the sample setup could lead to an erroneous result.  
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3.1.1   Cryospectroscopy and its Importance 

In order to minimize error and obtain precise data with very convenient and easy 

techniques, researchers are focusing on molecular spectroscopy at cryogenic temperature 

which is called cryo-spectroscopic techniques [157, 158]. It has several advantages over 

the traditional techniques. One of the preferable aspects is that the spectra are very sharp 

and avoid the hot vibrational bands and rotational congestion. Second, there is no spectral 

splitting as in matrix isolation method [159-164]. There are various spectroscopic 

techniques which have been used to study molecular spectroscopy at cryogenic 

temperatures like: thermal lens spectroscopy (TLS) [131], photo-acoustic spectroscopy 

(PAS) [165,166], ultraviolet spectroscopy (UVS) [157,167], and Fourier transform infrared 

spectroscopy (FTIR) [157,158,159, 168].  

Furthermore, due to the lack of technicalities and difficulties in carrying out the 

experiment with very dilute solutions at low temperature, some of the existing data needs 

to be reevaluated. In this project, the solubility of the unsaturated hydrocarbons, 2-methyl-

2-butene and methyl-acetylene in liquid argon solutions have been determined at 100 K. 

For this purpose, Fourier transform infrared (FTIR) spectrometer coupled with a cryostat 

was used. Even though the solubility of hydrocarbons in liquefied rare gas is very low, rare 

gases are preferable as a solvent due to their transparency, absence of any spectral shift, 

and their ease of availability [162]. This technique is easy and simple for the preparation 

of the sample. It avoids the pitfalls of the conventional filtration method, and is able to 

reproduce the results.  
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3.2   Fourier Transform Infrared (FTIR) Spectroscopy 

 
3.2.1   Spectrometer Description 

Thermo-Scientific Nexus 760 Fourier Transform Infrared (FT-IR) 

spectrophotometer was used to obtain vibrational transitions in the range 400-15750cm . 

It is operated with OMNIC software which provides an interface and optimizes 

performance. It allows working in various spectral regions by selecting the appropriate 

combinations of different parameters like light source, beam splitter, and detector. Table 

22 presents various combinations recommended by manufacturer and experimental testing 

for the best performance in different spectral regions.  

 
3.2.2   Cryostat, Sample Cell and Vacuum Chamber 

A cryostat, APD cryogenics Heli-Tran Model LT-3-110 system was used for 

cooling of the samples. Liquid N2 acts as cryogen which is obtained from a pressurized 

supply Dewar. The cryogen is forced by pressurized nitrogen (5 psi) to make a flow through 

a transfer line to the cryostat head and then spread out from a needle valve present at the 

tip of the cryostat head. The flow of cryogen is controlled and regulated by the needle 

valve. 

 
Table 22. Combination of Instrumental Parameters for FTIR Spectrometer 

 
Spectral range (cm-1) Beam splitter Detector Source 

2000-6500 XT-KBr DTGS-KBr Ever-Glo 

6500-9500 XT-KBr DTGS-KBr White 

9500-25000 Quartz Si White 
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The cryostat has five different ports: coolant exhaust, vacuum pump-out, electric 

feed through, BNC terminal, and a vacuum metering point. A vent gas heater is connected 

with the cryostat head to avoid freezing of electrical components when the cryogen is 

flowing through [156]. The sample cell was made of a brass block and was equipped with 

two parallel silicon windows (14 mm diameter) which were sealed with indium O-rings 

and fastened to the cell with flanges. The dimension of the cell was 48 mm in length and 

12 mm in diameter. The cell was fastened to the cryostat cold head and suspended in a 

metal vacuum chamber fitted with two parallel KBr windows which were aligned to the 

cell windows. The vacuum chamber was placed inside of the sample compartment of the 

FT-IR spectrometer and was aligned with the infrared beam. The thermal isolation of the 

cell was achieved by evacuating the metal chamber (< 10  torr). Two mechanical pumps 

in combination with one diffusion pump were used to get such a low vacuum. The cell was 

connected to the external gas handling system through a tiny stainless steel tubing of 3.17 

mm diameter for the process of filling or emptying. A Scientific Instrument (Model 9650) 

temperature controller with an indicator was used to control and monitor the temperature 

of the cell. This unit feeds power to the heater resistance on the cryostat cold head and can 

hold and reproduce any dialed temperature from 300 K to 2 K. The temperature was 

measured with a sensor attached to the middle of the cell body. Figure 48 shows schematics 

of the cryostat, sample cell and vacuum chamber coupled with FTIR spectrometer. 

 
3.2.3   Cryostat Operation 

The operation of cryostat started with the filling of the 100 liter Dewar with liquid 

nitrogen. A transfer line bayonet was introduced inside the Dewar and securely fastened 

with a rubber sleeve and hose clamps. A steady and continuous flow of liquid nitrogen was  
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Figure 48. Schematics of the cryostat, sample cell and vacuum chamber used in FT 
experiments 
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maintained until the Dewar got full. The flow was controlled with pressurization which 

was driven by the appropriate connection to the laboratory nitrogen gas supply line. The 

adjusted pressure was about 5 psi. The pressure adjustment knobs (needle valve) on the 

cryostat head and both valves on flowmeters were opened to allow the flow of the liquid 

nitrogen. Normally, after 20 minutes or less, the cryogen started to flow through the transfer 

line to the cryostat cold head. At this point, the vent gas heater was plugged in to avoid 

freeze damage of the electrical components. The SI-9650 controller was turned on, 

providing a 25 V setting for the heater output voltage.  

 
3.2.4   Collecting the Data 

  The process of the collection of the data was initiated with getting the background 

of an empty cell with a specific resolution (1 cm-1 and number of scans (100) at room 

temperature. The sample was introduced in to the cell at room temperature and the pressure 

was measured with a Barocel Pressure Sensor (600A). The C-H absorption spectrum of the 

sample was collected by choosing the background collection file of the empty cell. After 

that, the cell was evacuated, closed and cooled down to about 100 K. Once the cell gets 

cooled down to required temperature, the process of filling of the cell with liquid argon 

was started. The argon gas from the tank was passed through a copper spiral which has 12 

loops of copper tubing with one-quarter-inch diameter. The portion of the last loop of the 

spiral was immersed in liquid nitrogen, which helps with the further reduction of the 

concentration of water and CO  in argon gas. Then, the argon gas was introduced into the 

cell through the gas handling system with a back pressure of 25-30 psi and it immediately 

started condensing in the cell. When the cell was filled and the temperature was stabilized 

at a desired value, the background data of the cell with liquid argon was collected.  
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The cell was then evacuated and warmed up to room temperature. The cell was 

filled with a certain amount of sample, closed, and cooled down to 100 K. The argon gas 

was passed to the cell with the same process as described above. The passing of the argon 

gas with a back pressure of 25-30 psi and its immediate condensation caused great 

turbulence inside the cell, which helped to dissolve the sample without additional stirring. 

When the desired temperature of the cell was stabilized and the solution reached 

equilibrium (usually within 30 min), the IR spectrum of the sample was obtained with the 

background spectrum of liquid argon.  

 
3.2.5   Experimental Shutdown 

The experimental shutdown process is started with the slow evaporation of the 

sample by carefully opening of the Swagelok for the vacuum line. The temperature was 

dialed at 200 K and the flow of cryogen was stopped by closing the two valves on flow 

meter, the valve of laboratory nitrogen line and the regulator of the cryogenic tank. Once, 

the solution was warmed to 200 K, a temperature of 295 K was dialed. By the time of 

warming to room temperature, the cell got completely empty. After that, the vent gas heater 

was unplugged and the bayonet of the transfer line was carefully removed from the Dewar. 

At the end, the light source was turned off and the OMNIC software window was closed. 

  
3.2.6   Calculation of Mole Fraction 

After the spectral data obtained, they were fitted with the solubility model 

equation:	 b	or	I  where IA is the integrated absorbance, C is the 

concentration in ppm, and a, b are the fitting parameters. The integrated absorbance in cm-

2 is represented by an equation:  
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                                I a v dv  (34) 

where, a () is the absorbance as a function of frequency in wavenumber.  

Similarly, the concentrations of the sample in solution were calculated as mole fraction 

(X), using the ratio of molar densities; 

 /
/

 
(35) 

For very diluted solutions, ntotal ≈ nsolvent. By assuming the ideal gas approximation, 

the mole fraction (ppm) is calculated as; 

 10    (36) 

where, P  is the pressure of the sample in atm., R is the ideal gases constant in L atmK-1mol-

1, T  is the temperature of admittance of the solute (room temperature), and ρ  is the 

density of the solvent in mol/L at the temperature of the cryogenic solution.  

 
3.3   C-H   Infrared Absorption of 2-methyl-2-butene (C5H10) 

The Fourier transform infrared (FTIR) spectrometer coupled with a cryostat was 

used to study C-H fundamental transition of 2-methyl-2-butane in gas phase at room 

temperature and dilute solutions in liquid argon at 100 K. The structure of 2-methyl-2-

butene is CH3-C=C(CH3)2. The sample (C5H10) with a purity of 96 % was obtained from 

Wiley organics and the solvent argon gas with a purity of 99.9995 % was obtained from 

Matheson. Figure 49 presents the pressure series of 2-methyl-2-butene at room 

temperature. Because of the overlapping of the transition from different ways of orientation 

of C-H bonds in the molecule, spectra are not well resolved.  
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Figure 49. Pressure series of the spectral band of C-H fundamental transition of 2-methyl-
2-butene in gas phase 298 K 
 

We calculated an integrated area of spectral bands from 2800 cm-1 to 3100 cm-1 for 

various pressure of the sample. Table 23 presents the integrated area of spectral band of 

gas sample at 298 K. Figure 50 shows the plotting of integrated area of the spectral bands 

versus pressure where the integrated area increases with increase in pressure of the sample. 
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Table 23. Integrated Area of Absorbance of Spectral Band of C-H  
Fundamental Transition of 2-methyl-2-butene at 298 K 

 
Pressure (torr) Int. area of absorbance   

2 10.29 

4 15.19 

6 22.21 

10 27.14 

13 29.56 

 
 

 
 
Figure 50. Integrated area of gas phase spectral band of C-H fundamental transition of 2-
methy-2-butene versus pressure at 298 K 
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In this project, our major focus was on the solution phase spectrum at cryogenic 

temperature. We obtained the spectra of various concentrated solutions of 2-methyl-2-

butene in liquid argon at 100 K. Figure 51 depicts the concentration series of C-H stretching 

region of the spectrum (2800-3100 cm-1) of 2-methyl-2-butene in liquid argon solutions at 

100 K. From the comparison of the solution phase spectrum (Figure 51) with the gas phase 

spectrum (Figure 49) of 2-methyl 2-butene we observed that the solution phase spectrum 

was far more informative than the gas phase spectrum. The spectra were very sharp, more 

resolved and less frequency shifted.  

In cryogenic solutions, there is very weak interaction between the gas and solvent 

molecules which helps to avoid the overlapping of the bands which is a major problem in 

the room temperature gas phase spectrum. Furthermore, the rotational band envelope 

collapses because of the low temperature and obstacle in rotations of the sample molecules 

in solvent. As a result, we can observe more bands that are hidden in gas phase spectra due 

to the rotation congestion [149, 152]. To predict the solubility, we obtained an integrated 

absorbance of spectral band of C-H fundamental transition of 2-methyl-2-butene for the 

several compositions until the magnitude of the integrated absorbance reached a maximum 

value and indicating the saturation. Integration of the spectral band has been carried out in 

the spectral regions (2800-3100 cm-1). Table 24 presents the integrated area of spectral 

bands for various concentrated solution in liquid argon at 100 K. The solubility was 

obtained by plotting the integrated absorbance of the spectral band as function of the mole 

fraction (ppm) which is shown in Figure 52. For unsaturated solutions, the integrated 

absorbance increases linearly with the mole fraction whereas for saturated solutions the 

integrated absorbance is approximately constant. 
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Figure 51. Concentration series of spectral ban of C-H fundamental transition of 2-methyl-
2-butene solutions in liquefied argon at 100 K 
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Table 24. Integrated Area of a Band of C-H Fundamental  
Transition of 2-methyl-2-butene 

 
Mole faction (ppm) Integrated area 

3.3 16.043

6.6 21.22

9.9 31.008

16.4 32.853

21.3 31.495

  

 

 

Figure 52.  Plot of integrated absorbance of spectral band of C-H fundamental transition 
of 2-methyl-2-butene solution in liquefied argon versus mole fraction (ppm) at 100 K 
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The intersection of the two straight lines was taken as the solubility at the 

temperature of the experiment. The approximate solubility is (9 ± 5) ppm at 100 K. 

 
3.4   C-H Infrared Absorption of Methyl-acetylene (Propyne) 

Similarly, we recorded an absorption spectra of saturated and unsaturated 

concentrated solution of propyne in liquid argon at 100 K. Several spectra were taken for 

each solution to make sure that the intensities of the bands did not change and the 

concentration of the sample in solution was under equilibrium conditions. Normally, we 

took the time range of 4 hours for each solution for obtaining several spectra. Figure 53 

shows the ≡C-H stretching bands of propyne as a function of the wavenumber (3310-3340 

cm-1) for four different concentrations. The band in the spectra at 3329 cm-1 has been 

assigned as the C-H acetylenic (1) of CH3-C≡C-H. We obtained an integrated absorbance 

of spectral band. Integration of the spectral band has been carried out in the spectral regions 

(3310-3340) cm-1. Table 25 presents the integrated area of spectral bands for various 

concentrated solutions in liquid argon at cryogenic temperature.  

 
Table 25. Integrated Area of a Band of C-H Fundamental  

Transition Methyl-acetylene Solutions in Liquefied Argon at 100 K 
 

Mole fraction (ppm) Integrated area 

8.2 0.412

41 1.032

82 1.126

123 0.964
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Figure 53. Concentration series of spectral band of ≡C-H fundamental transition of 
methyl-acetylene solutions in liquefied argon at 100 K 
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A plot of integrated absorbance as a function of the mole fraction (ppm) is depicted 

in Figure 54. The approximate solubility is (22 ± 9) at 100 K. 

 

 
 
Figure 54. Plot of integrated absorbance of spectral band of C-H fundamental transition of 
methyl acetylene solution in liquefied argon versus mole fraction (ppm) at 100 K 
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prime importance for the design of cryogenic processes. The experimental results only, are 
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3.5.1   PC SAFT Model 

In order to estimate the experimental solubilities of a solute with a theoretical 

model, we have implemented an approach similar to the one used by Cordier et al 

[169,170]. This method assumes a thermodynamic equilibrium between the solid phase of 

the considered species (2) and the quantity of matter of the same compound, dissolved, 

here in liquid argon (1). The theoretical transcription of such an equilibrium is written as 

the equation:  

 ln x ,
ΔH , T ,

T
1   (37) 

Where, X2sat is the mole fraction of the solute (2) at saturation, 2 is the activity 

coefficient, T2m is the melting temperature and (ΔH , ) is the enthalpy of melting of the 

considered species. The temperature of the system is denoted T, and R= 8.314 J/mol K is 

the gas constant. This relation can be found in the textbook by Poling et al. [171] and in 

Cordier et al. [169,170]. The validity of Eq. (37) is discussed. The activity coefficient 

( 2)	that takes into account the effect of the solvent, is calculated in the frame of the 

Perturbed Chain Statistical Association Fluid Theory (PC-SAFT) [172] which has been 

proven to be one of the most powerful equations of state for the liquid and vapor states. 

This theory has been used in many calculations related to the thermodynamics of solutions. 

For this application to solid-liquid equilibrium, the activity coefficient is written as the ratio  

	 	  /  where,  is the fugacity coefficient of the solute (2) and  is fugacity 

coefficient of the pure subcooled liquid solute. In the frame of the PC-SAFT, molecules 

are considered as chains of segments where each molecule is characterized by its pure 

component parameters: the number of segments m, the segment diameter σ (Å) and the 

energy of interaction ∈/KB (K). The PC-SAFT) is extended to mixtures using the Berthelot-
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Lorentz combining rule for the dispersive energy, resulting in a single binary parameters 

k12. The value of the parameters m, σ, and ∈/KB were estimated using the group contribution 

method developed by Tihic et al. [173]. The corresponding values are given in Table 26 

and Table 27. The experimental solubilities were reproduced by adjusting the interaction 

parameter k12. The interaction parameters obtained are valid only for the temperature used 

for the determination, since, the parameter is temperature dependent. 

 
Table 26. Individual PC-SAFT Parameters of Compounds  

 
Compound Temperature (K) H2,m 

(J/mol) 

T2,m 

(K) 
Molar 
mass 

(g/mol) 

Segment 
(m) 

C3H4 100 5348.0 170.4 40.06 1.8167 

C5H10 100 7579.0 139.4 70.13 2.4470 

 
 

Table 27. Individual PC-SAFT Parameters and Derived 
Interaction Parameters from Experimental Solubility at 100 K 

 
Compound  ∈/KB Solubility k12 

C3H4 3.4710 229.66 ~ 22 0.143 

C5H10 3.7800 243.90 ~ 9 0.119 
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3.5.2   Regular Solution Theory 

In regular solution theory (RST) or Preston–Prausnitz solubility model, [171,174] 

the solubility term	 	ln x ,  ) is calculated using Eq. 37 with the values for	ΔH ,   and  

T2m for molecules from Yaws [175]. The activity coefficient is given by:  

 ln	 	 	
V Φ
RT

∂ ∂ 2l ∂ ∂  (38) 

The molar volume of the solute is V2, the volume fraction of the solvent in solution is Φ1, 

the solubility parameters are ∂ 	solvent 	and ∂ ( solute). The term  is an interaction 

constant characteristic of a solvent- solute pair. Instead of calculating solubility parameters 

(i) from the molar enthalpy of vaporization (Hv) the temperature T and the liquid volume 

(VL) of the component i (1,2) the method used by Preston-Prausnitz [174] is adopted. In 

order to find the reduced molar volumes of the solvent and solute, the reduced volume (VR) 

surface corresponding to the Table (A-1) given by Preston and Prausnitz [174] was fitted 

to a two-dimensional polynomial with the variables: reduced temperature (TR) and Pitzr’s 

acentric factor (w) [175]. The polynomial is:  

 

, 0.3236 0.1762 0.1564 0.3896

0.004791 0.03122 0.4611

0.1839 0.1408 0.02778  

(39) 

Once the reduced volumes are calculated for solvent and solute, the molar volumes V1 and 

V2 from Vi = (VR*Vc)i ( i =1 or 2) are obtained. Similarly, in order to find the reduced 

solubility parameters of the solvent and solute, the reduced solubility (R) surface 

corresponding to Table (A-2) given by Preston and Prausnitz [174] was fitted to a two-

dimensional polynomial with the variables: reduced temperature (TR) and Pitzer’s acentric 

factor (w) [175]. The polynomial is:  
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∂ , 1.3 2.01 0.561 2.009 0.9183

0.4607 0.06944 3.102

1.054 0.6481  

(40) 

After the reduced solubility parameters are calculated for solvent and solute, the 

solubility parameters 1 and 2 from i = (R*(Pc)1/2) i are obtained. Table 28 gives the 

values of critical constants and calculated parameters for the solutions of argon with the 

solute molecules at the temperature of the experiment. Table 29 shows the interaction 

parameter ( ) that reproduces the experimental solubility of each solution.  

 
Table 28. Molar volumes ( ) and Solubility Parameters (i) at 100 K 

 
Parameters 

 
Solvent (1) Solute (2) 

Ar C3H4 C5H10 

Tc (K) 150.7 402.4 470 

Pc (atm) 48.0 57.0 34.7 

Vc (cm3/mol) 75.2 163.5 292 

W -0.002 0.212 0.287 

TR 0.66 0.25 0.21 

VR 0.4029 0.3201 0.3065 

V1 (cm3/mol) 30.30 ……. …….. 

V2 (cm3/mol) ……. 52.33 89.50 

R 0.94 1.49 1.59 

1 (cal/cm3)1/2 6.51 ……. ……. 

2 (cal/cm3)1/2 ……. 11.25 9.37 
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Table 29. Interaction Parameters ( 		Calculated 
from Experimental Solubility at 100 K 

 
Parameter C3H4 C5H10 

 0.06 0.1 

X2 
(calc.) ppm ~19 ~8 

X2 (exp.) ppm 22 ± 9 9 ± 5 

 
 

3.6   Comparison with Literature Study 

A summary of our results in liquid Ar compared with results with other solvents 

and techniques at similar temperatures is presented in Table 30. Different methods of 

analysis require the initial preparation of a saturated solution in equilibrium with the 

crystals of solute (static analytic method) followed by separation of an amount solution 

(filtrate). Analysis of the filtrate by evaporation is sometimes used to determine the solute 

concentration in the original solution. The saturated solution can also be analyzed by 

spectroscopic methods (IR or UV) or by chromatography. Another method is the analytic-

optical method (or visual) is one where the solute-solvent mixture is prepared in the gas 

phase and deposited as a liquid in a transparent cell. If a solid solute is observed in the 

liquid, the temperature is increased until the solid disappears indicating solubility at the 

registered final temperature. We believe, this is the first time that the solubility of 2-methyl-

2-butene in liquid argon 100 K has been measured. However, the solubility propyne in 

liquid Ar has been reported in the range from 2.3 x 10-06 (90 K) to 8.5 x 10-06 (100 K) [176]. 

The value at 100 K is approximately 2.6 times smaller than the one reported here. 
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Table. 30 Experimental Solubilities of the Unsaturated 
Hydrocarbons in Cryogenic Liquid 

 
Solute Temperature 

(K) 
Liquid 
Solvent 

Mole fraction Method 

2-methyl-2-
butene 

100 K Ar (9 ± 5) x 10-06 This work 

 
Methyl-

acetylene 
(Propyne) 

100 K Ar (22 ± 9) x 10-06 This work 

100 K  Ar 8.5 x 10-06 IR (Ref.176) 

 

The PC-SAFT and RST models also use equation 37 to calculate the activity 

coefficient of the solute in the saturated solution. The difference between the two theories 

begins with the calculation of the activity coefficient. The RST provides good preliminary 

results for binary solutions of non-polar components. By including an interaction parameter 

( ), the real behavior for solutions is considered. In this paper, the two polynomial 

equations (39,40) that reproduce the values in tables given by Preston and Prausnitz[174] 

are presented in order to facilitate calculations of the solubility parameters 1 and 2. The 

SRT model has been used in our laboratory to estimate concentrations of solutes in 

saturated solutions of cryogenic solvents before experiments are done. The equation of 

state PC-SAFT is derived from statistical physics. Solvent and solutes are represented by 

parameters related to their individual molecular properties. It has been proven to be a more 

realistic representation for the liquid and vapor sates and it is also an excellent method for 

the simulation of multi-component solutions. Both methods (PC-SAFT and RST) require 
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a temperature dependent interaction parameter ( PC-SAFT) and   (RST) that is usually 

derived from experimental data.  

 
3.7   Conclusion 

The infrared spectroscopy of unsaturated hydrocarbons, 2-methyl-2-butene and 

methyl-acetylene in liquid argon solution has been studied. The solubility of the 

compounds was obtained from the study of integrated absorbance of C-H transition as a 

function of mole fraction in liquid argon solution. Spectra were obtained at increasing 

solution composition until the magnitude of the integrated absorption band reached a 

maximum value, indicating a saturated solution. The approximate experimental solubilities 

are (9 	5) ppm at 100 K for 2-methy-2-butene and (22 	9) ppm at 100 K for methyl-

acetylene. The experimental solubility values at the corresponding temperature were used 

to obtain solvent-solute interaction parameters k12 (PC SAFT) and  (RST) for each 

solute in the presence of argon as the solvent. Data from experimental measurements are 

important for more realistic simulations of solubility of solids in cryogenic liquids.  
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APPENDIX A 

A.1   Remote Control and Data Acquisition Systems 

 
The process of tuning of wavelength of dye laser and data acquisition were 

performed simultaneously by using LabVIEW programming. The wave length tuning 

started with the movement of the micrometer position which was driven with stepper motor 

control. The voltage signal acquisition was carried out by using the phase sensitive lock in 

amplifier. In this appendix, we are trying to cover the programs or virtual instruments (VIs) 

which were used to execute remote control operation of the spectrometer.   

 
A.2    Computer Hardware 

 In both instrumental technique, phase-shift cavity ring down spectroscopy (PS-

CRD) and thermal lens spectroscopy (TLS), the signal was collected by using two different 

computer cards. The data acquisition card (DAQ PCI-6025E) which was connected to the 

mother board inside the computer and sends an analog wave form pulse to move the stepper 

motor by one step. The pulse amplitude should be not less than 5 V and not higher than 10 

V. Another board (CB50LP) with connector panel was used for the communication in 

between the DAQ card and stepper motor. National instrument GPIB-USB-HS device was 

connected with GPIB connecter in lock-in amplifier to read out the lock in voltage signal 

in the computer.   

 
A.3   PS-CRD LabVIEW Software Programs 

LabVIEW is one of the important graphical programming languages. It provides 

graphical environment to make easier connectivity between the ideas and actual coding. 
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The primary objective of the LabVIEW is to create the data acquisition systems by 

generating the programs called Virtual instruments (VI’s). The VI which is an in charge of 

coordinating all sub-VI’s is called main VI where each task is performed in an orderly 

fashion. All the VI’s are usually saved into a library (*. llb) which facilitates the process 

of execution.  

 Figure A.1 depicts the main measurement panel wiring diagram for the data acquisition 

system in which all the components of the program are connected and ordered in the 

sequence that the computer can easily follow and execute. The sequence follow by the 

program is:   

1) Move the step motor  

2) Wait specified time 

3) Take data points from the lock-in amplifier  

4) Calculate the absorption 

5) Write the data to a file 

6) Repeat until the final position is reached 

In the LabVIEW program, the DAQ VI is one of the essential VI which comprises 

various operations. At first, the process of data acquisition is started by moving the step 

motor. After stepping the motor, a predetermined amount of time (delay time) is provided 

to the lock in amplifier to respond to the signal.  Now, the lock in amplifier acquire the data 

which is followed by the calculation of the ring down time (t) and the absorption using the 

equation discussed in the chapter one. After processing the data points the computer sends 

a signal back to the lock in amplifier for re-establishing communication. The collection of 

data points occurs until the final position set by the user is reached and finally the program 
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can stop. Figure A.2 shows the first sequence sub VI of the DAQ program. It initiates the 

process with the movement of the stepper motor by one step.  

 

 

Figure A.1 Measurement Panel Wiring Diagram 

 

 

Figure A.2 DAQ Movement of the Motor 
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The second sequence is delay time sub VI as shown in Figure A.3 which notifies 

the program to wait a specified time before acquiring the data points and calculation of the 

absorption.  

 

 

Figure A.3 Delay time 

 
Figure A.4 shows Pscrd 830 snap VI which is in charge of communication with the 

lock-in amplifier and it separates string data into useable forms such as, X, Y, intensity in 

mV, phase angle and the reference frequency applied to the lock-in. This VI also has the 

setup for the calculation of the absorption as shown in figure A.6.  
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Figure A.4 Pscrd 830 Snap VI 

 

 

Figure A.5 Pscrd 830 Snap VI (Asking data) 
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Figure A.6 Acquire data point and Calculated Absorption 

 
 Figure A.7 depicts the last sub VI which is wired to a button on the measurement 

panel and it is used to stop the data acquisition process. After that, all of the information 

collected in DAQ VI is sent to the measurement diagram where the data are assembled, 

processed and finally shown the main panel. 

 

 

Figure A.7 Stop data collection 
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A.4   Thermal lens Spectroscopy (TLS) LabVIEW software program 

 
A.4.1   Lock in Amplifier Interface (Get Volts.vi) 

Acquisition of signal from the lock-in amplifier requires two important VIs: GPIB 

Write and GPIB Read. By specifying the GPIB address of the measuring device, the GPIB 

Write VI request information with specific commands. The commands are usually 

provided by manufacturer in their manuals. The instrumental communication can be 

checked by applying those commands. Similarly, once the instructions have sent to the 

instrument GPIB Read VI receives the information as chain of characters. Figure A.8 and 

Figure A.9 represent the sequence diagram for writing and reading respectively.  

 

 

Figure A.8 Writing VI 
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Figure A.9 Reading VI 

 
A.4.2   Motor Control (Motor Cont. VI) 

Figure A.10 shows the diagram which is responsible to move the step motor.  

 

 

Figure A.10 Motor Cont. VI 
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In this VI, an Analog Output square wave pulse is generated and sending to the 

motor driver to make motor one step move. For that purpose we used DAQ Assistant in 

which we can specify the amplitude (V), waveform type (square), frequency (Hz), duration 

(ms) and square wave duty cycle (%).  

 
A.4.3   Spectrum Display (Graph.vi) 

Acquisition of the spectrum is carried out in real time against micrometer position. 

Since motor stepping is not repeatable every time, it is necessary to wait until the spectrum 

has been acquired to record the final micrometer position. Wavenumbers are then 

calculated using a calibration curve and assigned to each data point in the final spectrum. 

The individual steps in the VI are shown in Figure A.11.   

 

 

Figure A.11 Graph VI 
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A.4.4   Spectrum Acquisition (Main VI) 

Figure A.12 depicts Main VI diagram in which programing is arranged in two frame 

sequences. The first, global acquisition contains and executes Get Volts VI, Motor Cont.VI 

and required time pause which are separately presented in Figure A.8, Figure A.9, Figure 

A.10 and Figure A.13 respectively. This sequence is repeated in a loop as many times as 

micrometer positions were calculated from the parameters that were specified in the control 

panel. When the micrometer reached to the final position and the process of data acquisition 

is stopped. The spectrum button is pressed to get an accessed to the second frame labeled 

global display as shown in Figure A.14 which allows seeing the spectrum. Finally, the 

return button is pressed to deactivate the Graph VI   

 

 

Figure A.12 Main VI 
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Figure A.13 Pause time VI 

 

 
 

Figure A.14 global display VI 
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APPENDIX B 

B.1 List of Variables 

 
c = Speed of light 

f = Modulation frequency  

σ = Frequency at peak absorption 

α = Absorption cross section  

τ	= Ring down time 

R = Reflectivity of the mirror  

L = length of the cavity  

Θ = Phase shift angle  

B = Rotational constant  

Iabs = Intensity of absorption 

 Q 	= Rotational partition function  

C  = Constant depending on the change of the dipole moment 

k = Boltzmann constant  

J = Total rotational quantum number  

N = Rotational angular momentum 

S = Spin angular momentum  

H = Spin- spin coupling 

λ = Spin – spin coupling  

γ = Spin-rotation constant 

Te = Electronic energy  

	= Harmonic frequency  
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 ,  ,  	= Anharmonicities  

Vibrational quantum number  

= Frequency  

αe, γe, βe = Vibrational constants 

Dv.= Centrifugal distortion constant  

α2 = Absorption cross section for vibrational transition 

β2 = Absorption cross section for electronic transition  

= Specific heat capacity  

	= Thermal characteristic time constant  

	= Density  

	= Radius of the pump laser  

	= Refractive index   

ΔH , = Enthalpy of melting 

T2m = Melting temperature 

	= Activity coefficient  

 = Fugacity  

k12 = Interaction parameter  

∈/KB = Energy of interaction  

m = Segment 

σ (Å) = Segment diameter  

Å = Armstrong   

1 = Solubility parameter for solvent 

2 = Solubility parameter for solute  

R = Reduced solubility parameter  



 

144 
 

 = Interaction constant characteristic of a solvent- solute pair 

Hv = Molar enthalpy of vaporization  

Tc = Critical temperature   

Pc = Critical pressure 

Vc = Critical volume  

TR = Reduced temperature  

VR = Reduced volume  

V1 = Molar volume of solvent  

V2 = Molar volume of solute  
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